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I. FOREWORD 

J. A. Gleselce* 
T. S. Kress' 

The determination of severe accident source terms must, by neces-
sity it seems, rely heavily on the use of complex computer codes. 
Source term acceptability, therefore, restn on the assessed validity of 
such codes. Consequently, one element of NRC's recent efforts to re-
assess LWR severe accident source terms is to provide a review of the 
status of validation of the computer codes used in the reassessment. 
The results of this review is the subject of this document. 

A real problem in assessing the status of validation of any code is 
the fact that here-to-fore there has not been a formally established 
definition of what constitutes a "validated" code nor have there been 
any agreed upon and documented formal validation procedures. Therefore, 
we offer the following discussion which is Intended to provide a general 
basis for defining code validation and the validation process. 

Validation Goals 

The principle guiding the development of various computer codes is 
that the phenomena of Interest can be described analytically to a suffi-
cient level of accuracy. A predictive code is typically a compilation 
of individual mechanisms (e.g., heat transfer, mass transfer, chemical 
reactions, fluid flow) which are combined into an overall analytical 
scheme. Usually the choice of mechanisms and the methods by which they 
are combined ace based on a variety of a priori assumptions. The vali-
dation pro.'-as must be concerned with each of the following aspects: 
the modeling of the individual mechanisms, the manner in which the mech-
anisms are combined, the underlying assumptions, and the possible lack 
of inclusion of Important mechanisms. 

The output from any code is the prediction of one or more quanti-
ties of interest: for a thermal-hydraulics code these may include tem-
peratures, pressures, and mass flow rates and, for a fission product 
transport code, the total masses of fission products released to the en-
vironment. In any case there are specific output information and output 
quantities of interest that provide the reason for performing the calcu-
lation. The validation process relates then to the confidence that can 
be placed on the accuracy of values predicted for these specific output 
quantities* The specific output quantities of Importance, then, are 
seen to serve as "indicators" for determining whether or not a code pro-
vides satisfactory agreement with experimental results, i.e., indicators 

*Battelle Columbus Laboratories. 
*Oak Ridge National Laboratory. 
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Chat can be used to measure a codes level of validation. For source 
term assessment codes, indicators tend to be output variables at spe-
cific times, within time periods, averaged or Integrated over time and 
at loecific positions. The identification or choice of indicators is a 
cruc.al step in the validation process because that forces a selection 
of the most important output variables and provides a basis for making 
quantitative specification of validation goals. By comparing the se-
lected output quantities (indicators) with experimental data in a quan-
titative manner, one can evaluate the extent to which validation goals 
are achieved. 

The goals of the validation procedure can then be stated in terms 
of the confidence that can be placed on the accuracy to which a computer 
code predicts the indicators (or specific outputs) of interest. The 
quantitative assessment of confidence must relate the agreement between 
the indicators as predicted and as measured experimentally. If the ex-
periments are direct, full-scale representations of the processes of 
interest, the predicted Indicators and the measured indicators can be 
compared directly on a statistical basis. The result of the comparison 
could be stated as, the predicted indicator is within _+X percent of the 
true (experimental) value Y percent of the time or the comparison could 
also be stated in terms of confidence limits. Similar statements can be 
used to define the goals of a validation process. For example, a general 
statement of such a goal might be: the computer code must predict indi-
cators A, B, and C to within +_ X, Y, or Z percent at a confidence level 
of XX, YY, or ZZ percent respectively. With the validation goals stated 
in such 8 manner it can be made very clear whether a given code Is or is 
not validated. A definitive statement of the validation goal Is neces-
sary if one is ever to assess the status of validation for a code. 

Validation Experiments 

The validation process requires che availability of suitable ex-
perimental data. The qualification that the data be suitable implies 
that the Important variables have been studied, that the correct ranges 
for these variables have been covered, that the proper measurements have 
been made, and that the errors in the data are small enough to permit 
comparisons with the predictions. 

A sensitivity analysis performed with a code of interest provides 
one means of determining which variables are of most importance in pro-
viding the major Influences on the output Indicators.* The ranges for 
the variables considered in a sensitivity analysis should correspond to 
the estimated ranges for these variables In the systems for which the 
code is to be applied. Those variables showing the most sensitivity and 

Of course, such a sensitivity analysis is only as valid as the 
code used to conduct the analysis. That Is why the code validation 
process Is Iterative in nature as discussed in the next section, 
"Validation Process." 
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with Che largest uncertainties in their estimated ranges are appropriate 
choices for independent variables in an experiment latrlx. In addition, 
the matrix should take into account any underlying assumptions (and also 
variables not in the code) Chat muse be checked for validity or import-
ance. 

It is important to assure that the individual mechanisms, as well 
as their combinations, are scudled experimentally, and whether, In face, 
all Important mechanisms have been Included. The Individual mechanisms 
may be already validated or may be studied In separate experiments and 
the key to code validation may lie only in the combination of mechanisms 
or in the manner in which they are Incorporated into a complex computer 
code. 

Validation Process 

The features of the validation process, as we see ic, then are 
shown In Fig. 1 which was adapted from the procedure developed for val-
idating aerosol behavior codes.* In a practical sense, the validation 
process is cyclical in nature and Includes the formulation of a hypothe-
sis (or model), design of validation experiments, collection of experi-
mental data, analysis of experimental results compared with code predic-
tions, and reformulation (if necessary) of the hypothesis. The need for 
reformulation of the hypothesis and recycling depend on whether or not 
the code Is judged to have met the validation goals or criteria. 

The comparison of the predicted and experimental results must con-
sider whether the experiments will provide a direct measure of the phy-
sical processes at full scale. It is beneficial Co have selected the 
experiments Buch that the variables and mechanisms studied match those 
expected for full scale conditions and the validation assessment process 
becomes one of direct comparisons between the predictions and experi-
mental results. 

Such comparisons, of course, are complicated by the fact that there 
may exist experimental errors combined with inherent data spreads among 
measurements. Computer codes are deterministic but there are uncertain-
ties associated with the values for the input and model parameters, 
therefore, there exist two separate distributions: one for experimental 
data and the other one for computer runs. IC is recommended that sta-
tistical means be employed as part of the validation process. The basic 
question of whether the Indicator values predicted by the codes are con-
sistent with the experimentally measured values can be resolved by em-
ploying tesc methods based on staCistlcs that give the level of signif-
icance with which the computer code can predict the experimental data. 
A rigorous uncertainty analysis of the code should be made along with an 

*Gleseke, J. A., et al., "HAARM-3 Code Verification Procedure," 
NUREG/CR-3077, November, 1982. 
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analysis of data variance at selected times to give a statistical evalu-
ation of the degree of confidence In the data/prediction agreement. 
This method of comparing the codes with experimental data will give a 
measure of the degree of confidence one has in the validity o- the hy-
pothesis of code/data equality and allow evaluation of whether the code 
is validated according to the. prescribed criteria or goal. 

It Is apparent, then, that quantification of the level of valida-
tion requires a rigorous sensitivity/uncertainty analysis that properly 
accounts for such things as variances and biases in the input, in in-
ternal pre-fixed parameters and correlations, imperfect modeling, finite 
difference approximations, imprecise application of the codes, and re-
sults of separate effects and Integral experiments. Such a level of 
validation would require considerable time and resources and was con-
sidered to be outside the scope of the present review. 
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II. INTRODUCTION 
T. S. Kress* 

The Source Terra Reassessment Study, BMI-2104 (1), utilizes a set of 
mechanistic computer codes as illustrated In Fig. II.1. The initial in-
ventory of all fission products Is determined with ORIGEN-2. The over-
all thermal hydraulics of the core and the containment are determined by 
an Improved version of MARCH (MARCH-2.0). However, since MARCH-2.0 gen-
erally treats the reactor coolant system gas-space as a ningle volume, 
another code, MERGE, was developed to accept the output of MARCH-2.0 for 
the steam/H2 mass flows and composition, the steam/H2 temperatures on 
exit from the core, and the system pressures. MERGE utilises these in-
puts to calculate the flows, gas temperatures, and structure tempera-
tures within a set of control volumes that serve as finer nodallzatlons 
of the reactor coolant system (RCS). The fuel temperature history as 
calculated by MARCH-2.0 is used in a simple empirical code, CORSOR, to 
determine the In-vessel releases of fission products and other core 
region materials. These calculated releases, along with the RCS thermal 
hydraulic conditions determined by MARCH-2.0/MERGE are Input into an im-
proved version of TRAP-MELT (not yet re-named) to calculate the trans-
port and Attenuation of fission products and aerosols as they move 
through a set of control volumes that represent the reactor coolant sys-
tem. The two codes CQRCON/VANESA are used together to determine the 
sourcos of fission products and aerosols during core/concrete Inter-
action periods of the accident sequences. Finally the transport and 
deposition of aerosols within the containment building or other volumes 
outside the reactor coolant system are calculated using a version of 
NAUA-4 that was modified to include the effects of dlffusiophoresis 
(Stefan flow), sprays, and homogeneous nucleation of water droplets. 
For boiling water reactors (BWRs) the above set of codes are augmented 
by the addition of the codes SPARC to determine the effects of suppres-
sion pools and, for lei condenser containments, by the code ICEDF to de-
termine the effects of ice condenser compartments on the transport of 
fission products and aerosols. 

These codes were separately reviewed by different experts at sev-
eral Institutions including: Bat_elle Columbus Laboratories, Brookhaven 
National Laboratory, Oak Ridge National Laboratory, and Sandla National 
Laboratory. Because It was considered beyond the scope of these re-
views, no attempts were made in them to establish uncertainty levels of 
the type discussed in the Foreword. The Intent, rather, was to focus on 
the phenomenology treated by the codes and on the details of the model 
representations. The reviews were meant to provide: a description of 
the physical models; the status of documentation; a compilation of the 
required inputs and major output; an Identification and discussion of 
assumptions and limitations; an identification and assessment of the 
data bases for the Input and prefixed parameters and the internal phe-
nomenologlcal models; a description of the verification and quality as-
surance status; a subjective opinion as to the status of experimental 

*Oak Ridge National Laboratory. 
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Fig. II.1. Information flow for release, transport and deposition 
calculation. 
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validation; an assessment of validation needs; and a description of on-
going or planned NRC programs that address these needs. 

The codes are still evolving and are being steadily Improved as new 
experimental data and Increased understanding of severe accident phenom-
enology are obtained. Thus, the reviews provide a '"snapshot" perspec-
tive of this particular set of codes as they exist at this time and as 
used in the BMI-2104 study. 
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III. SUMMARY APPRAISAL 

T. S. Kress* 

1.0 General Overall Assessment 

The separate review documents compiled In this report were used as 
a resource along with the results of the BMI-2104 (Ref. 1) Btudy by BCL 
and the QUEST (Ref. 2) study by SNL to arrive at a more-or-less Indepen-
dent appraisal of the status of source term modeling at this time. The 
major conclusions are as follows: 

• The development of technically defendable source terms Is a key ele-
ment for placing the overall safety assessment of nuclear power on a 
rational basis. The development and application of detailed, validated, 
mechanistic models (codes) is the soundest approach for providing cred-
ible source terms. 

• The particular set of codes under review (and other available codes) 
represent a very significant Improvement beyond WASH-1400 (Ref. 3) in 
the state-of-the-art for mechanistic source term determination. 

• It is believed that the present set of codes provides a credible 
basis for defining the major influences on source terms, for scoping the 
uncertainties, and for defining research for the purpose of reducing the 
uncertainties. 

• In general, the code developers have used sound physics and scien-
tific principles. There is a broad base of experimental support for the 
required physico-chemical properties data and generally the Internal 
models are well based on separate effects experiments. However, there 
are some areas where separate effects and integral data for overall val-
idation are missing. 

• It is clear that the most important issue relative to source term 
determination is the timing and mode of containment failure. An intact 
containment provides an effective barrier against the release of fission 
products to the environment. The focus of this particular review has 
been more on fission product/aerosol release and transport and less on 
containment loadings and failure. 

• The set of codes of this review were developed generally indepen-
dently of each other. Bringing them together and applying them In a se-
quential manner gives rise to a number of inconsistencies and prob-
lems . A consistent, completely integrated package would be beneficial 
to the user. 

*Oak Ridge National Laboratory. 
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• The most Important areas In need of Improved modeling and/or addi-
tional research were judged by this reviewer to be with respect to: 

- core melt and slumping behavior incl iding the effects on thermal-
hydraulics and release of fission products, control rod, struc-
ture, and bulk core materials 

- simultaneous coupling of the transport and deposition of fission 
products (as heat sources) and the thermal hydraulics of the re-
actor coolant system 

- natural convection driven recirculatory flow patterns within the 
RCS and effects on aerosol/fission product transport 

- the basis for selecting particle sizes for use in debris bed/ 
water interaction models 

- improvements in the data base for fission product, control rod, 
and structure release from fuel melts 

- additional separate effects testing to provide unambiguous values 
for aerosol shape factors and collision efficiencies. 

- treatment of the serosolo as a multi-specie system when either 
the time dependency or the particle size dependency of the 
sources are vet/ different. 

• Additional areas were also pointed out as needing clarification as 
to their importance and need for additional consideration in source term 
determination. 

- effects of H2 burning on aerosols (revaporization; fragmentation 
or chemical effects 

- homogeneous nucleation of aerosols 

- resuspenslon of aerosols (revaporization; aerodynamic; flashing 
of pools) 

- post accident chemistry effects 

- multi-compartment effects. 

- natural convection flow patterns and resultant turbulence levels 
in containment 

- possible chemical reactions among the fission products and the 
RCS surfaces. 
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2.0 Summary for Bach Code 

2.1 0RIGEN-2 

THE 0R1GEN-2 code determines the initial Inventory of all fission 
products, actinides, and activation products as a function of the reac-
tor type and power history (burnup) for each core zone. It simultane-
ously accounts for the rate of change of the number of atoms of each nu-
clide as affected by fission yields, neutron absorption, radioactive 
decay, and any removal or feud rates (e.g. refueling). 

The required data bases, then, Include: 

• fission yields 

• decay yields (decay chains) 

• decay constants 

• spectrum averaged neutron absorption cross sections for: 
(n, Y) 

to ground and excited states 
(n, 2n) 

(n, 3n) 

(n, fission) 

(n, P) J 

I 
I for actinides 

for activation products 
(n, a) ) 

neutron yields [fission, (a, n) reactions]. 

Because of the ubiquitous need and many years of research throughout the 
nuclear industry, a reliable data base exists for all of these Items 
[e.g. ENDF/B (Ref.4)]. 

The validation of 0RIGEN-2 has been both Indirect (comparing with 
ANS standard measured values for decay heat) and direct (comparison with 
measured compositions of specific nuclides). The decay heat comparisons 
were generally within IX for up to 1 year of decay time and within 5X 
for up to 2-3 years. The comparisons with measured values for the 
ratios of specific nuclide Isotopes to the totals for that nuclide have 
matched generally within about 5% for Uranium, Plutonium, Americlum, 
Curium, and Krypton, and Xenon (except for one or two specific Isotopes 
where the differences were of the order of 10Z). 
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Use of the U.K. code, PI8PIN, which Is conceptually equivalent to 
ORIGEN-2, gives results generally within 10* of ORIGEN-2. The biggest 
difference of ~24% lower for FI8P1N for the stable isotope, 1-129, 
clearly was the result of differences in the input yield data. 

The subjective opinion is that the uncertainties in the ORIGEN-2 
predictions of the initial nuclide inventories are not likely to con-
tribute significantly to the overall source term uncertainties. 

2.2 MARCH 2.0 

MARCH-2.0 is used to predict the thermal hydraulic conditions of 
the core, the reactor coolant system (RCS) and the containments As 
such, It 1s called upon to do more things of importance to source term 
determination than any of the other codes In the set under review. The 
interrelated phenomena that MARCH-2.0 deals with are grouped for pur-
poses of this summary Into six different categories: (1) blowdown and 
bolloff, (2) heat-up, melting, and slumping of fuel into the bottom 
head, (3) core-debris/water Interactions (In the bottom head and the re-
actor cavity), (4) melt-through (or failure) of bottom head, (5) core 
melt/concrete Interactions, and (6) containment thermal hydraulics. 

2.2.1 Blowdown and bolloff: 

During accident sequences, the RCS loses water Inventory and tends 
to depre8surlze due to flow out the postulated break or out the relief 
valve. While the RCS-to-contalnment pressure ratio Is above the "crit-
ical" value, MARCH-2.0 calculates this loss of water as a critical flow 
that deponds on the RCS thermodynamic conditions. If the ratio of RCS 
pressure to containment pressure falls below the critical value, the 
flow Is then calculated as an "orifice" flow that depends on the RCS-to-
containment pressure difference. The critical flow model used Is that 
of Henry and Fauske5 for liquid only flow and that of Moody6 for steam 
(adjusted for the H2 content of the stream) both of which have suffi-
cient experimental validation. The data base for this flow calculation 
can be considered to be well-established and reliable. 

The "blowdown" and "bolloff" flow calculations out the break and 
valve openings require that MARCH-2.0 calculate the RCS pressure, the 
gas space temperature, and composition. The pressure and and gas space 
temperature are calculated by representing the RCS as a single volume 
with a gas space and a liquid space. The pressure Is the sum of the 
partial pressure of hydrogen (Ideal gas law) and the partial pressure of 
water vapor (assumed in equilibrium with the liquid water). The rate of 
RCS pressure change with time, then, Is calculated as the net effect of 
four different contributions: (1) a contribution due to the direct heat 
added to the gas space which Is made up of a portion of the energy from 
the decay of airborne fission products having been liberated from the 



15 

core and Che heat exchange with che above core structure Internal to the 
RCS; (2) a (negative) contribution due to steam condensation in the 
steam generators for PWRs; (3) a (negative) contribution due to the flow 
of mass and energy out the relief valve or break area; and (4) the addi-
tion of mass and energy to the gas space due to steam and hydrogen pro-
duction and heating in the core region. 

The major Influence during the "blowdown" phase comes from the 
critical flow calculation coupled with the flashing of the water in the 
RCS that maintains che equilibrium condition. The modeling for these 
are well-founded and, thus, it is Judged that much confidence can be 
placed in the HARCH-2.0 calculations during the blowdown period that 
predict the steam/water ejection into containment, the timing for core 
uncovery, and the core thermal conditions prior to the start of core 
uncovery. Uncertainties in calculating blowdown rates should not have 
much effect on the source terms. 

The flows, pressures, and temperatures within the RCS during the 
bolloff period as the core uncovers are strongly dependent on the energy 
exchange between the core and the water/sceam and are senslclve to the 
details of the heat-up, melting and slumping of fuel discussed below. 

2.2.2 Heat-up, melting and slumping of fuel: 

Prior to any fuel melt falling Into the bottom head region, the 
decay heat In the still-covered portions of the core along with heat 
radiated and conducted from the uncovered regions partially goes into 
adding energy to the water, the covered fuel rods, and structures in the 
bottom head that are still covered by water. The amount of the decay 
energy in excess of the amount to keep the liquid at the saturation 
value for the RCS pressure Is converted into steam that leaves the pool 
of water and pasties through the rest of the core. If the energy trans-
fer rates are not rapid enough compared to the depressurlzatlon rate, 
the water in the pool can also "flash" to maintain the equilibrium con-
dition. Any "flashed" steam also passes through and interacts with the 
uncovered core regions. That portion of steam that is calculated to 
condense in the steam generators does not produce a net water loss from 
the liquid space. 

The heat transfer coefficients that enter the calculation for 
transfer between the water and the fuel rods are based on pool boiling 
correlations. These give high coefficients but are relatively unimpor-
tant in establishing the steam flow rates which basically result from 
the available decay energy. The coefficients for transfer of heat to 
Che submerged structure in the lower head are basically conduction 
limited and, hence, era reliable. 

The condensation rates in the steam generators, on the other hand, 
are merely scaled from normal operating levels reduced in effectiveness 
by either the amount of water remaining In the secondary side or the 
liquid level in the primary side. Although this is not a treatment that 
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can be supported, It should not lead to serious uncertainties in the 
source term because the steam generator loses lt& effectiveness gener-
ally prior to the start of core melt. Hence uncertainties here will 
only reflect In the timing of the start of the serious portions of the 
accident. 

The heat transfer processes treated in the uncovered regions of the 
core include: (1) convection and radiation from the fu'jl rods to the 
steam/H2 flowing by; (2) radiation from rod-to-rod, to structure above 
the core, to the water pool below, and to the core barrel; (3) axial 
conduction along the fuel rods; and (4) storage In the fuel rods. Axial 
conduction [Item (3) above] Is not considered significant. 

The heat transfer rate from rods-to-gas is modeled in a standard 
manner using the product of the surface area, the temperature differ-
ence, and a heat transfer coefficient, h, that depends on the flow 
regime. For turbulent flow conditions, the standard Dlttus-Boelter cor-
relation Is used and, for laminar conditions, a standard correlation for 
flow In tubes. Both of these correlations have a long history of use 
with supporting data bases that are too extensive to cite. They can be 
considered reliable to within ±20% for normal forced flow conditions. 
Their accuracy decreases somewhat for conditions of flow accompanied by 
chemical reactions (as with steam/Zr) under which conditions they should 
be considered accurate only to within ~40Z. 

The calculation of heat radiated to the gas from the rods uses the 
standard heat radiation equation in which the gas effective emlsslvlty 
is based on an optical thickness for steam which Is a function of pres-
sure. This radiation component of the heat transfer Is generally negli-
gible at low pressure but can exceed the convection component by an 
order of magnitude at high pressure. Its validity is Btrongly dependent 
on the value for steam effective emlsslvlty at high pressure which is 
not well established. Any possible effects of the presence of aerosols 
on radiation heat transfer are not included. 

The heat sources In the uncovered regions Include decay heat and 
energy from the steam/zlrcaloy chemical reaction. The steam/Zr reaction 
is an area in which MARCH-2.0 has been improved over earlier versions. 
The transport processes Included In the steam/Zr reaction modeling 
are: (1) transport of steam in the gas phase to the Zr02 surface under 
either laminar or turbulent conditions with counter-current flow of hy-
drogen; (2) lnterfaclal processes at the Zr02/gas Interface such as 
chemlsorption of steam, dissociation of the steam on the surface, H2 re-
combination and desorption; (3) solid state diffusion of the oxygen 
anions through the Zr02 and through oxygen stabilized o-Zr to a fi-Zr in-
terface. 

There Is a substantial data base to support the MARCH-2.0 modeling 
for the steam/Zr reaction as outlined In Ref. 7 and it Is the subjective 
opinion that the modeling for this aspect Is very good. 
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The MARCH-2.0 calculated fuel temperature history and hydrogen gen-
ertlon rates up to the time of significant fuel relocation were com-
pared to a single PBP severe fuel damage test.8 The calculated fuel 
temperatures were generally high (by as much as 400 K) as were the asso-
ciated hydrogen generation rates. However both of these departures were 
entirely attributable to a mismatch between the experimental and code 
input flow rates at early times. By arbitrarily adjusting the early 
time data, excellent agreement was then obtained for both the transient 
temperature and the hydrogen generation. 

The slumping of fuel as it melts Is not mechanistically modeled in 
MARCH-2.0. Instead the code is structured to provide user selected op-
tions for the slumping behavior that are designed to scope the effects 
based on a more-or-less intuitive picture of the melt behavior. 

The core is subdivided into a number of finite element nMes (10 
radial and 50 axial zones). When a node temperature increases as a re-
sult of the thermal modeling processes described above to arrive at a 
particular value that has been input, it is calculated to begin melting 
and to become fully melted after it has received the requisite heat-of-
fusion for that node mass. Thereafter, three scoping options are avail-
able in MARCH-2.0. Because the cladding Is lumped with the fuel within 
a given node, there is some question about the validity of the steam/Zr 
reaction model after a node has melted. 

Option A: After a. node melts, It remains in-place at the input melt 
temperature and the excess heat is then added to the next lowest un-
melted node in the same radial zone. The entire molten portion of a 
radial zone is eventually dropped into the bottom head only when both of 
two conditions are met (this is the gradual slumping option): (1) the 
melted portion of the radial zone has progressed downward to the extent 
of including a zone at an axial location identified by a user input, and 
(2) the total core melt fraction exceeds a value that is also user in-
put. The entire core (melt and solid) is dropped into the bottom heat 
region when the core melt fraction exceeds another input value. 

Option B: Option B Is similar to "A" except the excess heat of molten 
nodes is transferred upward to the next unmelted zone rather than down-
ward. In addition, if all zoner above a node are molten, the excess 
heat of a node can then be transferred radially outward to the next un-
melted node. The same conditions as "A" must be satisfied before mate-
rial in dropped into the bottom head. 

Option C: In Option C, each node is immediately assumed to be trans-
ferred into the water in the bottom head after melting. 

By appropriate selection of the above options with judicious 
choices for the Inputs regulating when nodes and the entire core drop 
into the bottom head, it is believed that the contribution to the source 
term uncertainty can be scoped. 
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The core melting and slumping behavior has a large Influence on the 
source terms. IL strongly Influences the quantity and timing of steam/ 
H2 flow through the core and Influences the tlme-at-temperature which, 
In turn, strongly Influences the release of core materials. 

No experiments have been Identified with which to compare the 
MARCH-2.0 modeling In this area. It is believed that the above modeling 
for core slumping behavior is the largest single contributor to the 
source term uncertainties that are attributable to MARCH 2.0. 

2.2.3 Core debris/water interactions (In the 
bottom head and the reactor cavity) 

The core materials including fuel, reacted and unreacted Zr, steel 
from the bottom grid plates, and molten steel from the bottom head, that 
enter ••.he bottom Iwad region continue to boil off residual water as a 
debris bed system. 

The debris Is assumed to be spheres of an Input specified diameter. 
The steel fraction of the debris makes up one set of spheres, whereas 
the Zr, £r02, aid the fuel fraction are lumped together into a second 
set of spheres. The differentiation of species in this manner allows 
separate calculations of the metal/water reactions. Separate calcula-
tions are not made for the heat transfer, rather a lumped mass tempera-
tare is calculated for all the debris. The rates at which stored 
energy, decay heat, and metal/water chemical reaction energy are added 
to the water are determined In MARCH-2.0 by one of the three user input 
selected options outlined below: 

(1) Thermal equilibrium: With this option, thermal equilibrium is 
assumed between the water and the debris material at all times. 

(2) Isolated particles: The rate of heat exchange is modeled by 
the standard "Newtonian" form, Q - hgAAT, where the effective heat 
transfer coefficient, hQ, combines conduction within the spheres and 
boiling at the surface. The surface pool boiling includes separate cor-
relations for various regimes, depending on the value of AT. These 
regimes Include nucleate boiling, the critical (dryout) heat flux, the 
transition from nucleate-to-film boiling, and film boiling. 

(3) Debris beds: The heat transfer rates from the debris bed 
models are given by the dryout heat flux as determined by four different 
correlations as selected by user Input: (a) the Berensen flat-plate 
model, (b) the Dhlr-Catton debris bed model, (c) the Liplnskl deep bed 
model, and (d) the Ostensen-Llplnskl flooding nodel. 

A fairly good data base exists to support the above debris bed 
models as reviewed by Lipinskl.9 As reported by Ref. 9, "the average 
error In predicting the dryout power for a given bed configuration Is 
currently around 33% for moderately deep beds of spheres (which comprise 
most of the present data base) ... [however] the major uncertainty in 
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determining the coolablllty of IAJR debris is in knowing the configura-
tion of the debris (e.g. average particle size, amount of stratifica-
tion, or ... geometry). This uncertainty Is quite large for both in-
vessel and ex-vessel debris." 

It is the subjective opinion, then, that this area of modeling 
coupled with the fuel melt/slumping modeling provides a larre contribu-
tion to the MARCH-2.0 uncertainty primarily because of the strong in-
fluence of particle size and the lack of a good basis for selecting this 
size. 

2.2.4 Melt-through or failure of bottom head: 

When the input specified conditions are satisfied [i.e. (1) the 
fraction of core melt reaches a specified value and (2) the temperature 
of the lower grid strrcture exceeds an input value or if the temperature 
of the core barrel exceeds an input value], then the total core includ-
ing both melted and solid fuel material and the grid plate structures is 
assumed to be immediately in contact with the bottom head (there may be 
a layer of wato< overlying the debris). Up to this time, the thermal 
modeling has kept track of both a mean bottom head temperature and a 
lumped core debris temperature. Using these two temperatures, an Inter-
mediate Initial contact temperature, Ty, is determined from a well-
established correlation that assumes perfect thermal contact with con-
duction heat transfer on either side of the interface. 

An approximation to the transient conduction equation is then ap-
plied to determine the heat flux from the debris into the wall. In this 
approximation, the temperature distributions In the wall and In the melt 
are approximated as linear functions of depth. 

When the transient interfaclal temperature is calculated to have 
reached the melt value for steel, melting of the interior wall surface 
is then accounted for with any melted material produced being instantan-
eously Incorporated into, and homogenized with, the debris. Although an 
approximation of the transient conduction equation is used to determine 
the heat flux and the temperature distribution in the wall (for purpose 
of stress calculations), the debris temperature Is still accounted for 
as a lumped mean for the entire mass. When this temperature reaches a 
"melt temperature" (an input value that can be chosen to represent a 
"slurry" of steel and fuel), the debris is calculated to begin "melting" 
in a hemispherical-geometry-like manner. An internal criterion related 
to the extent of melting is used to switch from the conduction approxi-
mation controlled heat flux to one based on natural convection in the 
melt zone. A complete energy balance Is maintained for the wall and the 
debris throughout the calculation. 

The head failure criterion utilizes the tensile strength of the 
head as Influenced by the mean head temperature and the decrease in 



20 

thickness resulting from any melting. The stress Is Imposed by a combi-
nation of the pressure and the combined weights of the debris and head. 
Both longitudinal and circumferential stresses are evaluated. 

It is believed that the approximations associated with this treat-
ment of the head heat-up and melting behavior can lead to relatively 
large uncertainties In the predicted head meltthrough failure time. The 
sensitivity of the overall source term to this is not known but is not 
believed to be large unless the uncertainty in timing can significantly 
affect the uncertainty in the Internal pressure at failure which may, in 
turn, Influence pressurized ejection effects. 

2.2.5 Core melt/cor >ete interaction 

As one aspect of its containment thermal hydraulics determination, 
MARCH-2.0 must evaluate the eJ.cects of gases that evolve from the inter-
action of the core debris wl':h the concrete basemat in the reactor cav-
ity after failure of the reactor vessel bottom head. Although this same 
function Is served by the C0RC0N code for use in evaluating the ex-
vessel fission product/aerosol sources by VANESA, C0RC0N is not coupled 
with MARCH-2.0. Therefore March-2.0 has its own Internal subroutine 
(INTER) that calculates the core/concrete interaction behavior for use 
in the containment thermal hydraulics calculations. Similarly to 
C0RC0N, INTER provides a thermal analysis in which the heat sources are 
stored energy, decay heat, and chemical reactions among the metallic 
species in the melt and the evolving gases (I.e. Fe + H2O, Fe + CO2, Zr 
+ H20, Zr + FeO, Cr + H2, and N1 + H2O). The melt is assumed to consist 
of two layers - an oxldic and a metallic one and the following heat ex-
changes are accounted for: between debris and concrete, radiation from 
the top of the debris, between the two layers, and enthalpy entering the 
melt from ablating concrete material. 

Although INTER and C0RC0N are conceptually similar, they are con-
siderably different in the specifics related to the heat transfer corre-
lations that describe the above processes, the treatment and effects of 
evolved gases bubbling through and around the melt, the extent and man-
ner of treatment of Internal movement of materials and chemical reac-
tions, and the loss of heat-generating fission products. Hence It Is 
expected that C0RC0N would result in different containment loadings if 
used instead of INTER. 

Because the rates of evolution of the gases from core/concrete in-
teractions can be sensitive to the details of the thermal modeling, It 
is the subjective opinion that INTER is used outside its range of valid-
ity and that the contribution to containment loadings as calculated by 
INTER have not been validated. Hence the long term pressurization of 
containment as calculated by MARCH is subject to considerable uncer-
tainty. 



21 

2.2.6 Containment thermal hydraulicsi 

MARCH-2.0 accounts for mass and energy transfers within the various 
containment compartments to arrive at the containment pressure (which 
has the same value for all compartments) and temperature (can be differ-
ent In different «mpartments). Up to eight compartments can be 
modeled, however, / series connections are allowed. The transfer of 
airborne material between these compartments is such as to establish 
pressure equilibrium among all compartments at all times. All energy 
inputs into a compartment are Immediately homogenized with the atmos-
phere in the compartment. The sources of energy Include: noncon-
densable gas enthalpy flow, steam and water enthalpy flow, airborne 
decay heat, sump water vaporization, and H2 and CO combustion. It is 
Interesting to note, that for containment thermal hydraulics purposes, 
any airborne fission products will stay airborne indefinitely unless 
they are removed in an ice condenser, suppression pool, or by leakage. 

Energy losses are to walls and structures, to building coolers, to 
sprays, water droplet fallout, and leakage. Containment walls and in-
ternal structures are modeled as passive one-dimensional slab geometry 
heat sinks with the outside walls of containment insulated. Internal 
surfaces are two-sided. Conduction heat transfer within the structures 
is accomplished by finite difference procedures. The heat transfer from 
the atmosphere to the structural surfaces is simply modeled as an addi-
tive combination of condensation and natural convection, 

Q - hc <Tsat " V + hn <T " V w 

where the condensation coefficient is given by 

M 

M. a > 20 

hc bounded between 2 and an input maximum, Hj^j, 

and the natural convection coefficient is given by 

- 0.19 |T - Tw|l/3 
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The data bases that support the above models can be found in Ref. 10. 
Under containment conditions the condensation correlations can be con-
sidered to be accurate only to within about a factor of 2. The natural 
convection coefficient is from Rohsenow's empirical correlation for the 
turbulent flow regime. Under containment conditions this Is extrapo-
lated at least an order of magnitude outside the empirical data base. 
Hence significant uncertainty exists In the thermal hydraulics that are 
influenced by these correlations. 

Reference 11, however, recently developed a containment thermal hy-
draulics analysis code with more accurate condensation and natural con-
vection heat transfer coefficient correlations. On comparing the calcu-
lated results with those of MARCH, they concluded "... the refined 
modeling of the condensation heat transfer processes ... for large con-
crete containments does not strongly &Jfect the results since the pri-
mary resistance to heat flow is by conduction through the containment 
concrete walls. However for small steel-shell containment? ... the con-
densation heat transfer processes are Important." 

In general the Importance of.this to source terms relates to pre-
dictions of containment failure time and leakage rates. In addition, if 
exact knowledge of the humidity or superheat of the atmosphere is needed 
to establish aerosol shape factors, then it could be Important for pre-
dicting the aerosol behavior also. 

The coding in MARCH-2.0 for combustion checks continuously whether 
H2 or CO exceed flammablllty limits based on a form of LeChateller'P 
formula. If these limits are exceeded, if sufficient oxygen is avafx-
able (XO2 > 0.05), and if the concentration of H2O and C02 are suCflc-
lently 1OW~^Xh.Q + XQQ.^0.55), burning takes place at a rate impendent 
on the molar concentration of the combustible gas, an empirically devel-
oped flame speed correlation, and a characteristic dlstar~e for the com-
partment. The extent of burning depends on user input controls on the 
lower limit to the function that expresses the mole fraction of H2 and 
CO in LeChateller*s formula. These hydrogen burning models are largely 
based on those of the HECTR code. The coding in HECTR has been based on 
empirical data in small vessels. The data base is outlined in Refs. 12 
through 17. It is difficult to estimate the level of uncertainty in the 
calculational results of pressure and temperature as these depend on 
competition between energy input Into the atmosphere and energy losses 
to the surfaces by the various heat transfer processes (incidently, 
MARCH does not Include radiation heat transfer from the hot gases). 
MARCH tends to predict temperature and pressures that are near the 
adiabatlc values. 

Hydrogen burning can depend on such factors as geometry, barriers 
in the volume, airborne moisture and noncondensable gas content, and 
even the presence of aerosols. It Is believed that the MARCH modeling 
for this is fairly representative for well-mixed volumes but has not 
been validated under containment conditions. In the absence of detona-
tions, it is believed that the MARCH calculated effects of H2 burning 
produce upper bounds to the temperature and pressure. 
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The thermal modeling for ice condensers and suppression pools are 
not mechanistic and are, in essence, fully determined by the input. For 
example, for ice condensers, input values are the temperature of water 
draining from the ice bed, the temperature of the air/steam mixture ex-
iting the top, and the volumetric flow rate. For suppression pools, the 
quantity of steam condensed is the excess of the amount required to keep 
the partial pressure of st-sam in the wet-well volume at the saturation 
value for the pool temperature. 

2.2.7 Overall opinion of MARCH-2.0 validity 

Although MARCH-2.0 cannot be characterized as having a high level 
of experimental validation, we are of the opinion that, wivh some excep-
tions (discussed below), sound approaches have been used. For example, 
there appear to be good data bases supporting the separate effects 
models for 

• internal heat transfer in the core region 
• steam/Zr reactions (up to the point of fuel melting) 
• radiation heat transfer 
• debris bed thermal modeling, and 
• homogeneous H2 combustion in containment (flammablllty limits and 

flame speeds) 

The major contributors to uncertainties in the MARCH predictions were 
judged to be: 

e the non-mechanistic modeling of core melt and slumping behavior 
e core/concrete interaction modeling to produce gases that provide 

containment loading, 
e the lack of a basis for selecting a particle size for debris in the 

debris bed models, ard 
• the effects of non-homogeneous H2 burning. 

In addition, it is believed that significantly improved correlations 
could be selected for: (1) the containment condensation and natural 
convection models, (2) the modeling for the meltthrough/failure of the 
bottom head; (3) specific items related to BWRs (e.g. Zr fuel channel 
boxes and control blades, relief valve modeling, bottom head structure 
differences), and (4) the thermodynamic properties package for steam. 

In general, it is believed that the containment thermal hydraulics 
aspects of MARCH-2.0 are relatively good (with the exception of INTER) 
for predicting upper bound containment loadings but may not be suffi-
ciently reliable for utilizing the results to evaluate the effects of 
steam on aerosol behavior and on H2 combustion. This Is because the 
containment is basically constrained to be saturated as long as enough 
water vapor Is available. The "excess" steam input in March (over that 
required for saturation) is arbitrarily put into airborne droplets of 
4 pm size that are subject to gravitational settling. Actual aerosol/ 
steam interactions are not calculated to establish the humidity levels. 
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More detailed models are needed for the thermal effects of ice-
condensers and suppression pools and to evaluate the effects of multi-
connected compartments. 

2.3 CORSOR 

CORSOR is a simple empirical correlation code for calculating the 
release rates of fission products and aerosols from the core as it over-
heats and melts. It is based on the observation that in Isothermal an-
neal tests with high burnup fuel specimens and with fuel simulants, the 
rates of release of specific nuclides seemed to decrease exponentially 
with time and to increase exponentially with temperature. These obser-
vation suggested that the simplest empirical correlation might be to 
relate the rate of release of a given nuclide to the product of a re-
lease rate coefficient, "k," and the mass of the nuclide remaining In 
the fuel, with the release rate coefficient being an exponential func-
tion of temperature, i.e. 

dM. 
— - - -k M where k - F(i, T) and "i" identifies 
dt the particular nuclide . 

The data base used to develop the values for the release rate coeffi-
cients basically consisted of three sets of out-of-pile experiments: (1) 
H. B. Robinson fuel pins (30,000 MWd/T) heated to various temperatures 
in steam, Lorenz et al. 1980 (Ref. 18); (2) trace irradiated bare ura-
nium dioxide pellets heated in helium Lorenz et al, 1978 (Ref. 19), and 
chunks of 1,000 MWd/T and 4000 MWd/T pellets heated in range of tempera-
tures from 980 to 2200°C in helium; and (3) SASCHA experiments on 
melting In air or steam of Zircaloy clad uranium dioxide pellets that 
Included stable fission product simulants, Albrecht et al. 1979 (Refs. 
20 and 21). 

A comparison of the empirical fit of the release rate coefficient 
correlation used in CORSOR to this data base shows a scatter that Is as 
much as an order of magnitude for most fission products and that the 
data base is very weak for release of control rod and structural mate-
rial. In addition, there appears to be a sensitivity of the release 
rate of some of the fission products to the presence of unreacted Zirca-
loy (particularly tellurium which seems to exhibit a release rate coef-
ficient that is more than an order-of-magnltude lower with unreacted Zr 
present compared to when there is little unreacted Zr present). This 
effect was included in the BMI-2104 CORSOR release model for tellurium 
but not for any other nuclide. The data base needs improving at higher 
temperatures and for Te, Sb, Ba, Sr, Mo, and Ru, some of which may also 
be sensitive to the presence of unreacted Zircaloy. 



25 

The release rate coefficients are presently correlated as functions 
of temperature only (excepting for Te which also depends on the amount 
of unreacted Zr). Intuitively, release should also be a function of 
geometry, surface area, flow conditions, and burnup. Improved modeling 
may be needed to account for these whenever more detailed and reliable 
core melt progression models are developed. It Is believed that the 
present uncertainties in the CORSOR model are significant but are out-
weighed by the uncertainties in the present ability to predict core tem-
peratures, geometries, and melting behavior. 

2.4 MERGE 

MERGE is an interface code which utilizes the data generated by 
MARCH for the steam/H2 flows exiting the core and the MARCH single vol-
ume RCS pressure transients to calculate more detailed flowB and gas/ 
surface temperatures for the sub-divided volumes representing the RCS in 
TRAP-MEL1. It might be reasonable to ask if the steam and hydrogen (the 
only components recognized by MERGE) are non-condensable, why aren't the 
flows Into a volume equal to the flows out and why are not the flows In 
each series control volume the same? The reason this Is not true is be-
cause the materials are of course compressible. During transients, 
there can be storage of mass and the energy losses and additions can be 
different in each control volume. 

For a simple analogy to what MERGE does, assume a perfect gas equa-
tion of state for a control volume, 

P • pRt • — RT . 
V 

Differentiating with respect to time gives, 

dP 
dt 

R 
V M — + T — 

dt dt 

Solving for dM/dt, gives 

dM V dP M dT 
dt RT dt T dt 

where dM/dt is a measure of the difference between the flow rate into a 
control volume and the flow rate out. Conceptually, then, MERGE solves 
the above type of equation (using appropriate equations-of-state for the 
steam/ hydrogen mixture) for each control volume. The pressure tran-
sient dP/dt, and the initial conditions are input from MARCH 2.0 and an 
auxiliary heat transfer/energy balance equation is Introduced to deter-
mine T and dT/dt. This energy balance explicitly includes flows of 
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enthalpy by the steam/K^ into and out of the control volume, energy 
storage, work of compression, and heat transferred between the volume 
gas and walls. This latter transfer requires that the energy storage 
within the walls also be accounted for. The heat transfer from gas to 
walls Includes forced convection (laminar or turbulent — depending on 
flow regime) radiation, and natural convection (these are not simul-
taneous — the largest of laminar, turbulent or natural convection is 
used). The correlations for the forced convection heat transfer coef-
ficients are based on pipe flow and use an equivalent hydraulic diam-
eter, The turbulent correlation is a form of the standard Dlttus-
Boelter equation discussed elsetrN^re, for well developed steady-state 
flows. The laminar correlation is also a standard equation for duct 
flow averaged over the duct length. 

The natural convection correlations are for air and vertically 
oriented surfaces. Separate natural convection correlations are pro-
vided for laminar and turbulent conditions selected by internal calcula-
tions within MERGE based on the Rayleigh number. Each of these choices 
of correlation can be considered to be acceptable and appropriate. A 
different choice for any of the correlations would not significantly de-
crease the i^icertainties in the MERGE calculated thermal balance of the 
RCS resulting from its shortcomings In treating the relocation of fis-
sion products as heat sources and in treating natural convection recir-
culatory flow effects. 

The modeling i'or heat transfer into the wall structure uses a rela-
tively crude approximation to conduction resistance by the structure as 
being 2k/AX where k is the structure material thermal conductivity 
and AX is the wall thickness. No provision for melting is Included. 
More detailed modeling would be Important If the wall resistance were of 
comparable magnitude to that In the gas phase. For the RCS under acci-
dent conditions (low flows and relatively thin steel walls), the major 
resistance to heat transfer is generally in the gas phase. However, a 
more detailed finite element analysis should be considered for those 
times and cordi*-ions for which this may not be a good approximation. 

MERGE does not explicitly Include decay heating from the fission 
products in the gas stream or as deposited onto the surfaces. However, 
MERGE was used in an iterative fashion with TRAP-MELT to include this 
effect in some sequences. That is, the MERGE calculated thermal hy-
draulics were input into T-M which calculated the airborne and deposited 
quantities of specific fission products In each control volume. Using a 
decay heat correlation for the fission products as grouped into the 
eight WASH-1400 categories, MERGE was slightly modified to include an 
internal heat source which was all put Into the structure. With this 
Included in the energy balance equation, the thermal hydraulic calcula-
tions were redone and iterations were made with MERGE and T-M until the 
solutions converged. Although somewhat inefficient, and some portion of 
the decay energy should probably be added to the gas stream, this is a 
relatively valid approach. It would be preferable to completely inte-
grate MERGE and TRAP-MELT into a single program using consistent thermal 
hydraulic correlations and consistent physical properties data. 
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The lack of inclusion or solution of the momentum equation within 
MERGE basically Implies that the pressure difference between control 
volumes divided by the transit time is small compared to the rate of 
change of the characteristic pressure within the RCS. For most accident 
sequences (after blowdown when MERGE starts), this condition Is gener-
ally true — with exceptions that probably include the V-sequence and 
large breaks. 

A more serious problem exists if the control volumes are selected 
so that in some accident sequences there is considerable natural convec-
tion driven reclrculatory flow that crosses the arbitrary boundaries 
chosen to divide the control volumes. Although MERGE accounts for natu-
ral circulation enhancement of the heat exchange rates between the gas 
and the walls, It does not include the enhanced convective mixing be-
tween the respective control volume atmospheres. 

Strong recirculatory mixing between two control volumes would serve 
to homogenize their behavior. Hence either the modeling needs to be 
changed to account for recirculatory mixing or the control volume arbi-
trary boundaries need to be selected carefully to define regions of min-
imum intermixing other than for the net throughput flows. The latter 
may not always be possible. 

Only one "type" of surface (thickness, heat capacity, and thermal 
conductivity) Is Included In MERGE heat exchange calculations. Control 
volumes in the RCS can more generally be characterized as having several 
structures (of different thicknesses). Consequently, actual temperature 
Inhomogeneltles could easily exist and should be accounted for. 

The overall subjective assessment of MERGE Is that the internal 
phenomenological heat transfer models are based on good separate effects 
experiments — with the exception that the structural conductance resis-
tance may be too crude for some circumstances. There have been no inte-
gral validation experiments for MERGE under RCS accident conditions. 
The major deficiencies were assessed to be the lack of recognition and 
treatment of recirculatory flow mixing (although this could be catego-
rized as being a control volume boundary selection problem) and the lack 
of explicit inclusion of the effects of decay heat (although this too 
was sometimes accounted for by iterative application with T-M). The ne-
glect of the momentum equation may be important for some conditions. 
However, to Include solution of the momentum equation, the fundamental 
structure of MERGE (that is, establishing the flows to exactly match the 
MARCH pressure transient) would have to be abandoned. For that matter, 
if condition were such as to make it Important to solve the momentum 
equation, then the modeling in MARCH would also need restructuring. 
There is also a need In MERGE to allow multiple structures within a con-
trol volume. 

It Is our opinion that the uncertainties in MERGE related to its 
lack of inclusion of decay heat and its zero-dimensional treatment of 
flow through the RCS add significantly to the uncertainties in the cal-
culation of retention in the RCS. 
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2.5. TRAP-MELT 

TRAP-MELT calculates the transport and deposition of fission pro-
duct vapors and aerosols within the reactor coolant system. The ap-
proach used is to model the RCS as an arbitrary number of flow connected 
control volumes each of which Is treated as being well-mixed (corre-
sponding to the treatment In MERGE). The MERGE calculated values for 
control volume flows and temperatures are Input Into T-M. 

TRAP-MELT Individually treats four different species In the BMI-
2104 studies, Csl, CsOH, Te, and "other aerosols" but could separately 
treat other species if needed. It calculates the mass flows of each o£ 
these entering and leaving each control volume, the exit aerosol size 
distribution, the cumulative masses resulting from each deposition mech-
anism on each control volume surface, and the quantity of material re-
maining airborne (and size distributions) within each control volume. 

The phenomenologlcal processes treated by TRAP-MELT are: (1) bulk 
convective transport of material between control volumes by the carrier 
stream; (2) irreversible sorption of CsOH and Te onto RCS surfaces; (3) 
condensation and evaporation of vapor species onto aerosol and RCS sur-
faces; (4) agglomeration of aerosols as a result of relative motion in-
duced by Brownian movement, turbulence, and gravitational settling; and 
(5) deposition of aerosols onto RCS surfaces via gravitational settling, 
laminar and turbulent diffusion, turbulent inertlal deposition, and 
thermophoresis. The modeling and supporting data bases for each of 
these are discussed below. 

2.5.1 Bulk Convective Transport 

Bulk convective transport modeling between control volumes in T-M 
assumes no slip between the particles and the carrier stream. Hence, 
the transport is simply given by the continuity equation. The mass flow 
rate out of a control volume is the product of the airborne mass concen-
tration and the carrier fluid volumetric flow rate. This treatment is 
so well established in the fluid mechanics field that its validity with-
in the required accuracy Is unquestioned and a data base discussion is 
not needed. 

There are, however, a couple of questions regarding its application 
in BMI-2104. Control volumes chosen to describe the RCS are sometimes 
geometrically closely coupled with easy communication between them. 
Thermal conditions are calculated to be such that strong natural convec-
tion reclrculatory flow patterns are expected that cross the arbitrary 
control volume boundaries. As discussed under the MERGE section, this 
is expected to create enhanced exchange of material between control vol-
umes that was not appropriately accounted for In BMI-2104 where the net 
throughput flow was used in the transport equation. The formulation in 
T-M is such that the flow matrix used in the solution of the transport 
equation includes forward as well as back coupling between any two con-
trol volumes. Hence, by inputting the appropriate flow exchange values, 
it appears that the effects of reclrculatory flow could be simulated. 
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In addition to the above, the carrier fluid volumetric flow rates 
are determined from the mass flow rates calculated in MARCH/MERGE di-
vided by a density of the carrier fluid. The density function built 
into T-M is for steam only. For those times In sequences when the car-
rier fluid contains significant quantities of hydrogen, the T-M calcu-
lated density can be high by as much as an order of magnitude — result-
ing in v - low apparent volumetric flows. In addition, both the den-
sity and the vlscoi.' »-y (along with the flow rates) enter into the corre-
lations for the transport coefficients (e.g., Rpv -is and Grashof 
numbers). The physical properties package l< > reflect the 
actual composition of the carrier fluid. 

2.5.2 Irreversible Sorption onto RCS Surfaces 

The model for "sorption" of CsOH and Te onto the RCS surfaces makes 
use of an effective deposition velocity (analogous to a convectlve 
flow). The values used In T-M are: for CsOH, Vd - 0.01 cm/s and for 
Te, Vd - 1.0 cm/s. 

These values are based on "scoping" studies only and are not con-
sidered to be highly accurate-although the exact uncertainty level is 
not known. 

In general, the transport to and Interaction of vapor materials 
with surfaces (other than by condensation) Involves transport (eddy and 
molecular diffusion) through the gas phase, sorption/desorptlon at the 
surface, perhaps solid phase diffusion, and perhaps chemical reactions 
with the surface. A single-valued deposition velocity, as above, can 
hide these complex mechanisms that can depend on surface material con-
ditions, temperatures, gas phase flow and temperature conditions, and 
even geometry. Hence, unless empirical deposition velocities are ob-
tained under essentially the same conditions as for their application 
(or at least with the same controlling mechanism) their applicability Is 
questionable. Unfortunately, there Is an Insufficient data base pres-
ently available on the mechanism discussed above for the specific spe-
cies and conditions of interest to warrant a more detailed modeling of 
each process. RCS retention by this mechanism is generally small but is 
sometimes significant for Te. 

2.5.3 Condensation of Vapor Species onto Particles and RCS Surfaces 

If the vapor concentration within the gas space is In excess of the 
saturation equilibrium value for the temperature of a surface of con-
tact, then T-M calculates condensation to occur at a rate per unit sur-
face area that Is given by the product of a mass transfer coefficient 
and the difference between the gas phase concentration and the equilib-
rium concentration. This is standard procedure for condensation mass 
transfer. The basic assumption Is that the process of achieving equi-
librium concentration immediately above the condensed phase surface Is 
fast compared to the bulk vapor phase mass transfer. The mass transfer 
coefficients to the wall surfaces are either given in TRAP-MELT by the 
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mass transfer equivalent of the heat-transfer Dittus-Boelter Equation 
for fully developed turbulent flow or by a natural convection correla-
tion — whichever is greater. The natural convection correlation is not 
consistent with that used in MERGE to calculate natural convection heat 
exchange (an analogous process). However, the difference Is not great 
(the T-M correlation would be at most 85X higher than MERGE for the heat 
transfer coefficient) and this lack of consistency should not be of much 
Importance. 

The mass transfer coefficient for condensation onto particles Is 
strictly that for molecular diffusion to a sphere, k - D/v. This is 
generally a good treatment if the flow is not turbulent. Turbulence can 
enhance the transfer to particles In co-current flow. However, as the 
particle size decreases, this enhancement becomes less apparent. For 
the aerosol particles of the size predicted in the RCS, the above model-
ing Is expected to be a good approximation to the mass transfer in the 
gas phase. 

The required data bases for this aspect of T-M, then, are the equi-
librium vapor pressures and the diffusivitles of the condensing spe-
cies. These are relatively well known for Csl, CsOH, and Te. 

The condensation of fission product vapor species onto aerosol par-
ticles is analogous to the condensation of water vapor onto aerosols as 
discussed in relation to the NAUA code validation. The NAUA code uses 
the Mason equation for this. To make the Mason equation equivalent to 
the above correlation in T-M, it Is necessary to neglect the requirement 
for conductivity of the latent heat of vaporization back into the gas 
space and to neglect the correction of curvature on the equilibrium 
vapor pressure at the surface of the particle. The effects of these ap-
proximations in T-M are not known but in general the T-M approximation 
is expected to result in greater rates of condensation onto the parti-
cles than If a full Mason-like equation were used. 

The treatment for condensation onto the wall surfaces does not in-
clude any effects of non-condensable gases and the mass transfer corre-
lations used are not consistent with those in MERGE nor do they Include 
a correlation for laminar flow conditions. Condensation of vapor spe-
cies onto the RCS surfaces, represents a significant removal process in 
many sequences. The well-mixed assumption and the lack of inclusion of 
effects of non-condensable gases In T-M tend to cause an overpredlctlon 
of the condensation rates whereas the use of mass-transfer coefficients 
applicable for well-developed flow would tend to underpredlct the con-
densation. The net effect is not known but is believed to be much less 
Important than the lack of treatment of recirculatory flow and the lack 
of Inclusion of fission products, as heat sources. 
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2.5.A Agglomeration of Aerosols (Brown!an, Turbulent, and 
Gravitational) 

Whenever forces are present that can create relative motion between 
aerosol particles, there is some probability that collisions will occur 
resulting in agglomeration. Relative motion between particles can re-
sult from Brownlan movement, gravitational settling, turbulence, flow 
fields with shear, and inertia (centrifugal forces) in flow fields with 
curvature. TRAP-MELT Includes models for the first three of these which 
are generally considered to be the dominant processes. The modeling 
uses the poly-disperse aerosol form of the Smoluchowskl equation which 
is based on a statistical diffusional treatment of particle dispersions 
to express the rates of collisions of particles In one size class with 
those in another. The modeling for this in T-M is identical to that 
used in the QUICK, NAUA, AEROSIM, and MAEROS codes. The details of the 
derivation and the supporting data base can be found in Fuchs.22 This 
is the best available correlation and It is backed up by many years of 
aerosol research as outlined in Ref. 22. 

The collision kernels expressing the collision probabilities are 
developed in terms of the sizes and motions of the mass equivalent 
spheres (the size of a sphere that would contain the aerosol mass at the 
material density). However, observations are that particulate aerosol 
agglomerates are not generally compacted into the dimensions of the mass 
equivalent spheres and therefore can offer more resistance to movement 
through fluid mediums. In addition, their effective cross section 
(size) for collisions is apt to be larger than the mass equivalent 
sphere. Therefore, to account for the deviation of the behavior of real 
agglomerates from that of the mass equivalent spheres of the models, two 
"shape factors" are included, x and Y. The dynamic shape factor, x» ac-
counts for the different resistance to motion of the actual aerosol as 
compared to the mass equivalent sphere and the agglomeration shape fac-
tor Y accounts for the increased effective collision cross-section. The 
values of these shape factors can be quite large (Y has been observed to 
be of the order of 15 and x of the order of 7 in dry aerosol environ-
ments) and to have a strong Influence on the aerosol dynamic behavior. 
However, it has been observed that "nuclear" aerosols in saturated steam 
environments clump together in more-or-less spherical shapes presumedly 
as a result of multiple condensation/evaporation events as the particles 
move into and out of local nonunlformities In the relative humidity 
field. Because the aerosols in the RCS are generally in the presence of 
condensable species (Csl, CsOH), these shape factors were assumed to 
both be unity in the BMI-2104 study. There have been no direct observa-
tions under RCS accident conditions to confirm this. 

2.5.5 Deposition of Aerosols onto RCS Surfaces (Gravitational settling, 
laminar and turbulent diffusion, turbulent lnertlal deposition, and 
thermophoresis) 

Generally, the most Important natural removal mechanism for aero-
sols in the RCS is gravitational settling onto the horizontal components 
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of surfaces. The modeling for this Is of an ad hoc nature In which the 
settling rates of a given size class of particle') per unit of horizon-
tally projected surface area are assumed to be given by the product of 
the number concentration of that size class within the control volume 
and its terminal settling velocity. Tuere Is ample evidence in the ex-
periments related to aerosol behavior in containments to support this as 
a valid treatment for aerosols in closed vessels. However, It has not 
been confirmed for the high concentrations and the directed flow condi-
tions of the RCS. There are no reasons to suspect it not to be just as 
applicable under those conditions, particularly If secondary recircula-
tory flow patterns are stronger than the throughput flows. 

Aerosols will diffuse down a concentration gradient in a flowing 
stream to Impact and collect onto adjacent channel surfaces. The model-
ing to account for this in T-M uses separate correlations depending on 
whether the flow is turbulent or laminar. Two separate correlations are 
used to model turbulent flow, (1) a theoretical expression developed 
from Davles23 for particles up to 0.1 um, and (2) for larger particles, 
a correlation is used that is based on an empirical correlation devel-
oped by Lee and Agarwal and modified by Lee2*4. These correlations agree 
with the experimental data generally to within a factor or two. For 
laminar flow, an expression developed by Gormley and Kennedy25 for flow 
In pipes is used. This expression Is generally more accurate than the 
one for turbulent flow. 

Aerosols experience a net force towards the cooler regions when re-
siding in a temperature gradient. This thermophoretic force can lead to 
deposition of aerosols onto surfaces if there are strong temperature 
gradients. TRAP-MELT uses the most commonly accepted correlation for 
thermophoretic deposition (Brock26) which includes the gas-to-wall ther-
mal gradient. Brocks' formulation is generally good to within a factor 
of 2 if the thermal gradient is precisely defined. A gas-to-wall temp-
erature difference for developing this thermal gradient is input into T-
M from the MERGE calculations. The boundary layer thickness, 6, over 
which this temperature difference occurs to establish the actual gra-
dient is determined Internally in T-M by "back-calculating" it from the 
Dittus-Boelter equation for well developed turbulent flow heat transfer 
using either the MERGE developed values for flow or the internal effec-
tive Reynolds number. Since MERGE might have used either of: the 
Dittus-Boelter correlation, a laminar flow correlation, or a natural 
convection correlation, to determine the temperature difference, the 
above procedure may not be consistent unless done during periods in the 
calculation when the flow was actually evaluated as being "forced turbu-
lent" In MERGE. In addition, Brock's formulation requires input values 
for the ratio of gas-to-particle thermal conductivity. T-M Internally 
sets this value at 0.01 in the BMI-2104 study. This could be off by an 
order of magnitude depending on the nature of the actual aerosols pres-
ent and their composition. The calculations can be sensitive to this 
ratio. The internal treatment for thermal gradients should be made as 
consistent as possible between MERGE and TM and the material properties 
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used in the correlations should be based on the actual fluid system cal-
culated to be present (steam/H2/fis8ion product species). Because ther-
mophoresls generally only makes a small contribution to the aerosol 
retention in RCS, these shortcomings are not believed .0 lead to serious 
uncertainties In the sourcu terms. However, the above assessment that 
thermopho-jesis does not significantly contribute to retention in the RCS 
is based on T-M calculations themselves utilizing Inappropriate physical 
properties. It is inadvisable to make a judgment on such a basis. 

2.5.6 Overall Assessment of TRAP-MELT 

For the most part, TRAP-MELT was found to have used overall sound 
Internal separate effects models that have a good base in experimental 
validation. This is especially true for its treatment of aerosols which 
was drawn, to a large extent, from containment aerosol modeling. 

Two major concerns have already been discussed In the section deal-
ing with the MERGE code: (1) the problem of properly treating recircu-
latory flow conditions utilizing the complete flow matrix with appropri-
ate Inputs for both forward flow and back flow, and (2) the lack of 
direct Integrated coupling with a thermal hydraulics analysis (such as 
MERGE) to be able to treat the coupled nature of fission product trans-
port as heat generators with the thermal hydraulics. For those cases in 
which MERGE and TRAP-MELT were used iteratively, this problem is par-
tially dealt with. It would be preferable to Integrate the two analyses 
directly. 

Some other concerns include: 

1. the need for a more complete treatment and data base for "irrevers-
ible deposition" of vapor species, 

2. the use of thermal hydraulics models that are Inconsistent with 
MERGE 

3. the need tor the internal carrier fluid properties package to re-
flect the actual mix of steam, hydrogen, and fission products, and 

4. the need to evaluate the appropriateness of the approximate model-
ing for condensing of vapors onto aerosols. 

In addition to the above, it is noted that under some conditions it 
Is possible for deposited aerosols to re-heat due to radioactive decay 
to the point of revaporizing some of the more volatile species. Under 
such conditions it could be desirable to Include physics for the homoge-
neous nucleation of aerosols from the vapor phase to properly assess the 
subsequent transport of these re-vaporized constituents. 

Overall, it is believed that there Is large uncertainty in the 
ability to calculate the retention of fission products and aerosols 
within the RCS. 
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2.6 CORCON 

The code CORCON models the thermal and chemical interactions of 
molten core debris with the reactor cavity basemat concrete. Core de-
bris that falls into the reactor cavity after vessel melt-through is as-
sumed to be deposited as separate layers made up of the oxide components 
and the metallic components. A (primarily) thermal analysis is made to 
determine the heat exchange between the melt and the concrete. The con-
crete is assumed to ablate and to decompose at 1650 K to release water 
vapor and carbon dioxide gases which flow around the melt In a gas film 
annulus and bubble up through the melt (for those gases that are gener-
ated at the bottom). The gases that bubble up through the core debris 
are allowed (calculated) to react chemically with the materials of the 
melt. The principal reactions are with the metallic constituents which 
reduce the H2O and CO2 to H2 and CO. The principal outputs of the code 
are the rates of generation of condensable, noncondensable, and combus-
tion gases, the melt temperatures, the compositions of the melt layers, 
and the rates of erosion of the concrete. The results for melt tempera-
ture, composition, and gas flow rates are used as input to VANESA for it 
to make a further determination of the quantities and composition of the 
fission products and aerosols released to the containment. 

The chemical reactions are based on chemical equilibrium thermody-
namics that utilize thermo-chemical properties from the JANAF tables.27 

This procedure is considered fairly reliable and the best that can be 
utilized under the circumstances. 

As CORCON is primarily a thermal analysis model, the key issues in-
volve the heat exchange processes. The heat exchanges modeled are as 
follows: (1) between the melt and the concrete at the bottom and sides 
through a gas film, (2) between layers in the molten pool, and (3) from 
the pool top surface to the surrounding atmosphere and structures. En-
ergy productions accounted for are exothermic chemical reactions and 
decay heat generation. 

The heat transfer from the melt to the concrete is modeled by hav-
ing separate correlations for the heat transfer from the melt to the 
melt interface with the gas film, the convective transfer from the melt 
interface to the flowing gas and from the gas to the concrete, plus 
radiation from the melt to the concrete across the gas film. There are 
three separate Internal liquid-phase heat transfer correlations for 
three different areas of the melt: at the bottom and top where the 
interface is agitated by bubbles passing through; at the Interfaces be-
tween layers internally; and at the sides. 

At the time of development of CORCON, no models or data appeared to 
exist for these specific conditions. The most applicable seemed to be 
for bubble-agitated flow with heat transfer to a solid vertical wall. 
Hence, the data base and models that existed for this latter condition 
were appropriately modified for application to the conditions of bubble 
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agitated transfer to a gas film Interface with and without transverse 
flow. 

The heat transfer in the gas film Is basically modeled In three 
a r e a B also. At the bottom, where there is no parallel flow with the 
pool and concrete surfaces (a Taylor instability bubble model is used as 
developed by Dhir28 and Alsmeyer29). Along the sides, a continuous lam-
inar film model is used. Once the gas film Reynolds number based on the 
film thickness exceeds 100, the film is assumed to become turbulent. 
The melting and removal of concrete adjacent to the gas film Is modeled 
as a one-dimensional steady state ablation process. 

While a complete data base does not exist for the heat transfer 
models In CORCON, the models are adapted from ones that are based on 
sound empirical data. Most of these models, Which consider complicated 
two-phase bubbling heat transfer processes, have relied on tests with 
non-reactor materials. It appears that CORCON has utilized the best 
available heat transfer models under the circumstances. Separate ef-
fects experiments by Greene30 have shown that the interlayer heat trans-
fer coefficient may be low by a factor of 10. There have been two inte-
gral tests using hot molten steel dropped on concrete with internal 
heating sustained by induction31. The comparison between measured tem-
peratures and C0RC0N calculations were fairly good except after CORCON 
had essentially calculated a steady state mean temperature In the steel, 
the measurements showed a slow but steady increase in temperature. 

While CORCON can presently be considered the state-of-the-art for 
core/concrete thermal interaction behavior, it cannot be considered as 
having a high level of validation. Some specific areas that appear to 
require additional validation include: 

e The continuous gas layer concept. Scoping analyses have Indicated 
that the gas evolution rates are probably insufficient to support a 
full continuous gas film. 

• The validity of the gas film heat transfer correlations and the se-
lected criteria for transition from laminar to turbulent flow. 

• The magnitude of the layer-to-layer Internal pool heat transfer co-
efficient was shown in separate effects tests to possibly be low by 
an order-of-magnltude. 

e The reviewers expressed concern about the viscosity correlation 
(which resulted In very high viscosity near the solidus tempera-
ture) and gave artificial results At those temperatures. 

• The model is not applicable after the melt solidifies. 

The potential impact of these on the source term uncertainty is not 
known. When the interlayer heat transfer coefficient (item three above) 
was increased by a factor of 20 (thought reasonable) in QUEST, the long-
term release rate for aerosols as calculated by VANESA decreased by 
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about an order-of-magnitude. In spite of the assessment that CORCON is 
the best available tool for core/concrete Interaction behavior, it la 
believed that it still contributes significantly to source term uncer-
tainties because it develops the input to VANESA for the melt tempera-
ture and the gas evolution rates, both of Which have strong influence on 
the core/concrete release of fission products and aerosols as calculated 
by VANESA. 

2.7 VANESA 

VANESA is a mechanistic model for determining the aeroBol and fis-
sion product releases during core debris interaction with concrete. It 
predicts: (i) the aerosol mass generation rate; (2) the chemical compo-
sition of the aerosolized mass in terms of fission products, concrete 
constituents, and structural materials; (3) aerosol particle size (non 
mechanistic); (4) material density of the aerosol; (5) gas flux during 
core debris/concrete interaction; and (6) the chemical composition of 
the permanent gases evolved. 

Consistent with CORCON, carbon dioxide and water vapor produced by 
thermal decomposition of the concrete as calculated by CORCON are as-
sumed to enter the melt and to instantly come to thermal and chemical 
equilibrium with the metallic phases of the melt which are treated as 
Ideal solutions of Fe, Cr, Ni, and Fe. The result of this calculation 
is the speclatlon of the gas phase in terms of H, H2, OH, 0, 02, CO, and 
CO2. The condensed products (FeO, Cr203, NiO, and Zr02) are Instantly 
removed from the metal layer and placed Into the oxide layer in the cal-
culational procedure. 

The gas is then assumed to be distributed as 2-cm diameter bubbles 
rising through the melt at a rate given by a spherical cap bubble corre-
lation . 

Fission products and other species within the melt are transported 
to the bubbles using a standard mass transfer relation that gives the 
rate of transfer per unit surface area as being the product of a mass 
transfer coefficient and the difference between the concentration in the 
bulk liquid and the concentration at the bubble interface, expressed in 
terms of the equivalent partial pressures. At the interface, surface 
vaporization rates are determined as a function of the difference be-
tween the equilibrium partial pressure and the interfacial partial pres-
sure. Mass transport is then calculated into the bulk gas volume of the 
bubble using an approximate mass transport coefficient given by diffu-
sion, D/A. All components in the bubble gas space are allowed to chem-
ically react as calculated by a chemical equilibrium anal 'a. However, 
only those elements that could be formed in a ternary H system are 
considered to be present (with some minor exceptions that Include: Csl, 
AgTe, SbTe, and SnTe). Species formed withiri the bubbles are allowed to 
transport back into the melt at rates dictated by the above three rate 
processes. 
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On release at the top surfaces, the condensable species are assumed 
to be aerosols with a size distribution given by an empirical correla-
tion derived from core melt/concrete interaction tests. 

The required data bases for VANESA, thus, are: 

1. Free-energies of species formation; JANAF tables for most species 
(±1 kcal/mole), Mills32 for vapor phase tellurldes (±1-5 kcal/ 
mole), Jackson33 for vapor phase hydroxides (±5 kcal/mole); 

2. Liquid phase densities»3 5 (±5%); 
3. Molecular weights (calculated) <0.1%. 

In addition, liquid phase diffuslvlties are calculated from the Scheibel 
modification to the Wllke-Chang correlation36 and gas phase dlffusivi-
ties are calculated from a standard correlation37. 

Integral validation of VANESA consists of (1) comparison of the 
model predictions to data from non-nuclear sources, and (2) comparison 
of the model predictions to data from core debris/concrete interaction 
tests. The non-nuclear data are for release rates of various species 
from (a) solar heating of glass to 2970 K and (b) steel refining. 

VANESA predicted the relative release values in the experiments 
very well. VANESA also compared well with an earlier empirical model 
(basically, then, a comparison with experimental data) for actual re-
lease rates of a variety of species from simulated core melt/concrete 
interaction tests. 

While VANESA can by no means yet be considered as validated, it 
does represent a major stride in the ability to predict core/concrete 
releases. 

2.8. NAUA 

The BMI-2104 version of NAUA is used to calculate the behavior of 
aerosols in containment volumes that may contain condensing steam atmo-
spheres. The containment is treated as a single well-mixed volume. 
Given a source rate and leakage rate, NAUA determines: (1) the sus-
pended mass concentration vs time (particles + water), (2) the size dis-
tribution of airborne material vs time (mass concentration of water and 
particles in each size class), (3) cumulative settled out quantity, (4) 
cumulative plated-out quantity, and (5) cumulative leaked mass. 

The phenomenological processes treated in NAUA are: (1) Agglomera-
tion (Brownlan, gravitational, turbulent), (2) Removal (gravitational 
settling, diffusiophoresis, dlffuslonal plateout, sprays), (3) steam 
condensation onto aerosols, and (4) sources and leakages. 



38 

The agglomeration, gravitational settling, and sources and leakages 
models are identical to those discussed under the section on TRAP-MELT. 
The diffusional plateout is modeled as diffusion across a boundary layer 
with the thickness being an input-, item. Diffuslophoresls is a "first" 
approximation model in which the removal rate is treated simply as a 
convective process given by the product of the airborne aerosol mass 
concentration and the volumetric steam condensation rate. Spray removal 
is modeled as a sweepout of particles encountered in the volume inter-
cepted by the drops as they fall to the floor. Because small particles 
tend to follow streamlines und flow around each other under relative 
flow conditions, the sweepout of the volume will not be 100% effective. 
Therefore, the model Includes separate collision efficiency for the pro-
cesses of impaction (particle departure from a streamline because of its 
inertia), interception (particles collide because of their finite extent 
even though they follow a streamline), and for Brownlan diffusion. 

NAUA was developed particularly for use in calculating LWR contain-
ment aerosol behavior in which steam might be present to condense onto 
the aerosols. NAUA uses the Mason equation38 to model this process. 
The Mason equation was derived on the basis of diffusion to the particle 
surfaces under the influence of the driving force given by the differ-
ence between the steam partial pressure in the containment and the equi-
librium partial pressure at the particle surface (as elevated by curva-
ture). The heat of condensation is given up to the particle and is then 
conducted back into the vapor space. 

The series of tests conducted at KfK in relation to NAUA are con-
sidered to be excellent separate effects validation of the Mason equa-
tion for steam condensation onto aerosols. 

There Is not a large data base requirement for NAUA. It does re-
quire the viscosity of the containment atmosphere and the dlffusivlty, 
thermal conductivity, and heat of vaporization for steam as well as the 
surface tension for water. Well established values for these are readi-
ly available at containment conditions. Because of the observed clump-
ing of aerosols in steam environments, NAUA assumes unity for the shape 
factors x a n d Y although it does recommend a reduced effective den-
sity. Actual values of x and Y have not been measured for nuclear aero-
sols in different relative humidity environments. 

Integral validation of NAUA consists of experiments at KfK, experi-
ments in the NSPP at Oak Ridge, and comparisons with the ABCOVE series 
of tests at HEDL. In general, the ability to accurately predict the 
aerosol behavioral transient requires accurate specification of the 
source rates and characteristics, the leakage rates, steam condensation 
rates, and the shape factors — mostly Items outside the control of 
NAUA. 

The overall assessment is that the aerosol physics are well based 
in a history of development and use and are believed to be valid. The 
NAUA code has been compared with other codes of similar physics with ex-
cellent agreement — with two exceptions. The collision shape factor y 
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does not appear to be consistently used In the turbulent agglomeration 
kernel and the gravitational agglomeration collision efficiency differs 
from some other formulations by a factor of 3. The lack of consistent 
treatment of the shape factor did not influence the result of BMI-2104 
because all shape factors were assumed to have values of unity in that 
study. The collision efficiency treatment in NAUA would be expected to 
result in higher airborne concentrations compared to other choices. 

NAUA does not have multi-species capability, aerosol nucleatlon 
model8, nor integrated direct coupling with a thermal hydraulics code. 
Multi-species capability is important when either the time-dependence or 
the particle size-dependence of multiple sources are very different. 
The importance of nucleatlon Is unknown. There are at least two areas 
of containment*, aerosol behavior in which homogeneous nucleatlon could 
play a role and should be considered for Inclusion in containment aero-
sol behavior codes: (1) in some BWR sequences, the relatively confined 
drywell volume can reach temperatures that are high enough to revaporize 
volatile fission products and (2) hydrogen burning can create tempera-
tures high enough to revaporize materials that are airborne as aerosols 
in containment. 

Although the direct coupling of the aerosol behavioral code with 
the thermal hydraulics code appears less necessary for containment than 
it is for the RCS, there are a couple of aspects of LWR containment an-
alysis where it may be desirable to also have this capability. These 
include the establishment of the saturation or relative humidity condi-
tions in containment and the possible nucleation of water droplets in 
competition with condensation into existing aerosols during transient 
containment conditions with relatively rapid pressure decreases. 

2.9 SPARC 

All BtfRs are equipped with suppression pools that employ ~106 gal. 
of water to serve as a passive heat sink. In most accident sequenceb, 
the aerosols and fission products released from the RCS must pass 
through this pool before release into the containment or into an auxil-
iary building. In addition there are conditions in some PWR sequences 
in which the aerosols pass through other pools of water (e.g., If there 
is an overlying pool above the core debris in the reactor cavity). Such 
pools can also serve to effectively remove aerosols. In response to the 
need for a mechanistic model to evaluate the effects of suppression 
pools on aerosols in BMI-2104, the SPARC code was developed. The cal-
culation of the retention of aerosols in pools by SPARC Includes the 
following deposition mechanisms: (1) dlffuslophoresls, (2) gravita-
tional settling, (3) inertial deposition due to circulation in the bub-
bles, and (4) dlffusional deposition. SPARC also includes the effects 
of soluble particle growth by water vapor "uptake". 
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Dlffuslonal plateout Is effective for removing the small size par-
ticles, whereas lnertlal deposition and gravitational settling are ef-
fective for removing the larger particles. Hence, there Is a tendency 
for the suppression pools to have a minimum in the decontamination fac-
tor, DF (defined as the ratio of the mass entering the pool to the mass 
leaving), at aerodynamic diameters around 0.5 pm. Dlffuslophoresls, 
which is effective for all particle sizes, helps to increase the DF 
around this size range. 

A typical value for the calculated average DF Is ~L00 (although 
this can be an order of magnitude higher depending on the particle size 
and distribution). Typical DF values for the specific size range near 
0.5 urn are 1.5 to 3.0. 

The modeling in SPARC for the above processes is as follows: 

2.9.1 Dlffuslophoresls 

The condensation of steam from a bubble provides a convectlve flow 
toward the Interface. This flow will result in particle removal. On 
the other hand, evaporation of water into the bubble represents a con-
vectlve flow that would retard particle removal. In SPARC, these two 
possible effects are treated In separate ways. Condensation Is assumed 
to occur if the inlet mole-fraction of steam is greater than the equi-
librium value after thermal equilibrium (assumed to occur instantane-
ously). In this case an Initial quantity of aerosol Is assumed to be 
removed that is equal to the amount that would reside In that volume of 
steam condensed. Subsequently, as the bubbles rise, only evaporation Is 
assumed to occur because the pressure inside the bubble decreases as it 
rises. The rate of water vapor entering at any depth Is determined to 
be the quantity required to keep the bubble in thermodynamic equilib-
rium. The retarding effect is modeled in SPARC by adjusting the various 
"deposition velocities" determined for the separate deposltional mecha-
nisms as being the vector differences with the steam velocity. 

2.9.2 Gravitational Settling 

Gravitational settling in bubbles Is treated in a manner identical 
to that for containment except a net settling velocity Is used to ac-
count for the effects of steam evaporation. 

2.9.3 Inertlal Deposition 

The analysis follows that of Fuchs22 In which an Internal circu-
lating flow velocity at the Interface Is assumed to be that given by a 
completely circulating interface (no slip) in invlscld flow. The Iner-
tia! force Is given by 

MV 2 
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Balancing this force with a drag force (aa 1b done In Stokes law deriva-
tion) that depends on the velocity will allow solution for the drift ve-
locity. A net deposition velocity is found by subtracting the steam 
evaporation velocity. 

2.9.4 PlffuBlonal Deposition 

The dlffusional deposition modeling Is basically similar to the 
penetration theory as given by Bird et al.39 and as adapted from 
Fuchs. In this formulation, the aerosol Is pictured as following the 
Internal bubble circulation paths so that the full mean aerosol concen-
tration "sees" the top of the bubble internal surface but becomes de-
pleted by diffusion as it travels downward along the surface to the bot-
tom. Assuming that the contact time is that required for the bubble to 
travel a distance equal to itB diameter, the quantity of aerosol trans-
ferred by diffusion to the interface can be calculated. When this is 
converted into a "deposition velocity" defined as 

3C/ 3t VD — > 

one obtains 

Vb1'2 
V D - 2 — irD 

SPARC uses Bird's correction to this to account for the reduction due to 
the steam flux entering the rising bubble. 

2.9.5 Growth of Soluble Particles by Water Uptake 

SPARC Includes the effects of the change In soluble particle size 
due to the uptake of water. A rate Is not calculated but, rather, an 
equilibrium drop size is determined that would balance the further up-
take of water molecules by the drop (as a result of molecular collisions 
with the drop surface) against the evaporation rate as affected by the 
drop temperature, curvature, and solute content. The expression for 
this equilibrium is attributed to Fletcher1*0. 

Calculations with this model at a saturation value of 0.99 indi-
cated that water uptake causes a growth in the diameter by roughly a 
factor of 4. 

2.9.6 General Remarks 

SPARC is still under development. A version of it was compared to 
the measurements made in some single-stream bubble scrubbing tests (Ref. 
41). The version of SPARC predicted DFs that were lower than the exper-
imental results by factors of 10 to 100. 
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SPARC does not Include some mechanisms that are Included in other 
suppression pool codes. For example, SUPRA (under development for 
EPRI), in addition to the phenomena in SPARC, models thermophoresis, 
steam condensation onto aerosols, removal in the emerging jet at the in-
jection location by lnertial Impaction, and diffuslophoretic modeling of 
the volume above the surface of the pool. Superficial comparisons of 
SUPRA predictions with those from SPARC show that SPARC DFs are about a 
factor of 2 to 4 lower but that similar trends are obtained (e.g., a 
minimum in the DF at particle sizes ranging from 0.15 to 1.0 in). 

Neither agglomeration nor homogeneous nucleatlon are Included in 
any suppression pool models. Agglomeration Is generally not modeled be-
cause it can be demonstrated that insufficient time is available over 
and above that already spent in the RCS to further significantly influ-
ence the particle size. At any rate, Its neglect greatly simplifies the 
analysis. Nevertheless, there are some special circumstances where it 
may be Important to include nucleatlon and agglomeration. Some BWR se-
quences can result in revaporization of volatile fission products into 
very hot drywell regions. In addition, the bubbles emerging from core/ 
concrete interaction melts into an overlying pool of water can be very 
hot and can contain vapor species. Under these circumstances, it may be 
Important to model the conversion of the vaporB Into very small aerosols 
by nucleation and rtieir subsequent growth by agglomeration and condensa-
tion to accurately determine the DF. 

The size of the rising bubbles Is a user specified input. A gen-
eral criteria is needed for the selection of this size because the cal-
culated DFs can be very sensitive to bubble size. In addition, there 
may be special conditions of high through-put flow in which the situa-
tion cannot be accurately described as being a swarm of relatively Inde-
pendent bubbles. 

It Is the present assessment that the physics included in SPARC are 
well based and backed up by separate effects testing as found in the ex-
tensive literature on bubble dynamics and mass transfer between rising 
bubbles and liquid media. The specific application of this physics to 
behavior of aerosols within bubbles has less of a base in separate ef-
fects experimentation but appears to be a relatively straight-forward 
extension. 

2.10 ICEDF 

Some Westinghouse PWRs are equipped with ice condenser systems to 
provide essentially the same function that suppression pools provide for 
BHRs. A typical system consists of an annular compartment which con-
tains ~1.1 x 10* kg of flaked borated ice. This compartment connects 
the reactor cavity with the upper compartment of the containment. Cir-
culation is maintained through this system by two fans each rated at 
40,000 cfm. The ice Is contained in steel baskets* 4 each In ~1944 col-
umns 0.305 m In diameter by 14.6 m high. The baskets are formed from 
perforated steel sheets with the perforations consisting of 25.4 mm 
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square holes arranged on 31.78 mm centers (each basket column contains 
~13,200 such holes). 

A computer code presently still under development, ICEDF, was used 
In BMI-2104 to determine the effectiveness of Ice condenser compartments 
for the removal of aerosols. The treatment of the phenomena In ICEDF Is 
remarkably similar to that for suppression pools. 

The model does not include agglomeration or homogeneous nucleation. 
The following depletion mechanisms are included: 

• Gravitational Battling, 
e Impaction and interception by basket strips, 
• Brownlan diffusion, 
• Diffusiophoresis, 
• Thermophoresis, and 
e Turbulent deposition. 

The modeling for these processes Is very similar to that for contain-
ments and for pressure suppression pools. The turbulent deposition 
model is the same as that used in TRaP-MELT for deposition of aerosols 
in the RCS. 

ICEDF uses a control volume formulation, like that of TRAP-MELT, in 
which each control volume is assumed to be well mixed. 

The gravitational settling model is the same as that in NAUA and in 
T-M, using Stokes law for the terminal velocity. Impaction and inter-
ception modeling is similar to that for sprays except that the intercep-
tion efficiency is modeled aa 

The Brownian diffusion deposition modeling recognizes three separate re-
gions for such deposition. These are: (1) flow around the basket 
strips; (2) flow parallel to surfaces such as the walls of the compart-
ment; and (3) flow through the crushed ice in baskets. 

The model for (1) uses an equation developed for flow normal to a 
cylinder as presented by Pich.1*2 The modeling for (2) provides a choice 
of a standard natural convection correlation or a correlation for turbu-
lent forced convection along a flat plate as presented by Sherwood et 
al.1*3 For (3) a crude estimate was made based on absorption within a 
packed bed. 

A model was used for dlffuslophoresis that is similar to the one in 
AEROSIM. It relates the removal rate to the steam condensation rate but 
properly accounts for the effects of noncondensible gases in providing a 
true dlffusiophoretlc force that counters the Stefan flow convection 
deposition. 

aP 
e^nt - 2 — as compared to e^nt 

dc 

3 (r/R)2 

2 (1 + r/R)1/3 for sprays 
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The thermophoresls model la structurally equivalent to the Brock, 
formulation although it is converted to a more convenient form in terms 
of the heat transfer rather than the thermal gradient. 

The turbulent deposition model uses a correlation developed by 
Sehmel 

Use of the ice condenser aerosol retention model has Indicated that 
thermophoresis and fluid turbulence are not very important. Similar to 
suppression pools, dlffuslonal deposition dominates for small particles 
(Da <0.01 ym). For large particles (Da >4 nm), gravitational settling 
and inertlal Impaction are effective. Therefore, a minimum occurs in 
the DF vs particle size, similar to suppression pools, at about D & <* 
0.5 gm. Without ice in the compartment, the DF has been calculated to 
be essentially 1.0 for particles in the range Da - 0.1 to 0.5 pm. With 
ice in the compartment, however, diffuslophoresls is somewhat effective 
in Increasing the DF for particle in this size range. 

Like suppression pools, the fundamental phlslco-chemical property 
data needs are small. 

The separate effects correlations were taken from the engineering 
literature and these generally have a good experimental base. The 
models are typical of correlations used in transport physics and boun-
dary layer theory and should be of acceptable accuracy. Much of the 
data developed for retention of aerosols in the RCS and containment are 
useful for providing confidence in the application of the same models 
for retention in ice-condensers. However, it is believed that signif-
icant differences exist in the ice condenser situation compared to that 
(say) in the RCS as a result of the fact that the flow and geometry con-
ditions are different (this would for example, influence the rates for 
dlffusional plate-out). In general, no systematic validation experi-
ments have been performed for ICEDF. 
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III-A 

ADDENDUM TO CHAPTER III 

This addendum was included to provide a convenient central compila-
tion of the data base source references for most of the Internal models 
and physico-chemical properties used in the reviewed source-term codes. 
It should be useful to the reader who wishes to further evaluate the un-
certainties in the data bases. The reference list is not meant to be 
exhaustive (especially for such general areas as heat transfer, masB 
transfer, and bubble behavior). It attempts to identify those refer-
ences most directly drawn upon by the code developers in their choices 
of the specific mudels or property correlations as identified in Table 
III-A-1. 
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Table III-A-1. Data base sources for code physico-chemical 
properties and Internal models 

Code/Parameter or Model Da t® s o u r c e 
references 

I. ORIGEN 2 
1. fission yields 3 
2. decay chain yields 1—3 
3. decay constants 1—3 
4. neutron yields 3 
5. neutron absorption cross sections 3—11 

II. MARCH 2.0 
1. Henry-Fauske critical flow model 12 
2 Moody critical flow model 13 
3. steam/gas thermodynamic properties 14—16 
4. pool boiling correlations 17—20 
5. turbulent flow heat transfer 21 

correlation 
6. laminar flow heat transfer 22 

correlation 
7. Zr/H20 chemical reaction model 24^-28 
8. decay heat standard 29 
9. steam effective emlsslvity 30 
10. debris particle diameter 31, 32 
11. Dhir-Cotton debris bed model 33, 37 
12. Lipinski debris bed model 34, 37 
13. Ostensen-Lipinskl debris bed model 35, 37 
14. Berenson flat plate model 36, 37 
15. condensation heat transfer 38 

coefficient 
16. natural convection heat transfer 23 

coefficient 
17. hydrogen burning model 39—44 

III. CORSOR 
1. release rate coefficients 45—48 
2. - fission products 

- tellurium 
- structural material 

IV. MERGE 
1. laminar forced convection heat 49 

transfer model 
2. turbulent forced convection heat 23 

transfer model 
3. natural convection heat 23 

transfer model 
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Table III-A-1. (continued) 

Code/Parameter or Model D a t / s o u r c e 
references 

V. TRAP-MELT 
1. steam thermodynamic properties 14—16 
2. equilibrium vapor pressures 83, 70, 72, 101 

(Csl, CsOH, Te) 
3. diffusion coefficients 51—53 
4. turbulent flow deposition 54, 55 

of aerosols 
5. laminar flow deposition 56 

of aerosols 
6. thermophoresis 57 

VI. CORCON 
1. melt Internal heat transfer 58̂ -66 

coefficients (bottom, sides, top, 
and between layers) 

2. gas-to-melt/gas-to-concrete 67—69, 59 
heat transfer coefficients 

3. concrete emissivity 71 
4. melt emis8ivity 71 
5. melt viscosity 95—100 
6. thermal conductivity 83, 95, 97, 102, 103 
7. surface tension 83, 95, 97, 102 
8. density 83, 95, 104 

VII. VANESA 
1. bubble size and shape 73-76 
2. bubble rise velocity 77 
3. non-unit activity coefficient 78, 79 

(Na20, K20) 
4. condensed phase diffusion 80, 81 

coefficients 
5. condensed phase mass transport 76 

coefficients 
6. gas phase dlffuslvitles 52, 53 
7. free energies for chemical 82 

equilibrium calculations 
8. liquid phase densities 83, 84 
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Table 1II-A-1. (continued) 

Code/Parameter or Model Data source 
references 

VIII. NAUA 
1. collision efficiencies 85, 86 
2. shape factors, x » If 87-93 
3. condensation onto aerosols 94 
4. spray collection efficiencies 105-107, 113 
5. agglomeration 86 
6. gravitational settling 86, 108-112 
7. diffusiophoresis 112, 114, 115, 122 

IX. SPARC 
1. particle growth by water vapor 

uptake 
116-118 

2. inertlal removal model 119, 120 
3. diffusional deposition 119, 120 
4. bubble size and geometry 76 

X. ICEDF 
1. natural convection heat transfer 

coefficient 
23, 51 

2. turbulent convection heat transfer 
coefficient 

50, 51 

3. turbulent deposition of aerosols 54, 55, 121 
4. diffusional deposition 50, 56 
5. Inertlal deposition 86 
6. gravitational settling 86, 108-112 
7. diffu8iophoresis 112, 114, 115, 122 
8. thermophoresls 122, 57 
9. particle growth by water uptake 116-118 
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STATUS OF VALIDATION OF THE MARCH 2 COMPUTER CODE 

I. INTRODUCTION AND DISCUSSION 

The purpose of this report is to describe the status of validation 
of the MARCH 2 computer code as used in the Source Term Reassessment 
Study. The report provides a description of the models in the code, 
identifies differences from the previous version, MARCH 1.1, discusses 
the status of validation for each model, describes future plans for 
validation and reviews previous comparisons that have been made with 
other codes. 

The MARCH (Meltdown Accident Response Characteristics) code de-
scribes the physical processes governing the progression of core melt-
down accidents, from the Initiating event through attack of the concrete 
basemat by the molten core debris. The original MARCH code (Wooton and 
Avci, 1980) was written shortly after the Reactor Safety Study (U.S. Nu-
clear Regulatory Commission, 1975) to computerize as well as extend the 
analytical models utilized In that effort. Its principal applications 
were intended to be the Reactor Safety Study Methodology Applications 
Program (RSSMAP) (Carlson et al, 1981; Kolb et al, 1981; Hatch et al, 
1981; Hatch et al, 1982) and a series of uncertainty analyses (Kurth et 
al, 1980). The code treats a large number of complex and interrelated 
physical phenomena. Some of these phenomena are well understood and 
others are not (and may never be). In some cases the models used are 
simplified representations of the actual processes, either because ex-
perimental data are lacking to provide the level of understanding neces-
sary to Improve the model or because the priority for funding in the 
past has not justified this effort. However, the level of sophistica-
tion was felt to be appropriate Tor the initially Intended applications 
considering the state of understanding of the phenomena at the time. 

Following the accident at Three Mile Island Unit No. 2, interest in 
the analyses of the phenomena of severe accidents increased signifi-
cantly. In FY-1980, a number of industrial groups as well as national 
laboratories were provided developmental versions of the MARCH code. In 
October, 1980, the MARCH 1.0 version was released to the National Energy 
Software Center. A revision, MARCH 1.1, was issued in February, 1981. 
In the subsequent period, the MARCH code has been used in a variety of 
applications far beyond its initially intended scope. These applica-
tions have included assessment of hydrogen control strategies, evalua-
tion of filtered vented containment systems, consideration of alterna-
tive containment designs for severe accident mitigation, and emergency 
planning and siting studies. In using the MARCH code for this variety 
of applications, a number of limitations of the code, ranging from lack 
of treatment of some potentially important phenomena to unnecessary sim-
plifications, as well as some errors, have been identified; conse-
quently, several ad hoc versions of the code were developed by individ-
ual users. In order to assess the needs for further development of 
meltdown accident analysis codes, Sandia National Laboratories was was 
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requested to perforin a technical assessment of the MARCH code by the 
Office of Nuclear Regulatory Research of the NRC (Rlvard et al, 1981;. 
An assessment of the code has also been undertaken at Brookhaven 
National Laboratory (U.S. Nuclear Regulatory Commission, 1981) for the 
Office of Nuclear Reactor Regulation to examine the use of MARCH for 
licensing applications. As a result of these and other Inputs, the U.S. 
Nuclear Regulatory Commission undertook the development of MARCH 2, an 
updated and improved version which would remove a number of the observed 
limitations of the original code. This effort has been undertaken by 
Battelle's Columbus Laboratories with the cooperation of a number of 
other institutions including: Brookhaven National Laboratories, Oak 
Ridge National Laboratories, Sandla National Laboratories, and the 
Tennessee Valley Authority. Each of these organizations provided 
changes, additions, and improvements, as well as suggestions for incor-
poration into MARCH 2. 

When the Source Term Reassessment Study was initiated, the MARCH 2 
code was not available for use. The initial analyses of the Surry plant 
were performed with the MARCH 1.1 code. These analyses have been re-
peated using MARCH 2. The final version of MARCH 2, which is to be re-
leased to the National Energy Software Center in the summer of 1984, is 
written in FORTRAN 77. The version of MARCH 2 actually used In the 
present study is a FORTRAN IV code which contains the same models as the 
FORTRAN 77 code. It Is expected that minor modeling changes will be 
made before the official version of MARCH 2 is released. Any signifi-
cant variations will be identified in the Source Term Reassessment re-
ports. 

I.A. What the Code Does 

The MARCH code has been developed to analyze the thermal-hydraulic 
response of the reactor core, the primary coolant system, and the con-
tainment system in light water reactor systems in response to accidents 
involving some level of engineered safety feature inoperability. While 
MARCH is primarily intended to address accidents leading to complete 
core meltdown, it can also be used to treat events involving only par-
tial core degradation as well as for assessing the minimum levels of 
engineered safety feature operability required to cope with various 
accident events. Depending on the particular application, MARCH analy-
ses can be corlucted by themselves or in combination with fission prod-
uct transport codes such as TRAP, CORRAL, and MATADOR (Baybutt and 
Raghuram, 1981; Jordan et al, 1979; Burian and Cybulskls, 1977). In the 
latter case, MARCH would provide the essential thermal-hydraulic input 
conditions required by the fission product transport codes. 

I.B. What Phenomena Are Addressed 

MARCH is designed to cover the entire accident sequence, from the 
initiating accident event through the attack of the containment basemat, 
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for a variety of accident Initiators and Including coverage of a wide 
variety of reactor system designs. More specifically, depending on the 
reactor design and accident sequences, the code evaluates: 

1. Heatup of the primary and secondary coolant inventories and 
pressure rise to the relief/safety valve settings with subsequent 
boiloff 

2. Initial blowdown of the primary coolant for small and Intermediate 
breaks in the primary system 

3. Generation and transport of heat within the core and associated 
coolant, if any, including bolloff of water from the reactor vessel 

k, Heatup of the fuel following core uncovery, including the effects 
of Zircaloy-water reactions 

5. Melting and slumping of the fuel out of the core Into the vessel 
bottom head 

6. Interaction of the core debris with residual water in the reactor 
vessel 

7. Interaction of the core debris with the reactor vessel bottom head 
and the meltthrough or pressure-driven failure of the head 

8. Interaction of the core debris with the water in the reactor 
cavity, including effects of chemical reactions 

9. Attack of the concrete basemat by the core and structural debris 
10. The relocation of the decay heat source as fission products are 

released from the fuel and transported to the containment 
11. Mass and energy additions to the containment associated with all 

the foregoing phenomena and their effect on the containment 
temperature and pressure response, Including the effects of passive 
and active containment safety features, as appropriate 

12. The effects on the containment pressure and temperature response of 
the burning of hydrogen and carbon monoxide 

13. Leakage to the environment due to failure of the containment. 

The above phenomena are treated in a self-consistent manner within the 
assumptions and approximations inherent in the code. The modeling 
approach used in the code is to treat well-understood phenomena 
realistically on a level of sophistication consistent with the needs. 
For phenomena which are not well understood, there are a number of user 
specified options in the code that may be selected to explore the ef-
fects of various modeling assumptions. In either case, mass and energy 
are conserved so that calculated sequences are self-consistent. There 
is generally no deliberate bias in the coding to produce "conservative" 
results., however, the code user may by choice of input options produce 
"conservative" results. The choice of these user specified options can 
in many instances greatly Influence the results of the calculations. 

I.C. How it Works 

The following paragraphs describe how the MARCH code describes and 
nodallzes the various portions of the reactor system. 
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I.C.I Core 

The core is represented within the BOIL subroutine by a number of 
axial and radial regions or nodes. As presently dimensioned, the core 
may be divided into a maximum of ten (10) radial zones and up to fifty 
(50) axial nodes. The sizes of the radial zones or regions are arbi-
trary, but would normally be selected in a manner which conveniently 
describes the radial power distribution within the core.* Axially the 
core is divided Into the specified number of equal length nodes. For 
each radial and axial region a relative poweT level must be provided in 
the input. The fraction of the core volume represented by each of the 
radial regions is also Input. The BOIL routine then uses this informa-
tion to calculate the power generation in each of the corf nodes. Fig-
ure 1.1 illustrates a typical core nodalization scheme for MARCH. In 
addition to the above global core characteristics, BOIL requires as in-
put the total number of fuel rods in the core, fuel and cladding dimen-
sions, rod spacing, quantity of miscellaneous material, e.g., control 
rods and grid supports, in the core region, etc. In the case of a PWR, 
the core description as input to BOIL is fairly straightforward. How-
ever, BOIL In its present version does not provide for the explicit 
modeling of the BWR channel boxes or control rod blades. For the 
present study, the mass of Zircaloy in the channel boxes was incorpo-
rated by increasing the fuel rod cladding thickness. This is a reason-
able approximation for cases where the cladding-steam reaction rate is 
limited by the steam supply rather than by oxidation kinetics and the 
exposed surface area. The final version of MARCH 2 does provide for the 
explicit modeling of BWR channel boxes and control rods. 

I.C.2 Core Support Structures 

The BOIL subroutine can accommodate up to three separate structures 
to represent the structural elements below the core. The last of these 
is required to be the reactor vessel head., the other two structures 
would typically be the core support plate and the lower core support 
structure. These structures are characterized by the following input 
parameters: initial temperature, mass times the heat capacity, heat 
transfer area, characteristic thickness, and location below the bottom 
of the core. 

I.C.3 Structures Above the Core 

The heat sinks in the core exit gas stream above the core may be 
represented by up to four structures. The first of these must be the 
structure Immediately above the core, e.g., the upper grid plate. The 
other structures may be used to represent upper head internals, hot leg 

*The in-core radiation heat transfer model assumes the radial 
regions are concentric. 
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piping, pressurlzer and surge lines steam generator, etc. In the BOIL 
routine, each of these structures 1B characterized by an initial temp-
erature, mass times the heat capacity, heat transfer area, flow equiva-
lent diameter, and flow area. An additional structure characterized by 
its mass times heat capacity can be used to represent the structures 
immediately surrounding the core, such as the core barrel. This struc-
ture serves as the heat sink for radiative heat losses from the core in 
the lateral direction. Figure 1.2 is a schematic representation of the 
BOIL modeling of the structures within the reactor primary system. The 
input representing the mass times the heat capacity for the steam gener-
ator should include the water on the secondary side. 

I.C.4 Primary System 

MARCH models the primary system as a single cylindrical volume with 
liquid at the bottom and gases or vapors at the top. The cross sec-
tional area of the cylinder is constant and assumed to be equal to the 
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actual area of water at the core midplane. Because of the constant area 
approximation, the liquid or two phase mixture levels calculated and 
used by the code have real physical significance only when these levels 
are between the top and bottom of the core. It is, of course, possible 
to relate the artificial levels used by the code to actual levels In a 
plant on the basis of coolant Inventory. All elevations in the primary 
system are referenced to the bottom of the active core region. The in-
itial description of the primary system requires as Input the weight of 
water in the bottom head, the water cross sectional area in the assumed 
cylinder, the water cross sectional (flow) area within the core, the in-
itial height of the liquid in the primary system, and the volume of 
steam initially present. Whether the discharge from the primary system 
Is liquid or vapor is determined by the elevation of the opening (break 
or valve) relative to that of the liquid level. The elevation of the 
primary piping connections and the initial primary and secondary water 
Inventories are used in assessing steam generator performance. The 
steam generator heat removal capability Is extrapolated from normal 
operating conditions. In those sequences where the steam generators are 
expected to function, additional required inputs are the time to start 
the auxiliary feedwater flow, auxiliary feedwater flow rate and tempera-
ture, and specification of steam generator modeling options. As part of 
the description of the primary system, a user input volume may be speci-
fied which represents the volume of water trapped in low points in the 
primary system and would not undergo boiloff during core uncovery. This 
water is assumed to be in thermodynamic equilibrium with the remainder 
of the water in the primary system and is released to the containment 
atmosphere following vessel bottom head failure. 

I.C.5 Containment 

MARCH models the containment system as a series of connected com-
partments, with up to eight such compartments permitted. With some 
exceptions, only series flow connections between the individual compart-
ments are permitted. Some exceptions are the Air Return Fans In ice 
condenser containment systems and the vacuum breakers in BWR pressure 
suppression containments. The allowable flow paths between the compart-
ments are input by means of a flow matrix. The input required to de-
scribe the containment system includes: the number of compartments, the 
volume, height, and initial conditions in each compartment, locations of 
engineered containment safety features and sumps, locations of primary 
system breaks and/or relief/safety valves, location of containment vents 
or failures, vent or break characteristics, etc. Each compartment may 
contain a number of structural heat sinks, either wholly or as the boun-
dary between adjoining compartments. Special input flags are provided 
to identify ice condenser and pressure suppression containments. For 
these c- \tainments fission product decontamination factors associated 
with the ce bed or the suppression pool may be specified. The "EVENTS" 
table our. •» used to Identify the location, timing, and characteristics 
of y of containment events, such as the starting of containment 
8pr«» fans, initiation of containment venting, containment failure 
ch»' 11sties, etc. A very important aspect of containment modeling 
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Is Che representation of the relationships among the containment sumps 
and the water In the reactor cavity• The modeling of the containment 
within the MACE subroutine permits the specification of the location of 
containment sumps Which may be connected or separated, as well as the 
location of the reactor cavity. The latter may be freely or condition-
ally connected to the containment sump, or it may be completely iso-
lated. Additionally, some fraction of the containment spray water may 
be directed to the reactor cavity. Also, if initially isolated, the 
water in the containment sump can enter the reactor cavity when the core 
debris has penetrated a specified concrete wall thickness. Figure 1.3 
is a simplified schematic representation of the MARCH code modeling of 
the reactor primary as well as the containment systems. This is only an 
illustrative example and does not represent all the modeling options 
available to the user. 
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A description of the principal models in the MARCH 2 code is pro-
vided in the Appendix. 

I.D. What Assumptions Are Necessary 

The MARCH 2 code performs a deterministic analysis of the behavior 
of a severe accident sequence. The code user defines the sequence to be 
analyzed by specifying the boundary conditions for the accident such 
as: the size and location of a primary system break, the control param-
eters and level of operability of safety systems, the conditions leading 
to containment failure, and the size of the leak In the failed contain-
ment. Some of the phenomena analyzed by MARCH 2 are not well-
understood. Options are available in the code that allow variations in 
the modeling of phenomena. This is convenient for performing sensi-
tivity studies but requires considerable judgment by the analyst in use 
of the code. 

I.E What are the Inputs 

Input is required to describe the plant, to select modeling op-
tions, to describe control parameters for safety system operation, and 
to describe the level of operation of systems. Table 1.1 Identifies 
plant data required as input to the code. 

l.F. What is the Ouput 

The MARCH 2 output provides a wide variety of information on the 
thermal-hydraulic conditions In the reactor system, as well as the con-
tainment , throughout the course of the accident sequence being ana-
lyzed. Among the key outputs are the timing of containment events, 
statuB of the core, and pressure and temperature in the containment. 
Additionally, extensive detail is available on core and structure temp-
erature, rate and extent of cheailcal reactions, atmosphere compositions, 
distribution of water within the entire system, mass and energy balance 
audits, etc. The frequency of hard copy printout of MARCH results is 
user controlled; as a practical matter, MARCH performs calculations much 
more frequently than the results are printed. In addition to the 
printed results, MARCH writes a number of data files that may undergo 
further processing. Two of these data files permit the plotting of a 
number of variables describing the primary system and containment re-
sponses. Additional data files are saved to provide the input to 
CORSOR, MERGE, NAUA, ICEDF, and SPARC. These latter files generally re-
quire some additional processing since MARCH provides output much more 
frequently than the other codes can conveniently accept it. The types 
of variables from MARCH 2 that are used by the other codes in the Source 
Term Reassessment Study are Indicated In Table 1.2. 
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Table 1.1. Plant-data input to MARCH2* 

System or component Parameters included 

General containment 
data 

Heat sink 

Ice condenser 
(if applicable) 

Suppression pool 
(if applicable) 

Containment floor 
(for core-concrete 
interactions) 

ECC tanks 

ECC pumps 

ECC heat exchangers 

Containment coolers 
(if applicable) 

Containment sprays 

Auxiliary feedwater 
(if applicable) 

Water-supply parameters 

Total volume; number of compartments; volume 
and dimensions of compartments; initial pres-
sure, temperature, and humidity 
Number and compartment location of heat-sink 
slabs; materials in slab, including density, 
heat capacity, and thermal conductivity; heat-
transfer area, thickness, and heat-transfer 
coefficient for the liner-concrete interface 
Mass of ice; temperature of ice; temperatures 
of water drained from Ice bed; temperature of 
gas leaving ice bed 
Mass of water; temperature of water; water 
volume; air volume 
Thickness, density, thermal conductivity, 
temperature, and composition of concrete 
containment floor 
Pressure, temperature, and water mass of ac-
cumulators and/or upper head Injection tanks 
Start time, nominal flow rate, nominal and 
shut-off pressure of all pumps, Including high 
pressure Injection, safety injection, low-head 
pumps, and any additional pumps; minimum sump 
Inventory and temperature to avoid pump cavi-
tation 
Heat-exchanger capacity; primary and secondary 
flow rates and temperatures for ECC and con-
tainment -spray heat exchangers 
Number and location of coolers; air-flow rate 
and inlet temperature; secondary flow rate and 
inlet temperature 
Plow rate and spray-drop diameter of contain-
ment-spray system 
Flow, temperature, and start time of auxiliary 
feedwater pumps 
Mass of water in condensate-storage tank; mass 
of water In the refueling-water storage tank 
(RWST); fractional value of HWST to start re-
circulation of ECC and containment sprays; 
minimum sump mass to avoid cavitation 
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Table 1.1. (continued) 

System or component Parameters Included 

Core Initial thermal power; total number of fuel 
rods In core; active fuel height; liquid 
level; mass of U02, Zlrcaloy, and miscel-
laneous metal; fuel-rod diameter; fuel-pellet 
diameter; hydraulic diameter; cladding thlcke-
ness; density, conductivity; and heat capacity 
of core material; peaking factors 

Vessel Core diameter; flow area; cross-sectional 
area; mass, heat capacity, temperature, and 
heat-transfer area of internal structures; 
mass, diameter, and thickness of bottom head; 
location and size of leaks 

Rcactor-coolant system Volume; initial primary steam volume; pres-
sure; safety-relief-valve pressure setpolnt 
and rated capacity 

Steam generator Initial mass of water in steam generator; vol-
ume of steam generator; setpolnt of secondary 
steampgenerator relief valve. 

6 
From U.S. Nuclear Regulatory Commission, PRA Procedures;Guide, 

NUREG/CR-2300 (January 1983). 

Table I . 2 . MARCH output requirements for computer codes 

Code MARCH 2 output requirements 

CORSOR Node-by-node temperature history of fuel and 
extent of cladding reaction 

MERGE Pressure in RCS 
Gas composition, temperature, and flow exiting 
core as functions of time 

VANESA/CORCON Temperature and composition of core debris 
following vessel failure, mass of water In the 
reactor cavity and Its temperature 

NAUA Containment pressure 
GSB and structure temperatures In containment 
volumes 
Condensation rate of steam on structures 
Condensation rate of steam on aerosols 
Flows between compartments 

ICEDF, SPARC Composition and flow rate of gases into pres-
sure suppression compartment; quantity of ice 
melted; pool temperature 
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II. DOCUMENTATION 

II.A. Status and Quality of User's Manual 
and Teat Problems 

At the time of writing of this states report the MARCH 2 manual was 
In draft form. Copies of the draft manual were Initially provided to a 
number of laboratories In January, 1983. A second draft was released 
with the code to some DOE laboratories under contract to NRC for review 
in October, 1983. The final release is expected in 1984. The documen-
tation is more extensive than provided with the MARCH 1 Code (Wooton and 
Avci, 1980). It includes Improved descriptions of the models as well as 
an input and output guide. A number of sample problems are being run 
and documented to assist the user. 

II.B. Changes or Improvements to 
Published Version of Code 

The MARCH 2 (Wooton et al, 1982) Meltdown Accident Response Charac-
teristics) computer code describes the physical processes involved in 
severe fuel-damage accidents in light water reactors. Version 2 of the 
code replaces Version 1.1 (Wooton and Avci, 1980). The differences be-
tween the two versions include error correction and changes in models, 
code structure, and programming language (Version 2 is written in 
FORTRAN 77). The new models which are included in MARCH 2 were devel-
oped at a number of Institutions, including Battelle, Sandia National 
Laboratories, Oak Ridge National Laboratory, Brookhaven National Labora-
tory, and the Tennessee Valley Authority. These models are in many 
cases provided as options to existing models. The changes in MARCH were 
largely undertaken to address some of the recognized deficiencies in the 
early version related to modeling approximations, time-step control, and 
transportability of the code to other installations. 

MARCH 2 incorporates the current American National Standard for 
Decay Heat Power in Light Water Reactors (ANSI/ANS-5.2-1979) for evalu-
ating fission product decay heating as a function of time after shutdown 
and time at power, including the contributions due to heavy element 
decay. This replaces the earlier, simplified version incorporated in 
MARCH 1.1. Alternatively, decay heat as a function of time may be input 
in tabular form; this approach would be particularly appropriate for 
transients in the absence of scram where the power history would be pro-
vided by more detailed systems codes. 

The representation of the properties of water and steam in MARCH 2 
has been improved over that in MARCH 1.1. This has included expansion 
of the property tables and correlations incorporated in the code such as 
additional properties required by the new phenonenologlcal models. 
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The MARCH 2 treatment of the primary system Includes improvements 
in both the Initial (early) primary system response as well as the addi-
tion of several phenomenologlcal models to treat the processes following 
core collapse Into the bottom head. Included are changes in the steam 
generator model to remove some of the restrictions and limitations of 
the earlier version, Improved break flow models, changes in the flashing 
model in response to primary system pressure changes, provisions for 
simultaneous break and relief/safety valve flow, changes in the treat-
ment of gas phase heat transfer to structures, and consideration of the 
storage of volatile fission products within the primary system. 

MARCH 2 retains the basic model of the core as developed for the 
earlier version, but Incorporates a number of additional models for a 
more detailed treatment of heat transfer processes. The heat transfer 
between the fuel rods and the steam-hydrogen gas mixture is now calcu-
lated using either the full Dittus-Boelter correlation for turbulent 
flow or a laminar flow correlation. A subroutine has also been added to 
approximate axial conduction heat transfer in the fuel rods using the 
Fourier low of heat conduction and the BOIL-calculated node tempera-
tures. The effect of axial and radial thermal radiation heat transfer 
within the core as well as between the core and surrounding structures 
and water surfaces can now be calculated. Included is the heatup of the 
core support barrel by thermal radiation. Additional changes have been 
made In the heat transfer analysis of partially covered core nodes and 
In the metal-water reaction model. 

A number of phenomenological models have been added for the treat-
ment of core debris and water interactions in the reactor vessel. These 
range from a flat plate critical heat flux model, to a fragmented 
debris-to-water heat transfer correlation, to several options that con-
sider formation of debris beds within the vessel and bottom heat while 
water Is still in the vessel. The bottom head heatup model utilizes a 
calculated heat transfer coefficient between the molten debris and the 
vessel head. 

A major area of concern and controversy in the analysis of core 
meltdown accidents has been the behavior of core and structural debris 
upon contact with water in the reactor cavity. The isolated-particle 
models Incorporated in MARCH 1.1 have been supplemented with the addi-
tion of the treatment of several debris configurations; these include a 
flat plate critical heat flux model, particulate heat transfer model 
with improved heat transfer coefficients, and several debris bed heat 
transfer correlations. If desired, the switchover from one model to 
another can be accomplished based on calculated conditions, e.g., debris 
temperature. The production of hydrogen from steel-water reactions has 
been incorporated into these models in addition to the zirconium-water 
reaction previously available. Also Included are the heating of the 
evolved gases by the debris beds and the effect of hydrogen flow on bed 
flooding. 
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Ihe containment response modeling In MARCH 2 includes the following 
i-rlncipal changes: provision for expanded blowdown Input via subroutine 
INITIAL, the ability to accept two Input terms from the primary system, 
completely revised treatment of burning of combustibles, addition of a 
wall heat sink for radiation heat transfer from the debris In the reac-
tor cavity, and removal of a number of restrictions in the earlier code. 

The expanded blowdown table input capability is Intended to facili-
tate the interfacing of the MARCH code with more detailed thermal 
hydraulic codes that may be used to describe the initial portion of the 
accident sequence. 

The containment response subroutine (MACE) has been changed to ac-
commodate simultaneous break and relief/safety valve flows from the pri-
mary system. The two Inputs can be directed to different compartments 
if desired, e.g., break flow to the drywell and relief/safety valve flow 
to the suppression pool of a BWR. 

The treatment of combustible gases now includes consideration of 
the burning of carbon monoxide as well as hydrogen if their concentra-
tions exceed flammabillty limits. Included are explicit considerations 
of lnerting due to high steam concentrations and oxygen depletion, 
direction-dependent compositions for flame propagation between compart-
ments, and burn velocities as functions of composition. A variety of 
options are available to explore the effects of the various assumptions 
regarding the burning of hydrogen and carbon monoxide. 

A heat sink has been provided for the thermal radiation from the 
top of the core debris as calculated by the INTER subroutine. The de-
composition of concrete due to the radiated heat flux is treated by an 
ablation-type model with the resulting gases added to the containment 
atmosphere. Also, the geometry of the corium-concrete mixture can be 
fixed following solidification of the melt. 

A preliminary version of MARCH 2 (referenced as MARCH 1.98) was 
used in the Source Term Reassessment Study. This is a FORTRAN IV rather 
than FORTRAN 77 version. No significant differences are believed to 
exist between this version and the code to be released as they would 
affect the results of the cases analyzed. 

II.C. Description of Any Required But 
Unpublished Codes 

No unpublished codes are required to run the MARCH 2 code. 

II.D. Bibliography of Code References 

Code references are included in Section VIII of this report. 
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III. NECESSARY VARIATIONS IN CODE 
FOR REQUIRED CALCULATIONS 

No modifications were required in the MARCH 2 code to perform the 
calculations for the Source Term Reassessment Study. A number of model-
ing options were selected. Some of the more important options are iden-
tified in Table III.l. 

IV. DOCUMENTATION OF CODE QUALITY ASSURANCE 
AND PEER REVIEW 

As discussed earlier, a number of groups have performed reviews of 
the MARCH 1.1 code. The most extensive of these are reviews by SNL 
(Rlvard et al, 1981), BNL (U.S. Nuclear Regulatory Commission, 1981), 
and ORNL. These same laboratories will also be reviewing the MARCH 2 
code documentation and exercising the code prior to its public re-
lease. It Is intended to compile and publish comments made by these 
reviewers. SAI, under contract to I PRI, has reviewed a preliminary ver-
sion of MARCH 2 and has provided comments to BCL informally. 

The MARCH 2 Code has been written in FORTRAN 77 with some minor 
deviations in standard practice as agreed upon between SNL, BCL, and the 
NRC. 

V. CODE VALIDATION TO DATE 

V.A. Experimental Validation 

Most of the physical properties, data correlations, and models in 
MARCH have an empirical basis or have been validated against experi-
ments. The list of validated models and data includes, for example, 
properties of water and gases, heat transfer correlations, critical flow 
rates, combustion energy, decay heat, etc. In the Appendix to this re-
port we have identified references for these models. However, some of 
the more Important phenomena involving molten core debris, debris-water, 
debris-concrete interactions, and ignition of combustible gases are less 
well understood. Little effort has been performed to validate MARCH 2 
against integral test data obtained under prototyplc core melt condi-
tions. This is primarily because few data of this type have been avail-
able in the past. In addition, the NRC has not undertaken an extensive 
validation effort for MARCH 2. MARCH 2 is presently envisioned as an 
interim tool for use until the MELCOR code Is available. Validation ef-
forts therefore will be focused on the MELCOR code. It is expected, 
however, that limited validation of MARCH 2 will continue over the next 
year, particularly relating to the pre-test prediction of severe fuel 
damage tests in the Power Burst Facility. 
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Table III.L. Key modeling options 

Calculatlonal model input 
Copre heatup section: 

Number of radial zones: 
Number of axial zones: 
Meltdown model: 
Core melting temperature: 

Core Slumping: 
Core collapse: 
Zircaloy-water reaction: 

10 
24 
BOIL Model A 
4130°P (227 / % ) 

Starts when lowest node a zone has melted 
Occurs when 75% of core has melted 
Urbanic-Heidrlc reaction rate data, hydrogen 
blanketing, steam limited, continues for 
melted nodes, reaction of molten Zircaloy in 
the bottom head calculated. 

Bottom head failure section: 
Head melting temperature: 
Debris melting temperature: 
Heat loss from top of debris 
Debris thermal conductivity: 
Tensile strength of vessel: 

2800°F (1538°C) 
4130°F (2277°C) 
None 
8 Btu/h ft °F (0.1384 w/cm/°C) 
a - min (80,000, 1.49 x 1016, (Temp -
3.9105), lb/in2 

0.5 inch (1.27 cm) 
2.0 Btu/h ft °F (0.0346 w/cm/°C) 

0.01 w/cm2 K 
0.01 W/CM2 K 

Reactor cavity processes, debris fragmentation 
Particle diameter: 
Particle thermal conductivity: 

Reactor cavity processes, concrete decomposition: 
Metal concrete interface heat transfer coefficient: IMI 
Oxide-concrete Interface heat transfer coefficient: HIO 

Top Surface Enissivity: E • 0.5 
Heat To Cover Water: surface boiling plus 50% of area radiating at 

internal temperature of top layer. 
Continment Section: 
Atmosphere-wall heat transfer coefficient: 
h - [hc (TSAT-TWALL) + 0.19 (T-TWALLW3] /(T-TWALL) 
hc - 0 if TSAT < TWALL 

Uchida data £ 280 Btu/h ft2 "F 

Containment break area: 7.0 ft2 overpressure failure (0.65 m2) 
2.0 ± hc 
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A comparison has been made between the MARCH 2 code and the results 
of the first severe fuel damage test (scoping test) in PBF (Cybulskls 
and Wooton, 1983). Figures V.l, V.2 and V.3 compare MARCH-calculated 
and measured temperatures and hydrogen generation in the PBF scoping 
test. The calculated steam temperature (Figure V.l) is seen to be in 
excellent agreement with the experimental values. Calculated fuel rod 
temperatures (Figure V.2) are generally seen to be the high with a maxi-
mum deviation of about 400K. The reason for the deviation is believed 
primarily to be due to mismatch of the experimental conditions during 
the initial core uncovery period between 0-3 mlnuteo. (No attempt was 
made to fine-tune the initial conditions In the calculations, and nomi-
nal coolant makeup rates were employed.) The good agreement of the 
shape and trend of the curves in Figures V.l and V.2 Indicate the over-
all energy balance in MARCH is essentially correct. The calculated 
hydrogen generation is initially high, consistent with the M g h rod tem-
peratures. The large increase in measured hydrogen generation after 200 
minutes is due to failure of the housing (shroud) which allowed addi-
tional steam to enter the experiment. 

These calculations indicate MARCH can do an adequate job of calcu-
lating core temperatures during the initial heatup phase prior to melt-
ing and gross core distortion. However, this agreement should not be 
extrapolated beyond the experimental data base into the melting and 
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slumping phase. The meltdown models remain unsupported by direct exper-
imental validation for this regime of behavior. 

A pre-test prediction has been made for the next severe fuel damage 
test, but the results of the test were not available for this report. 
Similarly, pre-test predictions have been made for large-scale hydrogen 
combustion tests at the Nevada Test Site. These tests were recently run 
but the results were not available at the time this report was written. 

V.B. Analytical Validation 

Comparisons of MARCH 1.1, RELAP, and TRAC calculations are reported 
by Wooton (Wooton, Denning, and CybulBkls, 1980), and Rogovln (Rogovin 
and Frampton, 1960) for the TMI accident. Comparisons have been made 
between the MALCH (Version 1.1) and KESS codes to examine the extent of 
agreement between the core meltdown models and containment response 
models. These comparisons hive been discussed at information exchange 
meetings between the NRC y l West Germany but have n_>t been formally 
documented. Modest differs ces were obtained in the containment pres-
sure spike associated with the rapid hydrogen combustion model in MARCH 
1.1. Comparison calculations are planned between the MARCH 2 and MAAP 
computer codes. 

V.C. Assessment of Preset or Default Values 

The default values in MARCH 2 are not intended to represent best 
estimate options. The selection of modeling options and the characteri-
zation of the plant configuration is left to the judgment of the user. 

VI. SCHEDULE OF VALIDATION EFFORTS 

A limited effort is planned for the further validation of MARCH 
2. Pre-test analyses will be performed for upcoming PBF experiments. A 
comparison between MARCH 2 and MAAP Is also planned > 

VII. SUMMARY APPRAISAL OF CODE 

The MARCH 2 computer code models a large number of complex inter-
acting phenomena. In many cases, the basic processes are well known, 
and the models are supported by a significant data base. Examples are 
heat transfer by convection to gases, heat transfer by conduction into 
structures, and the critical flow of fluids. In general, however, there 
is very little experimental basis with prototyoic materials and severe 
environments to support the modeling of the complex interacting phenom-
ena associated with core meltdown Itself. MARCH 2 was not developed 
with the intent of modeling all aspects of core meltdown accidents in 
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detail. Rather, the Intent was to provide a tool for risk analysis 
which described In reasonable detail the approximate timing and condi-
tions of fuel degradation and containment failure. It is well suited 
for application to parameter and sensitivity studies. The user should 
be aware that because some of the important phenomena are not well 
understood, the uncertainties in the predictions of a given MARCH 2 cal-
culation may be large. It should also be recognized that there are many 
assumptions not related to the MARCH code that are required In the 
analyses that may also Introduce substantial uncertainties; among the 
latter are definition of the engineered safety features, nature and tim-
ing of operator intervention, containment failure criteria, etc. To the 
extent that the fission product source term is sensitive to the modeling 
of physical processes, the influence of modeling limitations in MARCH 2 
on the results of the Source Term Reassessment Study may also be large 
and should be explored through sensitivity calculations. The purpose of 
this section is tc Identify Important assumptions and approximations in 
the MARCH 2 code. 

VII.A. Reactor Coolant System Models 

Nodalization of the reactor coolant system into a single control 
volume with a liquid region and a gas region as is done in MARCH is 
sually adequate to predict the transient behavior of the reactor cool-

ant. system prior to core uncovery. In some cases it may be necessary to 
adjust Input variables to make the time of core uncovery predicted with 
MARCH 2 consistent with the results of more detailed analyses such as 
RELAP and TRAC. It Is not clear, however, that the level of blowdown 
detail needs to be as great as typically associated with the latter 
codes. Comparisons between MARCH 1, RELAP, and TRAC performed for the 
TMI Special Inquiry Group (Rogovin and Frampton, 1980), for variations 
on the TMI-2 accident sequence, have demonstrated this capability. 

Prior to the onset of the liquificatlon of core materials and major 
changes in fuel geometry, the models describing fuel heatup in MARCH 2 
provide a realistic representation of the actual geometries and condi-
tions. At decay heat power levels the temperature gradient between the 
fuel and clad is small and the treatment of the clad and fuel with a 
single temperature is justified. The nodalization of the core into a 
number of axial and radial regions (240 regions are typically used) pro-
vides a level of detail that is adequate at least to model conditions 
prior to slumping. Clad rupture and the resulting blockage of channels, 
separation of fuel and cladding, and potential for two-sided oxidation 
are not modeled. In a meltdown accident these effecM are believed to be 
of minor Importance. The effect of increasing the cladding gap should be 
small, in any case, at high temperatures where radiation Is a signifi-
cant heat trausfer mechanism. Comparisons have been made between fuel 
temperature transients predicted by MARCH 1 and the KESS code which 
showed good agreement. 
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Improvements were made in the modeling of zirconium oxidation in 
MARCH 2 which provide a state of the art capability. The MARCH 2 code 
has been used to predict the temperature transient in the first severe 
fuel damage test in PBF. Overall energy balance indicators were In good 
agreement. Although both the predicted clad temperatures and rate of 
oxidation were hlghet than the experiment, the differences were within 
the uncertainties in the test train boundary conditions provided to 
Butelle for the analysis. 

Once llquliication and slumping of core materials (cladding, spacer 
grids, fuel or control materials) begins the validity of the MARCH 2 
models becomes uncertain. Originally, Models A, B, and C for core 
slumping were intended to bound various aspects of possible slumping 
scenarios. With time, Model A has become accepted as the most realistic 
of these models, particularly as used with the gradual slumping option 
in the Source Term Reassessment Study. The model is based on an intui-
tive understanding of the processes of llqulflcatlon, flow and refreez-
ing, however, with some basis from experimental observations. Un-
certainties in this phase of the accident could have a significant im-
pact on the accident scenario and the resulting source term. The maxi-
mum fuel temperature and time at temperature have a direct and effect on 
the release of fission products and aerosol materials from the fuel. 
The simplification of a single melting temperature for fuel and cladding 
as used in MARCH 2 can affect the prediction of the release of fission 
products from the fuel. The fairly low melting point (2550 K) used in 
the Source Term Reassessment Study could result in an underpredictlon of 
the release. The slumping behavior affects not only the fuel tempera-
ture history, but also the temperatures of downstream structures on 
which fission products can plate out. 

The slumping behavior also affects the predictions of steam genera-
tion, metal oxidation rate, and hydrogen production. The MARCH 2 code 
provides options to examine the effects of some of the processes that 
can deter or enhance oxidation during slumping but there is little basis 
on which to select one opticn over another. 

Uncertainties in the models used to describe melt progression in 
the lower plenum are closely tied to uncertainties in modeling the 
latter stages of melt progression and slumping in the core region. 
MARCH 2 doea not model the localized attack of penetrations through the 
lower head although options are available to simulate this type of fail-
ure. A key parameter affected by these uncertainties is the temperature 
history of the core material. In the BWR analyses in the Source Term 
Reassessment Study, a significant fraction of the core inventory of fis-
sion products was predicted to be released in this phase at a time 
period in which flow through the vessel was extremely small. The re-
sults of the Source Term Reassessment Study to date seem to indicate 
that the most Important Aspect of the primary system thermal-hydraulic 
analysis is their effect on fission product residence time. The fission 
product residence time within the primacy system, and hence the poten-
tial for deposition, is sensitive to the assumptions regarding core 
slumping and the interaction of the core debris with water in the lower 
regions of the core and in the bottom head. 
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VII.B, Reactor Cavity Debris Interactions 

MARCH 2 contains no single deterministic path through this phase of 
the accident. User controlled input options will have a significant 
effect on the outcome. However, MARCH 2 contains a number of the im-
provements in model capabilities for studying hot debris-water inter-
actions in the reactor cavity. These improvements provide a better 
capability than previously available to explore the range of possible 
variations in behavior. Cavity interactions are particularly Important 
as a potential source of loadings on the containment structure by steam 
generation or hydrogen production. The original HOTDRP model involves 
heat transfer from an Isolated particle to a sea of surrounding 
liquid. In the actual system particles would not be uniformly diapers* 
and vapor bubbles would displace water from the particles. Treatment 
tht fragmented debris by a single particle size would probably not be a 
major drawback of the model if an adequate data base were available from 
which to select a characteristic size and the fractions of the debris 
and water participating in the interaction. 

Debris bed models have been added to the MARCH 2 code to describe 
the quenching of core debris after It has settled on the floor of the 
reactor cavity. These are lumped parameter models that were actually 
developed to analyze the dryout of debris beds rather than their quench-
ing. In addition, the capability exists to predict the oxidation of un-
reacted Zircaloy and steel during the quenching of the debris bed. The 
model describing the configuration of materials within the debris par-
ticles is intuitive, however, and requires data that are not currently 
available from experiments. 

MARCH 2 contains no modeling of an Interaction which would sweep 
debris into the containment atmosphere with subsequent atmospheric heat-
ing. Such a possibility can not be precluded, however. MARCH 2 levita-
tion models indicate sweep-out is credible. 

VII.C. Debris-Concrete Interactions 

The MARCH 2 code Incorporates the INTER computer code to describe 
core-concrete interactions. The INTER code was developed to analyze the 
transient cooldown of molten core debris attacking concrete. In typical 
core meltdown analyses INTER is used far outside its range of validation 
including cases where cooled core debris must reheat before attacking 
concrete and during the latter stages of the accident in which regions 
of the debris are predicted to freeze. In the Source Term Reassessment 
Study, debris-concrete attack was primarily analyzed to provide a source 
of gases to the containment atmosphere for the calculation of contain-
ment pressurization and combustible gas production. CORCON generally 
indicates initial gas generation rates within a factor or wo (lower) 
than INTER. The reasons for the differences between INTER and CORCON 
predictions have not been fully explored but are believed to be pri-
marily due to differences in the treatment of chemical reactions. Since 
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energy la conserved In both analyses, the rate of destruction of con-
crete (and rate ot production of gases) Is not expected to be greatly 
sensitive to the modeling of the debris behavior after the Initial cool-
down transient Is completed. The shape of the cavity produced by ero-
sion Is sensitive to the type of concrete and the model and input as-
sumptions. Thus, predictions of the time of basemat penetration are not 
considered reliable. 

VII.D. Containment Response 

In solving the flow equations governing the transport of gases be-
tween different containment subvolumes, the MARCH code model makes the 
assumption that pressure differences between subvolumes are small and 
that the flows between subvolumes act to equilibrate the pressure. Ex-
cept for brief periods In severe accidents involving rapid increases in 
pressures (as in hydrogen burns or debris-coolant interactions) the 
pressure drop between sub-volumeB is negligible in these sequences. 
Superimposed on the flows driven by sources of gases or leakage of gases 
as predicted by MARCH 2 may be natural convection flow terms that are 
not Included in the MARCH 2 models. The latter would only be expected 
to be significant if long periods of stagnation are encountered. 

The convection coefficients used to calculate the transfer of heat 
and condensation of steam on structures are empirically based. These 
coefficients generally produce higher containment pressures under design 
basis accident conditions than are experimentally observed. The ac-
curacy of the coefficients is not believed to be of great significance 
to severe accident predictions of the pressure history since heat trans-
fer to the structures is usually limited by conduction resistance in the 
concrete structures. Modeling of steam condensation can, however, 
affect the prediction of aerosol transport behavior. The estimation of 
the steam condensation rate on aerosols in the containment atmosphere 
(which has been inferred from MARCH 2 results as input to the NAUA code) 
has large uncertainty and the approach is unvalidated. In general, 
MARCH 2 indicates little steam is available for condensation on aero-
sols . 

The new hydrogen combustion models In the MARCH 2 code are largely 
the same as those develooed for the HECTR code. The flammabillty of the 
atmosphere is continuously evaluated; the conditions under which igni-
tion will occur can either be based on empirical data in the code or be 
controlled by the user. Propagation of burning between compartments can 
also be Internally calculated based on user controlled criteria. Carbon 
monoxide as well as hydrogen burning can be considered. 

VII.E. Quality Assurance 

The evolutionary nature of the development of the MARCH code has 
been detrimental to the achievement of a high level of fully documented 
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quality assurance. The piecing together of different modules and the 
continual upgrading of approximate or intuitive models to satisfy inter-
facing difficulties have resulted in coding that is less than optimal, 
has inconsistent nomenclature in different routines, and may be diffi-
cult to follow logically (and therefore difficult to check). In the 
conversion from MApni i march 2 rmwidornMe effort has been expended 
in attemiM iiu - < - t u hiding substantial re-
st-rnnt-tii 1 in- usive peer review, includ-

. Lite world. These have been 
uu„ in Mull , liait 1.11 the development of MARCH 2. 

A complete record of the transition from MARCH 1.1 to MARCH 2 (an 
UPDATE record) has been retained. A one-over-one check of models intro-
duced In MARCH 2 has been made by Battelle. In addition, coding has 
been provided to the various laboratories that initially developed the 
models for their independent review. In the integration of the new 
models into MARCH 2, Battelle has uncovered a number of errors or incon-
sistencies with other routines in MARCH that required modification 
before implementation. However, the possibility of undetected errors 
always exists in a code as large as MARCH. 

As new models were Introduced, test cases were run to verify that 
the models were Incorporated properly and to examine the significance of 
the model change. Some MARCH models are not of the type for which 
simple analytical solutions can be obtained to provide an exact test 
under specified conditions. Usually the verification test involves the 
reasonableness of the result. Mass and energy balances which audit or 
parallel the main calculations have been added to MARCH 2 as an aid to 
the user in assuring that mass and energy are being conserved. 

Quality assurance of a code such as MARCH involving a large variety 
of complex Interacting phenomena presents a formidable problem. Clearly 
the code as a whole can never be experimentally verified. While indi-
vidual models may be correct in themselves, they receive input from and 
drive other models; these interactions can lead to the applications of 
models far outside their ranges of validity and even lead to physically 
unreal results. Thus, the user should always look critically at the 
results. The level of effort required for a thorough quality assurance 
effort on a code like MARCH could easily exceed the effort involved in 
its development. Such extensive resources have not been made available 
to the developers of MARCH. 

Use of MARCH 2, however, is Intended to be only an Interim step by 
the NRC in the development and eventual use of the MELCOR code. A com-
plete rewriting of MARCH to obtain a more verifiable code was therefore 
not warranted. 

« 
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VII.F. Assessment of Code Validity for Use In 
Source Term Reassessment Study 

Although most of the models in MARCH 2 are based on known processes 
that are well supported by experimental data, other models which are of 
great significance are largely unvalidated. Since the studies that have 
been performed for the Source Term Reassessment Study indicate that the 
predicted release fractions for radionuclides are sensitive to thermal-
hydraulic behavior, the results of the Study must be interpreted with 
recognition of the uncertainties in the MARCH 2 results. The major 
areas of uncertainty in the MARCH 2 models include: 

1. Relocation and slumping of melted fuel rs they affect steam and 
hydrogen generation 

2. Debris behavior in the lower plenum of the reactor vessel 
3. Vessel failure mode 
4. Debris-coolant interactions in the reactor cavity 
5. Ignition of combustible gases (hydrogen and carbon monoxide). 

Many of the above phenomena will always have large associated uncertain-
ties that cannot be eliminated by more sophisticated modeling. It 
should be remembered that the uncertainties associated with the predic-
tions of MARCH can frequently be overshadowed by uncertainties in the 
definition of the accident sequence and related boundary conditions. 

MARCH 2 was selected for use In the Source Term Reassessment Study 
because it was capable of providing the data required as input to the 
fission product transport codes. It Is not possible at this time to 
make a definitive assessment of the error introduced into the prediction 
of fission product source terms by modeling approximations for uncertain 
phenomena in the MARCH 2 code. Studies that are planned at SNL should 
be helpful In quantifying the sensitivity of the source term to the 
choice of modeling options in MARCH 2. 

In general, we feel that the MARCH code predicts thermal-hydraulic 
conditions that are representative of those in severe accident 
sequences. Minor discrepancies in the timing of meltdown events should 
not have a significant effect on the results of the Source Term Re-
assessment Study. Some areas of concern that merit further assessment 
with more mechanistic models or as the subject of sensitivity studies in 
the future are: 

1. The time-temperature history of the fuel as it may affect the total 
release of non-volatile fission products and inert materials as a 
potential source of aerosols 

2. The magnitude of loads on the containment that could result in 
early failure (to the extent that the source term reassessment 
study begs the question of whether or not the containment will fail 
under given loads but merely evaluates the release of fisulon pro-
ducts assuming failure, the thermal-hydraulic conditions in the 
containment predicted by MARCH should be adequate) 
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The Influence of natural convection on lnter-compartmental flows in 
the containment 
Separate modeling of BWR channel boxes and fuel cladding. 
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APPENDIX A. PHENOMENOLOGICAL MODELS AND SUPPORTING DATA 

The following descriptions of the MARCH models have largely been 
taken from the MARCH 2 manual.(1) Thus, the descriptions and equations 
contain references to subroutines,. FORTRAN variable names, the working 
units (lb, min, etc.) of the coding, and optional Input flag values. 
Some of this Information is superfluous for the present purposes but has 
been retained for completeness and to illustrate modeling options of 
phenomenologlcal uncertainties. 

A.l. Reactor Coolant System Models 

A.1.1 Primary System Mass and Energy Balance 

The primary system mass and energy balances are described in this 
section. The first part of the section discusses the primary system 
nodalization, and defines input variables used in the nodalization. The 
water boiloff model and the pressure and leakage calculations are also 
discussed. 

Primary System Nodalization. The primary system in BOIL Is modeled 
as a single volume which Is partitioned into a gas (steam and hydrogen) 
region and a water region. The input required to describe the geometry 
Includes the Initial gas volume, temperature of water In the system, the 
water area and height, and elevations of the break, relief valve, and 
lower grldplates. 

Primary system volumes are calculated In BOIL and PRIMP for tran-
sients and smsll LOCA's (ITRAN - 1) and in BOIL for large LOCA's (ITRAN 
• 0). For ITRAN - 1, the total primary system volume is calculated 
from: 

Vp - VS + WT0T/pL (1) 

where 

Vp - total primary system (water plus steam) volume, ft3 

Vg - VOLS - input steam volume, ft3 
wT0T " mass of water in primary system, lb 

pL • water density calculated at the Input temperature TGOO, 
lb/ft3, 

and the total mass of water In the primary system ie 

WT0T " PL AT0T H0 + WBH + WD * (2) 
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where 

AfOT " w a t e r occupied cross sectional area of vessel (input), ft2 

HQ - initial water height (input), ft2 
WBH " WATBH - input mass of water in the bottom head, lb 
WD - WDED - input mass of water in dead-end volume, lb. 

Note that Equation (1) is used to define the primary system volume to 
assure consistency of Equations (1) and (2). 

The WDED volume represents water which becomes isolated from the 
core during meltdown due to details of the primary system geometry. 
WDED may include water In loop seals, in the bottom of the steam gener-
ator, or the outer annular region below the top of the jet pumps in a 
BWR, After initial input, masses are calculated for and WD so that: 

WBH - VBH*pL (3) 

WD - VDED*PL , (4) 

where p^ is the density at the current water temperature and VBH and 
VDED are volumes calculated from the input values of WATBH and WDED. 

The cross section of the reactor vessel is described by a single 
water area, A^Q^. AJ.QJ is normally selected to give a meaningful repre-
sentation of the water level during core uncovery, that is, so the 
change in water level due to leakage AM is: 

AY - — ^ , ft . (5) 
PL ATOT 

The collapsed liquid height is calculated from: 

W M 

yLIQ " 7 - 7 - • f t <6> 
L N O T 

where 

WM - WT O T - (VBH + VDED) PL, lb (7) 

and W^ is the mass of water above the bottom of the core. Note 
that when the vessel is empty, the calculated liquid level will be 
negative: Y l 1Q - -VBH/PL A-JQJ. The swollen mixture level is calculated 
in Section C.1.5. 
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For a large LOCA (ITRAN - 0), the steam volume Is calculated from 

Vg - VOLP -WT0T/pL , ft3 , (8) 

where VOLP is the input primary system volume. 

Other geometric specifications include the elevations of the breaks 
and grldplates. In general, the leak elevations should not have initial 
values outside the primary system. Also, the volume above the highest 
leak should not be less than 100 ft3 and the lowest leak should leave a 
few hundred pounds of water in the vessel. The lower grldplates must be 
below the core (Y < 0), and in the volume VBH. The first gridplate 
(Grid 1) may be at Y - 0. 

Water Region Mass and Energy Balance. The initial mass of water in 
the primary system is determined by input parameters (HO, ATOT, TG00, 
WATBH, WDED), and is calculated from Equation (2). 

A mass balance on the water in the primary gives: 

WT0T " WT0T1 + (WECC ~ WLBK ~ WLRV ~ W + ^GRX^ At 

where 

WTOT - water mass, lb 
W T 0TI - previous tlmestep value of W^QJ, lb 
WECC - ECC injection rate, lb/min 
WLBK m break water leakage, lb/min 
WLRV - relief valve water leakage, lb/min 

W - steam bolloff rate, lb/min 
WSGRX - condensation (reflux) rate of steam in steam generator WSGRX 

lb/min 
At - time step, min. 

ECC injection is calculated In Section C.1.6, and leakage is discussed 
below. Steam generator heat transfer and condensation are discussed In 
Section C.1.7. 

The BOIL energy balance equation for the water in the primary sys-
tem is: 

- WT0T CPL ATpool ( 1 0 ) 

where 

QTOT ™ tota^- heat input to water, Btu/min 
CPL " specific heat of water, Btu/lb 

ATp0()2 • water temperature change, °F. 
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A check is made in the coding to assure that CpiA^pool is consistent 
with the corresponding enthalpy change for the water properties In sub-
routine PROPS. If the new water temperature exceeds the saturation tem-
perature at the total primary system pressure, primary system boiloff 
occurs. The boiling rate calculation Is described later. 

The energy input to the water is composed of that from the core 
(QCQ<m>), heat transfer from structures in the vessel (QSLB)> f r o m t h e 

makeup/letdown system (Qmup^ • Pr*-mary coolant pump energy (Qp^p), from 
ECC Injection (Qgcg)* and from steam generator heat transfer (Qgg), 
thus: 

QT0T " QC0RE + QSLB + QMUP + QPMP + QECC ~ ' Btu/«in (11) 
The symbols used In Equation (11) and the following are similar to 

those used In the BOIL programming. In some cases the units (power, 
energy, time) may be different than indicated here. 

Heat transfer from the core is divided into five components: 

W - QBL + < W + « A X + % C H + % R P ' ( 1 2 ) 

where 

Qbl - decay heat below the mixture level, Btu/mln 
Q R A I W " heat radiated from the core, Btu/mln 

QAX ™ beat conducted along the fuel rods into the water, Btu/mln 
QNCH " heat from quenching the core material remaining in the core 

region, Btu/min 
QDRP "heat from core debris in the bottom head and from bottom 

head structures after core slumping, Btu/min. 

The terms In Equations (11) and (12) are defined in later parts of 
this section. The equation numbers which define the variable are sum-
marized below: 

Q s l b • Equation (117) QgL - Equation (78) 
QMUP " Equation (107) QRADW " Equation (79) 
Qpifp • input Q^x • see after Equation (79) 
QeCC " Elation (106) QJJQJ - Equation (80) 
QSQ - Equation (113) Q^^p - Equation (83) 

Primary System Boiling Rate. In the absence of boiling, the in-
crease in primary system water temperature due to all sources of heat Is 
given by Equation (10) as: 

QTOTA<: 
AT - — ~ , F . (l.-O 

C P L W T 0 T 
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If the new water temperature is greater than the saturation temperature, 
sufficient boiling will occur to reduce the water temperature to the 
saturation temperature. The boiling rate required to do this is: 

W " (TPool + A T ~ T^ar> • l b / m i n • < U > 
fg 1 

where 

Tpool • water temperature at the end of the previous timestep, °F 
hfg - heat of vaporization, Btu/lb 

• saturation temperature at the total system pressure, °F. 

Equation (14) cannot be used directly to calculate the boiling 
rate, however, because the new total system pressure, P', and the new 
saturation temperature, T^ t, are not known. The calculation of P" re-
quires knowledge of the boiling rate, heating of the gases in the core, 
composition of the gases, volumes of the water and gas, and leakage and 
ECC injection rates. An iterative solution technique Is required in 
general. In principle, a numerical approach using small timesteps would 
also be feasible. The iterative and small-timestep approaches have the 
principal disadvantage of increased computer costs. It is also noted 
that some core melting and slumping processes in the present BOIL formu-
lation are independent of timestep size which, without modification, 
would mitigate against proper convergence in all cases as At + 0 . 

BOIL uses a simplified approach to estimate the coupling effects of 
W and P' so that iteration is not required and large timesteps can be 
taken. The boiling calculations are performed in subroutine STEAM. The 
boiling is divided into components Wg, the boiling which would occur in 
a closed system, and W^^g^, the boiling required to compensate for 
changes in Tsa t due, for example, to depressurlzation caused by leakage. 

The boiling which would occur in a closed system is calculated from 
Equation (14) ignoring the effects of gas heating and metal-water reac-
tion in the core; thus, 

Wn - (T - + AT — T') WTOT . ( 1 5 ) B x pool s' h^g At v ' 

where T* is the new saturation temperature resulting from the addition 
of a steam mass WnAt to the gas space. T' is estimated from the rela-
tion * 8 

dT 
K " "sat + d Ts - Tsat(1 + 7 * * ' F ( 1 6 ) s 

where Tflat is the previous saturation temperature. 
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On the saturation line (within a factor of two) 

dTs 1 dP — ~ o p- ( 1 7 ) 
, s 

where P is the total pressure (psla) and dP is the pressure change due 
to the addition of WB At. Replacing dP with 

W At 
d P - - W P s v <18> 

where 

STM " mass of steam in primary system, lb 
Psv - 8team pressure, psla, 

and combining Equations (15), (16), and (17), WB is found to be: 
fg 

where 

(T _ + AT - T J 
AT - B*y (20) 
n r T W T ^ ' 

(1 -t- PL SAT TOT SV ̂  
4.6 STM hfg P 

The flashing component, wfia9h• Is set equal to the minimum of WF and 
FL; thus, 

Wflash " (21> 
where 

WF - (T . + A T - A T . - T .) 7* (22) N pool B sat' h^ At 

and 

FL - W S L R + 9 + ( W ^ - W E C C ) ps/pL (23) 
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where 

WSLK " 8 t e a m lealt rate, lb/min 
WHLK " hydrogen leak rate, lb/m 
WLBK " w a t e r rate, lb/min 
WECC " E C C injection rate. 

FL Is evaluated using values calculated in the previous tlmestep. FL is 
approximately the boiling rate required to compensate for leakage; that 
Is, ' maintain a constant pressure with primary system leakage. WF is 
the additional boiling rate beyond WB required to reduce the water tem-
perature to TSa t. 

When the steam generator in a pressurized water is operating in a 
"steam condensation" mode, (ICON - 1 in namellst NLBOIL), an additional 
steam flow rate, WgG C, is assumed to be produced. The calculation of 
WgQg is discussed in a later section. 

The steam flow rate WgGC is assumed to flow through the core and 
structures above but Is subsequently condensed so it is not available 
for contributing to the steam inventory in the primary system gas space. 

The total steam generation rate is: 

W - WB + Wflash + WSGC' lb/ffiin (24> 

The change In water temperature produced by the boiling is: 

WAt h£ 
W , F (25) 

C W PL TOT 
and the new water temperature is: 

- T pool pool + AT — AT TOT (26) 

This algorithm produces values of T' - which may be either slightly 
greater or lesB than Tsa t. 

In practice, it is found that Equations (19) and (21) as given do 
not always produce smoothly varying boiling rates and close tracking of 
T- o l and Taat. Oscillations in the predicted boiling rates were found 
to occur during rapid transition states such as when the break flow 
changes from liquid to steam, when the break area is changed, during 
core slumping, and when water levels are low so there is little heat in-
put to the water. 
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In order to improve the smoothness, additional numerical restric-
tions are applied to Equations (19) and (21). The components of Equation 
(24) are replaced with the sum of half the currently calculated value 
and half the previous value. For pipe break accidents (with ITRAN • 1) 
the boiling rate is further restricted to 25-percent changes per time-
step. Prior to uncovering the core and during core slumping, trie boil-
ing rate is Increased if AT,^ is less than 95 percent of (Tp<wi + AT — 
T8aC), The code prints a message* if a calculation of no boiling fol-
lows a timestep in which boiling occurred. Experience Indicates the 
smoothing algorithm generally produces continuous boiling rates and that 
Tpool w i l 1 normally track T g a t within about 1°F. The boiling rate is 
relatively insensitive to the BOIL timestep size. For a 1.0 min time-
step, one or two anamolous non-boiling timesteps have been observed at 
the end of core meltdown. For a 0.5 min timestep, none were found. 

Primary System Pressure Calculation. For large pipe break acci-
dents (ITRAN -0), the primary system pressure is assumed to be the same 
as the containment pressure. For transients and small LOCA's, the pri-
mary system pressure Is calculated in subroutine PRIMP. 

The pressure calculation in PRIMP assumes ideal gas behavior. The 
pressure is calculated from the relation: 

PVSL " PSV + PH2 ' P 8 i a ( 2 7 ) 

where 

?SV " hydrogen partial pressure, psla 
PH2 " hydrogen partial pressure, psla 

and PEV - Rs (T + 460.) (28) 
VS 

PH 2 - — R j j (T + 460.) (29) 
VS 

STM • mass of steam In gas volume, lb 
HYD » mass of hydrogen in gas volume, lb 
Vs » gas volume, ft3 
Rg « steam gas constant, ft^/in2 °F 
RH « hydrogen gas constant, ft3/in2 °F 
T - mixed gas-space temperature, °F. 

For hydrogen a constant RR - ~ ft3/in2 °F Is used in PRIMP. For 
steam, Rg is calculated to give the correct pressure on the saturation 

*"No core steam flow during MARCH timestep N." 
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l i n e , 

P 

* s " rf + ^ ( 3 0 > 

where P g ^ is the steam density. All properties are evaluated on the 
saturation line at a temperature Tg^T • Tpool> wher® Tpool l s t*1® w a t e r 

temperature. Thermodynamic properties are taken from subroutine PROPS 
(Section C.5.6). 

The gas volume is calculated from: 

VS " VP " WTOT/pL <31> 

where Vp is the total primary system volume and WTOT is calculated in 
BOIL. 

The masses of steam and hydrogen are obtained from mass balances 

STM - STMb + (WSN - WSB K - WSRV)At (32) 

HYD - HYDG + (WH - WHFIK - W H R y ) A t (33) 

where the B subscripts refer to old values and 

WSJJ • net steam flow rate into the gas space, lb/mln 
WH - hydrogen flow rate from the core, lb/min 

WSBK» W S R V * break and relief valve steam leak rates, lb/mln 
WHBK« WHRV " hydrogen leak rates. 

Since the leak rates in Equations (32) and (33) depend on the pres-
sure PysL Equation (27), these equations are solved iteratively. The 
solution is assumed converged when the calculated steam and hydrogen 
masses do not change by more than 0.1 percent between iterations. 

The initial mass of steam in the pressure vessel required to Ini-
tialize the pressure at PygL is: 

^ " T ^ ' s a t V l b <34> 
SAT 

As discussed previously, the net steam flow into the gas space is: 

WSN - WS - W g G C , lb/mln (35) 
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where 

WggQ - the steam generator condensation rate, lb/mln 
WS - steam flow rate from core, lb/mln. 

The leak rate terms are discussed in the next part of this section. 

The temperature of the gas space is calculated assuming a constant 
enthalpy mixing process of the gas exiting the structures above the core 
with that previously in the gas space. [A A(PV) term is neglected In 
the energy balance.] The gas temperature is: 

(MC) T_ + A(MC) T 
T ® _ B , F (36) 

(MC)B + A(MC) 

where 

Tg - previous gas space temperatures, °F 
TGXS " 8as temperature at exit of last structure above the core, 

°F 
(MC)b - STMb Cps + HYDB Cp H 
A(MC) - (WSN Cps + WH CpH)At. 

Primary System Leak Rate. For large LOCA's (ITRAN - 0), the pri-
mary system gas leakage is calculated In BOIL. For large LOCA's only 
"break" flow is modeled. Relief valve flow is not modeled. The gas 
leakage calculation assumes storage and mixing of the gases in the ves-
sel prior to leakage. The leakage rate calculation assumes no pressure 
buildup in the vessel. For a constant pressure process, the leak rates 
for steam and hydrogen are found to be: 

(WS + 9 WH) Ft i , (37) 
(1.0 + 9 Fx) 

^ B K " FX WSBK • (38> 

where 

TGXS + 4 6 0 
F - _ G X S f ( 3 9 ) 
1 T + 460 

. H Y D + W H At # ( 4 Q ) 
X STM + WS At 

The parameters In Equations (37) through (40) were defined above. There 
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Is assumed to be no water leakage after blowdown for large LOCA's. 
Thus, If the ECC Injection exceeds that required to compensate for boil-
off, flow Is diverted directly to the sump rather Chan flowing through 
the core and out the break. The vessel water level and ECC diversion 
are controlled by the Inputs WVMAX and WVMAKS in NLMACE. 

For small LOCA's and transients (ITRAN «- 1), the leakage calcula-
tions are done In PRIMP along with the vessel pressure calculation. 
Water leakage occurs when the break or relief valve is below the col-
lapsed liquid level and gas leakage occurs when they are above the water 
level. Two-phase (liquid-gas) leakage Is not modeled. Break flows are 
directed by input to containment compartment NRPV, and relief valve 
flows to compartment JRPV. If compartment JRPV is the suppression pool, 
the release point Is In the pool. The elevations, break area, relief 
valve capacity and pressure setpolnt, and NRPV and JRPV are specified by 
input. 

The water leakage through a break is: 

W 4 K - A B R K n l n (GLN' GLC>» l b / o i n • ( 4 1 ) 

Where 
ABRK ™ break area, ft2 

G^c • liquid critical flow rate, lb/min ft2 

G ^ - liquid orifice flow rate, lb/mln ft2. 

The orifice flow rate in PRIMP ls:<2) 

G - 5778 C /p (P lb/min ft2 (42) 
LN B L VSL N 

where 

CB - 0.583 
Pty - pressure in containment compartment NRPV, psla. 

The critical flow rate, G ^ , is calculated In subroutine EHFCRIT, Sec-
tion C.5.5, using the RETRAN fit to the subcooled Henry-Fauske correla-
tion. (3a) The correlation Is applicable to both saturated and subcooled 
liquid water.. 

For liquid flow through the relief valve, the flow rate Is: 

W L ^ - A g R V win (G u , G^,, WB3/AgRV), lb/mln (43) 

where 

AgRV - relief valve flow area, ft2 

G^j - the orifice flow rate into containment compartment JRPV 
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°LC " t h e critical flow rate 
WB3 - the flow required to maintain the vessel pressure at the 

relief valve setpolnt, lb/mln. 
Thus, GJJ is given by Equation (42) with PN replaced by Pj. G ^ is the 
same as for the break critical flow. The flow rate WB3 is: 

WB3 -
(STM x R. + HYD x RU)(T + 460) 2 2 y 

<PSET + PJ + 5'°> 8 

PL 
— , lb/min , (44) 
At 

where P g E T - relief valve pressure setpolnt, lb/in.2. If PygL i 8 le8fl 

than PgET + Pj, the valve is assumed to close and WB3 - 0. Thus, valve 
closure Is assumed to be controlled by gage pressure (Pygj, — Pj) rather 
than absolute pressure (Pygi,)» T h e r a t e WB3 will maintain a vessel 
pressure of P S E T + Pj + 5 (psia), or 5 psi above the absolute pressure 
setpolnt. The 5 psi pressure differential Is employed to avoid flow os-
cillations for small calculated changes in PygL and containment pres-
sure. 

For gas (steam and hydrogen) leakage, the break flow is: 

w gBK • aBRK m i n (gGN* ggc>* l b / n i n • <45) 

The orifice flow rate, GQN, is given by Equation (3.42) with P L re-
placed by the gas density: 

P • ( S T Y H Y D ) , lb/ft3 . (46) 
VS 

The critical gas flow rate, Goc, is: 

G ^ - CF /p7pj , Ib/min ft2 , (47) 

where CF is the critical saturated steam flow rate at pressure P V S L . CF 
is calculate^ using the RETRAN fit to the Moody correlation for satur-
ated steam. The steam and hydrogen leak rates are assumed to be 
proportional to their mass fractions In the vessel. Thus: 

WSBK " P S WGBK' l b steam/mln (48) 

^ B K - WGbr, lb hydrogen/min , (49) 

where 

F_ - STM/(STM + HYD) 
S (50) 

F H - HYD/(STM + HYD). 
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The relief valve gas flow Is: 

W G R V " A SRV 01111 <GGJ» GGC» "G/A 8 r v ) , lb/min , (51) 

where 

GQJ - given by Equation (42) with p^replaced with P and PN by Pj 
GGC " S^®11 ty Equation (47) 
WG - the limiting flow rate to maintain a vessel pressure at the 

pressure setpolnt. 

The limiting flow is: 

V P S LIM S T M X R + H Y D X I L -
WG 2 2 ( T + 460> , lb/min , (52) 

<PS«S + W A T 

where P L I M - P g E T + Pj + 5, psia. 

The steam and hydrogen flows through the relief valve are: 

WSRY - FG WGrv, lb steam/mln ^53) 
WHRV - F H WGrv, lb hydrogen/min. 

The full-open relief valve flow area, Agg^, is calculated in BOIL 
as: 

A S RV " A S E T " W S E T ^ C F ' 

where 

WgET - the (input) rated relief valve capacity, lb steam/mln 
CF - saturated steaa critical flow rate at pressure Pggx» lb/ft2 

min. 
If a two-phase multiplier is specified in the input the water leal^ates 
are multiplied by the factor TPM~ * for orifice flow and TPM * for 
critical flow for T i less than 20°F subcooled. The principal appli-
cation of the TPM factor is for fine-tuning MARCH blowdown rates to 
agree with a particular set of experimental data or an independent blow-
down calculation. 

A.1.2 Core Heat Transfer 

Core Heat Transfer in Gas Covered Region. The fuel rod heat bal-
ance in the gas covered region considers fission product decay heat, 
energy from metal water reaction, heat transfer by convection and radia-
tion to the steaa and hydrogen flowing through the channel, radiation 
heat transfer to adjacent core nodes, and axial conduction. The top 
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node* in the core may radlatu to a structure above the corc. The nodes 
above the mixture level may radiate heat downward to the water. Nodes 
on the outer core radius may radiate to the core barrel. Not all of 
these features are automatically modeled. Input options allow the user 
to skip certain features and to choose between different models for 
these features. 

Rod Temperature. The fuel rod temperature In the gas covered 
region Is first calculated using an estimated convection component 
(QKH CI>! 

V 1 ^ - T M< X' R > + (QKDK * ~ QKHC1 + <*RD + V ' ( 5 5 ) 

where 

Tg(I,R) - new rod temperature, °P 
TR0(I,R) - rod temperature at the end of the previous tlmestep» °F 

(pC) - rod volumetric heat capacity, Btu/ft3 °F 
An • rod cross sectional area, ft2 

4 
QK^g - decay heat, Btu/hr ft 
QK)0f - heat from metal-water reactor, Btu/hr ft 

QKgd - first estimate of heat transfer to gas in channel, 
Btu/hr ft 

QKgQ • radiation heat transfer to other rods, to structure out-
side the core, and to water, Btu/hr ft 

QK^g - axial conduction heat transfer, Btu/hr ft. 
All of the QK values and (pC) in Equation (55) depend on the node index 
<I»R). 

The local rod heat capacity is corrected to account for the addi-
tion of oxygen to the cladding by metal-water reaction, 

(pC) - RH0CU(1 + m ==—) (56) 
D (RHOCU) 91.22 

where 

RHOCU - input value of core heat capacity, Btu/ft3 "F 
P S R - 401.9 lb/ft3 - zirconium density 
Co x - 0.218 Btu/lb °F - oxygen specific heat 

X(I,R) • thickness of cladding reacted* ft. 

RHOCU is calculated assuming that the core heat capacity is distributed 
over »r r o d s : 
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R H O C U - E W C O R E , ( 5 7 ) 

N T A , , H 

where 

Nj - number of rods In core 
H - core height, ft 

MC - mass times heat capacity of core materials, Btu/°F. 

The local decay heat is: 
Q D K 

qkDK " y V R > F ( I ) F P ( I ' R ) * B t u / h r ft ' < 5 8 ) 

where 

Q d k - total core decay heat, Btu/hr 
Pp(R) • ratio of radial zone R power to average radial node power 

(ZPF*VF-1) 
Vp(R) - volume fraction of core in radial zone R 
F(I) • ratio of axial node I power to average node power 

(ZF-NDZ) 
FP(I,R) - fraction of decay heat remaining in node (I,R) 

V - N T A F H 
Ap - Dp2 • rod fuel area, ft2. 

The decay heat is divided among Mj. rods. 

The metal-water reaction energy is given by Equation (92). Because 
of the lumped-node approximation used In MARCH, the energy is added to 
the whole node rather than being absorbed locally In the cladding. That 
is, the cladding and fuel are assumed to have the same temperature. 

A first estimate of the heat transfer to the gas is made using old 
values of the rod temperature and the average of the old upstream and 
new downstream gas temperatures: 

^ C l " (hC + hrad) Pi*00*1.*) - TGAVJ» BTU/hr ft (59) 

where 

hc - convective heat transfer coefficient, Btu/hr ft2 °F 
hra d - gas radiation heat transfer coefficient, Btu/hr ft2 "F 

p - wD « rod perimeter, ft 
TGAV - 1/2[TG0(I,R) + T^U-l.R)]. 

The calculation of QKHC 1 8 updated In a later step. The coding contains 
checks to assure that does not predict heat fluxes which would 
cool the rod below the gas temperature or heat the gas above the rod 
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temperature In one timestep. Similar (opposite) restrictions are ap-
plied when the rod is being heated by the gas. 

Heat transfer coefficients are discussed In Section 5.1. The 
values of hc and hra?j depend on the selection of Input parameters. Com-
plete turbulent and laminar flow correlations (Equations 266 and 267) or 
the simplified MARCH 1.1 correlations (Equations 264 and 265) can be se-
lected. In the Source Term Reassessment Study, the complete correla-
tions were used. A radiation component (Equation 266) was also in-
cluded. 

As apparent from Equations (55) and (59), MARCH (subroutine BOIL) 
uses more than one notation for rod temperature. In the BOIL notation, 
TR(I,R) is the "energy-equivalent" temperature; and ROD(I,R) is the 
actual or physical temperature. The difference between the two tempera-
tures is that TR(I,'0 includes the temperature equivalent of the heat of 
fusion to account for fuel rod melting. The temperature equivalence of 
the heat of fusion is defined as: 

ATFUS • ™ <60> F U S E(MC) 

where 

X - heat of fusion of core materials, Btu/lb 

and the summation is over all core manerlals. Thus, depending on the 
extent of melting, TR(I,R) may exceed R0D(I,R) by as much as ATpyg. 
(BOIL calculates ATpUg from the Input values of TMELT and TFUS; ATpyg -
TFUS-TMELT). 
In general: 

R0D(I,R) - TR(I,R), TR(I,R) < TMELT 
ROD(I,R) - TMELT, TMELT < TR(I,R) < TFUS (61) 
R0D(I,R) - TR(T,R) - ATpus, TFUS < TR(I,R). 

For rod temperatures between TMELT and TFUS, fractional node melt-
ing is calculated as 

P N M < I , R ) . T R ( I , R ) - TMELT ( 6 2 ) 

A T F U S 

The calculation of the radiation heat transfer term (between struc-
tures) differs for nodes inside and on the periphery of the core, and 
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also depends on Che input value of IRAD. For IRAD - 1 or 2: 

< * R D - RHT(I.R) (63) 
(N TV P(R)AZ) I F 

where 

Vp(R) - volume fraction o£ the core In radial zone R 
AZ - axial mesh size, ft 

and RHT(I,R) is calculated in subroutine REHEAT. REHEAT is discussed In 
Section 5.3. REHEAT models radiation heat transfer between adjacent 
core nodes, to the (first) structure above the core, to the core barrel, 
and to the water in or below the core. 

For IRAD - 0, a simplified (MARCH 1.1) model is used and only radi-
ation heat transfer to the structure above the core and to the water is 
modeled. Radiation heat transfer to the structure above the core is 
calculated using a parallel, nlane model: 

A » Vp(R)Atop « fraction of area in radial zone R, ft2 

Aj. - envelope area of top of cove (irR2 where R-core radius), ft2 

Tl - ROD(ITOP.R), °F 
T2 • structure temperature (TFED), °F 

ITOP - highest non-slumped node in radial zone R. 

The radiation to water for IRAD - 0 is calculated using Equation 
(64) with: 

Tl - R0D(ISAVE,R) °F 
T2 - water temperature (TPOOL), °F 
F - 0.5 

ISAVE » axial node containing the mixture level. 

Use of the radiation heat transfer models for IRAD - 1 or 2 results 
in a smoothing of the core temperature distribution, more rapid heating 
of cooler nodes, extension of core meltdown by a few minutes, and an in-
crease in the metal-water reaction. As an option, axial conduction can 
be Included In the analysis. Axial conduction in the fuel rods does not 
have a significant effect on the results. 

Btu/hr (64) 

where 

F - ( — + l)-1 - F12 (input) 
el e2 
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Gas Temperatures. With all the terms in Equation (55) defined, the 
new rod temperature TR(I,R) can be calculated. The gas temperature is 
now calculated using the new rod temperature from the relationship: 

. n n 
TG(I,R) - ROD(I,R) - [ROD(I,R) - TG(I-1,R)] e (65) 

where 

B B , ( 6 6 ) 
60(WsCps + WHCpH) 

where 

h - he + hrad, Btu/hr ft2 °F 
Ws - steam flow rate, lb/mln per rod 
WH - hydrogen flow rate, lb/min per rod 
CpS - steam heat capacity, Btu/lb °F 
Cp H - hydrogen heat capacity, Btu/lb °F 

The form of Equation (65<) is derived as the solution of a differential 
equation of the form: 

d T G 
WC — ^ - hp(T - T ) , 

p dZ R G 
(67) 

assuming constant TR. Final Rod Temperature. Using TQ(I,R) obtained 
from Equation (65), the updated convection heat transfer to the gas 
flowing past node (I,R) is: 

QKjj£2 - <WsCPS + V F I P <tg<i*r> ~ TG(I-l.R))^ , Btu/hr ft (68) 

In order to conserve energy, the difference In energy between Q ^ ^ a n d 

OK^ci is added to the fuel rod. The corrected fuel rod temperature Is 

(QKtiCi - Q K „ r , ) A t 
T_(I,R) - T-(I,R) + — (69) 
R R 60(pC) AR 

where T£ is given by Equation (55). 
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Core Heat Transfer in Water Covered Region 

Rod Temperatures. Core temperatures in the mixture covered portion 
of the core are calculated in two steps. 

In the first step, a rod -tperature is calculated which would 
exist if the fuel rod were in t.. .uial equilibrium with the water at de-
cay heat power levels. This equilibrium temperature is: 

Q P (R) F(I) FP(I,R) A-
T D 1 - T 1 + - 2 L » 1 , (70) R1 pool V p - w 

where hy - rod-to-water heat transfer coefficient, Btu/hr ft2 °F. Note 
that hw is not a surface heat transfer coefficient; hw is used with the 
average rod temperature rather than the surface temperature. In effect, 
hty incorporates a rod conduction resistance, h^ is calculated from the 
Initial conditions so that the initial heat input to the water h^N^pH 
(TCAV-Tpool) - initial core power, where TCAV is the Initial average 
core temperature. 

Consistent with Equation (70), it is assumed in the heat balance 
for the water in the primary system that all of the decay heat In a mix-
ture covered node Is added to the water. See Equation (78). 

In the second step of the rod temperature calculation, TR, as cal-
culated In Equation (70) Is compared with the previous value of the rod 
temperature TRQ(I,R). TR. may differ from TRQ(I,R) for a number of 
reasons. These include: (1) rod temperatures are normally Initialized 
a few hundred degrees hotter than the TRI value after reactor scram, (2) 
Tpool m ay he changing due to system pressure changes, (3) the node (I,R) 
may have previously been in the gas covered region of the core, (A) fuel 
slumping may have increased the temperature of the node, and (5) the 
core power is changing with time. 

If TR0(I,R) exceeds TR^, additional heat, Qg Is removed from the 
rod. The heat, Qg, is restricted to the minimum of Qgj, Qg£> o r Qjj3 ( B t u 

per core node) where: 

Q b - min ( q B 1 , Q B 2 > Q B 3 ) (71) 

Qb1 - (pC) H ^ V y t e ) & (Trq (I,R) ~ T r 1 ) At/T , (72) 

% 2 " ^ P * * W R > lTR0(I'R) ~ Tpool] ^ ' ( ? 3 ) 

°r QB2 - Qbed A t o p V R ) r " ™ ' ( i n P U t 0 P t i ° n > ( 7 4 ) 

uB 6 0 
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QB3 " A c V R ) AzpL (1 - az> <hfg + Cp AT> 7 ' C73) 

where 

Qbed " d e b r l s bed heat flux, Btu/hr ft2 

H D 0 - debris bed height, ft 
AQ • core water area (input ACOR), ft2 

az - void fraction at elevation z(I) — Az/2 
T - time constant - 1.0 minute. 

is the heat from cooling the node to TR1< Qfi3 is the heat required 
to vaporize all the water in the adjacent channel. Qg, and QB3 are 
further restricted by the time constant T such that d t / X ^ L . Since T -
1.0 minute in the coding, this implies node quenching can never occur in 
less than 1.0 minute. Qfi2 restricts the cooling rate to that given >>y 
either the original heat transfer coefficient h^ or by a debris bed heat 
flux. Use of Equation (73) to define Q b 2 implies a core geometry as 
favorable for heat transfer as the original core geometry. Use of Equa-
tion (74) implies a distorted geometry. Equation (74) is used (Input 
option IBEDC) to define QB 2 only after core melting. In the modeling, 
nodes below the mixture level, which are or were previously melted, are 
assigned to the debris bed. If the debris bed option is not selected, 
melted core nodes recovered by ECC Injection typically require about 10 
minutes to cool to the temperature 1R,. Use of the debris bed option 
may substantially delay the cooling. 

The rod temperature obtained after removing the heat Qg is: 

QB 
TR2 " tHD( i» r ) 2 • (76> K<£ m (pC) HrARAzVp (R) 

If the node (I,R) is partially covered with mixture, Qg in Equation 
(71) Is first multiplied by the mixture covered fraction, F y The new 
rod temperature for I-ISAVE is: 

TR(I,R) - Fy T r 2 + (1 - Fy) Tjy, , (77) 

where TRQ IS obtained from Equation (69) for the gas covered fraction. 

Energy Transfer to Water. The total heat input to the water from 
the (Intact) core Is obtained by summing the radiation heat transfer and 
the energy terms in Equations (70) and (71). The decay heat input to 
the water is: 

Qb l - Qd r ZPF(R)F(I)FP(I,R)VF(R)/NDZ , (78) 
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where is the total core decay heat, and the summation extends over 
all core nodes in the mixture. For the axial node which contains the 
mixture level, the node power is multiplied by Fy, the fraction of the 
node which is mixture covered. 

The radiation heat transfer to water from the core is given by: 

QRADW " 1 R W A T < R ) » IRAD f 0 60. 
or (79) 

QRADW " Z < V 6 0 , » I R A D - 0 

I - ISAVE 
where RWAT(R) is calculated In subroutine REHEAT and QR is given by 
Equation (64). 

The axial heat conduction from the core into the water is calcu-
lated in subroutine AXCOND if IAXC - 1; and Q A X - 0 for IAXC - 0. 

The heat from quenching the core nodes not slumped into the head 
is: 

Q N C H - I QB/At (80) 

where QB is given in Equation (71). 

A.1.3 Core Melting 

Core melting models are Incorporated in BOIL for the purpose of 
scoping the effects of melting on the core heatup. The models are not 
phenomenologlcal in the sense that slumping is not based on calculations 
of stress levels, creep rates, or flow rates of molten materials. Fuel 
slumping is triggered when a fuel node reaches the melting point of the 
core and absorbs additional energy equal to the latent heat of fusion; 
that is, when a node is completely molten. When certain Input condi-
tions relative to the extent of melting are satisfied, molten core ma-
terial may fall out of the original core region and Interact with water 
in the lower part of the reactor vessel. Two of the meltdown models 
assume temporary retention of the molten fuel in the core as a contin-
uous region. A third model assumes the molten fuel falls into the bot-
tom head as it melts. Calculations indicate that meltdown model assump-
tions can significantly affect the course of the core heatup, primarily 
because of the influence of the meltdown model on the boil-off rate and 
the cladding-water reaction. This section of the report describes the 
meltdown models developed for BOIL. 

Core melting usually starts at or above the center of the core in a 
coolant boiloff accident. This occurs because the top of the core is 
uncovered longer and core power distributions frequently peak In the 
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central regions. Because of the power peaking and the presence of water 
In the bottom of the core, the core temperatures a foot below the melted 
region are frequently calculated to be more than 1000°F below the 
melting point of the fuel. In these relatively cool regions, the UO2 
would remain solid although the cladding could be melted. Liquification 
would be expected over a range of temperatures depending on the local 
composition of U02, cladding, and Zr02. Because the fuel rods in the 
core are relatively closely packed, there is not room for solid fuel 
pellets to fall out of the core nor for gross distortion of the solid 
portions of the core. In this situation, it Is believed a region of 
solid rubble would form under the molten fuel, and the molten fuel would 
tend to be retained in the core. However, since the rubble continues to 
generate heat, it will eventually melt, and the increasingly larger 
molten region will move downward. If the molten region moves downward 
fast enough, it will Interact with the water in the bottom of the 
core. When this happens, the bolloff rate, and therefore the cladding-
steam reaction rate, may increase. When the molten region grows to in-
clude 50 to 80 percent of the core, it becomes intuitively questionable 
whether the molten region can be retained inside the core. At this 
time, the molten pool in a typical 1000 MWe reactor will be 3 to 5 feet 
thick, and will presumably be held up by a layer of rubble. When large 
fractions of the core are molten, the core-support plates and shrouds 
are also exposed to high thermal loadings. Failure of these major 
structural members could lead to core collapse or release of the molten 
material into the lower vessel region. 

Meltdown Model A. In meltdown Model A, it is assumed that a molten 
region forma in the core and grows downward in such a manner that the 
average temperature of the region remains just at the melting tempera-
ture. This model maximizes the downward movement of the molten pool. 
According to the model assumptions In BOIL, if the molten region moved 
downward any faster, it would resolidify. 

Meltdown Model B. In meltdown Model B, growth of the molten region 
is in effect upward. The upward growth should be pictured to actually 
result from material falling from above into the molten region. The 
amount of solid material falling into the molten pool is sufficient to 
keep the homogenized temperature of the molten pool at the core melting 
point. Within the Model B molten region, heat nay be transferred 
radially if the average temperature of a radial power region exceeds the 
melting temperature. When the top nodes In the core are melted, addi-
tional heat may be radiated to the support structures above the core. 
Models A and B yield similar results for core-meltdown fractions below 
about 50 percent. However, for larger core melt fractions, Model A re-
sults In faster core heatup. In Model A, the more rapid downward pro-
gression of the molten region generally results in Increased metal-water 
reaction when the molten region intercepts the water level. 

Meltdown Model C. In meltdown Model C, it is assumed that when a 
fuel node melts, it immediately falls into the water in the bottom of 
the pressure vessel. The large boiloff rates obtained under these 
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assumptions may result In very high heatup rates, due to the cladding-
steam reaction. Early dryout of the reactor vessel may be indicated. 
Model C Is not believed to give a realistic picture of core meltdown. 

Gradual Slumping. The meltdown models also provide for gradual 
dropping of molten material into the lower head. Gradual dropping or 
slumping is initiated when the extent of core melting satisfies certain 
input conditions. These gradual dropping models are modifications of 
Models A and B which employ some of the Model C features. Gradual 
slumping into the bottom head requires that the total core melt fraction 
exceed FDROP (input). Then, if the core node in radial region R at 
Axial elevation I - NDZDRP (input) Is melted, all of the melted nodes in 
radial Rsgion R will fall into the bottom head. Core nodes in Region R 
which are not melted will remain in the core region. Thus, it is pos-
sible for the model to predict, for example, the top and bottom nodes 
may remain in the core (if solid) while the central region falls out (if 
molten). 

When the core melt fraction exceeds FCOL, the total core Including 
both molten and solid nodes is dropped into the bottom head. Core col-
lapse into the bottom head may also be triggered (input optiop) by high 
core barrel temperature or by high lower support structure tempera-
ture. At this time the debris will begin to heat the bottom head as 
well as the water in the head. No head heating occurs prior to this 
stage of meltdown in the BOIL models. 

In the Source Term Reassessment Study, Model A was used with the 
gradual slumping option. Slumping into the bottom head was initiated 
when the melt front In a given radial region reached the lowest core 
node. Total collapse of the core occurred at 75 percent core melting. 

Debris, Grldplate, and Water Interactions in Bottom Head 

These interactions are treated as occurring in four stages. In 
stage (a) molten material has fallen out of the core, but the water 
level remains above the first grldplate at YQJ* In stage (b) sufficient 
material has fallen out of the core to reduce the water level below the 
first grldplate, but the gridplate temperature remains above the failure 
temperature (Input TFAIL). In stage (c) the first grldplate has failed, 
and the grldplate and debris fall to the next lower level. At stage (c) 
both gridplates and the core material are combined into a common 
debris. The debris remains at stage (c) until the total core melt frac-
tion exceeds FCOL (input). At stage (d) the core debris is assumed to 
begin heating the bottom head. The heating of the bottom head by the 
core debris is calculated in subroutine HEAD. Note that water may re-
main In the bottom head during stage (d). 

The debris temperature Is calculated from a lumped mass heat 
balance: 
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T. 
<QL + D Q G L + DQ G + D Q D R D Q M W - Q W T R - Q H ] )) SL (81) FALL (FALL + GRID) 

where 
Qj • (MCpTGR) heat capacity times temperature of the grldplate in-

cluded in the debris, Btu 
DQS - (MCp T r) of core debris slumped during current timestep, Btu 

DQ s l - (MCp TR) of previously slumped core debris, Btu 
DQdr - decay heat of all slumped core debris, Btu 
D^MW " d r o p raetal water reaction during current timestep, Btu 
QtyTR - heat transfer from the debris to vater in the bottom head, 

Btu 
QHD - heat conducted into the bottom head and radiated from core 

debris sumped into the bottom head, Btu 
FALL - (MCp) of the total debris slumped Into head, Btu/eF 
GRID - (MCp) of the gridplates included in the debris, Btu/°F. 

The drop metal water reaction,' decay heat, masses, and temperatures.are 
calculated using features of meltdown Model C. The drop metal water re-
action Is calculated In MWDRP or fixed by input (FDCR), 

The QHQ term is calculated in subroutine HEAD. Qjjp Includes the 
QRAD, QDB, and dxm/dt terms on the right-hand side of Equation 129. The 
heat transfer to water, Ô -pR, IS calculated using either (1) the MARCH 
1.1 thermal equilibrium model (IBEDS - -1), (2) an Isolated particle 
model (IBEDS - 0), or (3) a debris bed model (IBEDS > 0). For the 
thermal equilibrium model: 

D^g - (M Cp) of mass slumped during current timestep. 

The particle models are similar to those described in HOTDRP, Sec-
tion A. 2. Qgfjt Is calculated using heat transfer coefficients from 
subroutine SPHERE for the Isolated particle model and from subroutine 
DBED for the debris bed models. 

The water heating rate from debris interactions in the bottom head 
is: 

QWTR " <DQS + °QDK + °QMW + Tpo©I> » B t u (82) 

where 

QDRP " < W A t ' B t u / n l n 

Equation (83) defines the Qpfip term in Equation (12). 

(83) 
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A.1.4 Metal-Water Reaction Model 

BOIL calculates the zlrconlum-steam reaction In the uncovered por-
tion of the core. Metal-water reaction below the mixture level Is not 
modeled, except for those core nodes currently slumping Into the bottom 
head. Thus, recovering an overheated or molten core region In BOIL will 
turn off the metal-water reaction below the mixture level. Only 
Zlrcaloy cladding reaction Is calculated. Reactions with control rods, 
channel boxes, and steel are not considered. However, in some meltdown 
sequences the metal-water reaction Is primarily steam-supply limited 
rather than limited by the reaction kinetics or the exposed surface 
area. For these problems, the user may usefully simulate reaction with 
non-cladding materials by artificially increasing the (Input) cladding 
thickness to incorporate these masses. 

In-Core. The Zircaloy-steam reaction rate is given by the minimum 
of a gaseous diffusion rate or a solid state diffusion rate. The gas 
laminar flow diffusion limited cladding oxidation rate is:*4'5 

Re - Reynolds number < 2100 
Sc - Schmidt number (T + T \ 

R
 2

 G + 460/ /I.8 K 
T r - rod temperature, ROD(I,R) , °F 
TQ - gas temperature, °F 
d - rod diameter, cm 
X - distance from water level, ft 

s/Dg « pitch/hydraulic diameter 
f - function given in Reference 5 - a (s/Djj) [4.76 + g(x,Re,Sc)] 

FH1 ™ hydrogen blanketing factor. 

For turbulent flow5 

0.68 
F h 1 f(X, — , Sc, Re) , cm/sec (84) HI 

s 

where 

Xj - 1.28 x 10~7 Re0,8 Sc0,4 FR 1 , cm/ssc (85) 

where 

Re > 2100 

The solid state limited rate Is: 
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. exp[—B/(Tr + A60)]Ph2 , cm/sec (86) 
Xo 

where 

XQ • thickness of oxidized layer, cm 
A,B - reaction constants in Table 1 
FH2 " hydrogen blanketing factor. 

The hydrogen factors are: 

PH1 - P 8 ' / P a n d FH2 " 1 , 0 ' P S' / P > 0 , 5 ( 8 7 ) 

FH1 " <PS'/P)2 and F h 2 - PS'/P . PS'/P < 0.5 (88) 

where 

PS' • steam partial pressure at the node elevation, psla 
P • total pressure, psia. 

The hydrogen blanketing factor, in the steam deprived region (PS'/P 
< 0.5) is an approximation to the preliminary data of Chung and Thomas.6 

TABLE 1. SOLID-STATE DIFFUSION CONSTANTS 

Data A B Range 

Urbanlc-Heldr1ch7 0.00353 30276 TR < 2876°F 
0.0104 29898 TR > 2876°F 

Cathcart8 0.0373 36181 
Baker-Just9 0.394 41220 

Input options permit the user to replace the gas diffusion rates 
given by Equations (84) and (85) with the MARCH 1.1 model,8'10 

- 1.849 x 10 -7 * P T F 0.68 

(R - X/30.4)' P o 

i/sec (89) 

where 

Rp - rod radius, ft 

and the solid-state rate is given by Equation (86) with F ^ • 1, and A 
and B are given by the Cathcart or Baker-Just constants. 

Using the limiting £ given above, the fuel rod volumetric heat 
generation rate is 
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QMWV " - (pzr m 60/30.48) 
n w v D " (90) 

- 8.742 x 106 y/n , Btu/min ft3 

where 

ft • oxidation rate, cm zr/sec 
D - rod diameter, ft 

pzr - zirconium density - 401.9 lb/ft3 
AH • isothermal heat of reaction • 2762.6 Btu/lb Zr reacted. ^ 

The steam consumption rate per axial node consistent with the energy re-
lease in Equation (90) is: 

QMVV \ 4 2 

DW - — ~ — , lb steam/min (91) 
AH(9l.22/36) 

The coding contains checks to assure that DWS does not exceed the steam 
,supply and that X,, + X At does not exceed the cladding thickness. 

' The net energy addition to the rod is corrected to account for the 
Enthalpy change associated with heating the steam from Tg to the rod 
temperature TR and releasing hydrogen at temperature TR. Thus, the net 
energy addition to the rod node is: 

^ • W A R fROD 6 0 • B t u / h r ft <92> 
where the correction for non-isothermal conditions is 

(91.22/36)AH + Cp. (T_ - 32) - 2/18 Cp H (T_ - 32)' 
FROD — 5 5 <93> K O U (91.22/36)AH 

T r - ROD (I,R) . 

The derivation of Equation (93) follows readily from mass and energy 
conservation and the stolchiometry of the reaction. 

In Bottom Head. When a core node drops into the bottom head, the 
zirconium cladding In this node, which is generally partially oxidized, 
may react further with the water in the bottom head. Calculation of the 
extent of this reaction is done in subroutine MWDRP which is called by 
BOIL each time a node is dropped into the bottom head. The calculation 
is similar to the HOTDRP model, Section A.2. The calculation assumes 
that all node material dropped Into the bottom head takes the form of 
spheres. The diameter of these spheres is DPART, an input variable. 
The number of these spheres Is NDROP, calculated from the total volume 
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of Che node and Che sphere volume. The fuel volume per sphere, zir-
conium volume per sphere, and the zirconium oxide volume per sphere are 
calculated from the fuel rod dimensions, the number of fuel rods, and 
axial node length, the volume fraction of the core in this node, and 
NDROP. 

The spheres are assumed to be made up of a central core with zero, 
one, or two shells surrounding the core. All uranium oxide is put into 
the core. The core may also contain zirconium and zirconium oxide. The 
placement of the zirconium and the zirconium oxide is specified by 
several input variables: 

FZRCOR - the fraction of the zirconium to be put into the particle 
core (the remainder goes Into shell I) 

FZOCOR - the fraction of the zirconium oxide to be put into the 
particle core (the remainder la shared by shells 1 and 2) 

FZ0S1 - the fraction of the zirconium oxide to be put Into shell 1 
(the fraction 1-FZOCOR-FZOSI will be put Into shell 2 If 
this is non-zero). 

The oxidation reaction is assumed to take place in any layer which 
contains zirconium that has not been completely oxidized to zirconium 
dioxide. The rate at which the oxidation front advances in any mixture 
that exists in the sphere is assumed to be the same as that which would 
exist in pure zirconium, i.e., X is given by the smaller of the gaseous 
diffusion rate X. and the solid-state diffusion rate X2 given by Equa-
tions (89) and (86). The quantity XQ used is the shell 2 thickness. 
The gas temperature TQ is replaced by TPOOL in the present calculations 
where TPOOL la the temperature of the water in the bottom head. The 
heat released when the material being oxidized Is not pure zirconium is 
multiplied by the volume fraction of zirconium that exists in the alloy 
being oxidized. 

The oxidation rate during the core-slump timestep is: 

XS - F d c r (CLAD - X0) / (60 At) , cm/sec (94) 

where 

F d c r « calculated fraction of the zirconium reacted 
CLAD • original zirconium cladding thickness, cm. 

A.1.5 Steam-Water Mixture Level Calculation 

The liquid level calculated in BOIL is given by Equation (6) as: 

YLIQ " V P l
 AT0T • f t 
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where 1B the total connected water cross sectional ares of the 
reactor vessel In the active core region. WM Is the portion of the 
primary system water Inventory located above the bottom of the core. 
When the calculated *U Q IS within the core region, YLIQ Is the col-
lapsed liquid level with a reference level of zero at the bottom of the 
core. When Y L I Q IS outside the core region, Y L J Q IS an artificial 
parameter since, in an actual reactor, A^g^ changes with elevation. The 
modeling of the liquid level assumes the liquid is at the bottom of the 
primary system. 

When boiling occurs within the core region, level swell Is calcu-
lated assuming a linear variation of void fraction with elevation. 
Thus, the steam generation rate, W, is related to the separation ve-
locity, V, and core average void fraction o, by: 

W - (2a) p g AcorV . (95) 

Note that (2a) is the void fraction at the top of the mixture. The 
Wilson12 correlations for separation velocity and void fraction are used 
In BOIL. As recommended by Slifer and Hench13, a minimum velocity of 1 
ft/sec is specified. The Wilson correlation is: 

V •[ 6 < ? 5 ; a x j,)1''7* [ D H x F ^ ^ K g l 0 ' 5 , ft/sec (96) 

where 

P« 0.32 
H - K^i ( 9 7 > 

P -[ J - ( — 2 — ) ° - 5 l °'19 (98) 
H p L " p S 

a - surface tension of water - 8.33 x 10"6 <705 - TSAT)» lb/ft (9S) 
g - 32.18 ft/sec2 

DJJ - hydraulic diameter, ft 
TSAT " saturation temperature, F 

P - steam density, lb/ft3 
PL - liquid density, lb/ft3. 

The swollen mixture level Is: 

Y M " W O # 0 " a ) ' ( 1 0 0 ) 

for mixture levels below the top of the core (YM < H). The core node at 
the 1-SAVE axial level is partially covered. The fraction covered is: 
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PY " <*M ~ Z(ISAVB) + DZ)/DZ (101) 

Energy Is partitioned between the water and gas according to the frac-
tion Fy. If the mixture level Is above the top of the core, only level 
swell with the core region is modeled. Thus: 

yM " yLIQ + 041 • <102> 
for Ym > H, where H Is the core height. 

Core nodes within the mixture region are assumed to transfer heat 
to the water. Core nodes above the mixture level are assumed to be in 
the steam region. Thus, BOIL assumes a sharp degradation in heat trans-
fer at the mixture/steam Interface. In reality, a more gradual degrada-
tion would be expected. Entralnment of liquid droplets by the steam 
flowing up through the core Is not modeled. In most coolant bolloff 
situations, the steam separation velocity is less than 10 ft/sec and is 
below velocities where significant entralnment would be expected.llf 

A.1.6 Emergency Core Cooling System (BCCS) 

In the MARCH modeling, there are three tanks that Initially provide 
the ECCS water. Two of these tanks, the Upper Head Injection (UHI) tank 
and the accumulator, are passive In nature and the third tank, the 
Refueling Hater Storage Tank (RWST) provides suction for the ECCS 
pumps. It is possible to have up to nine different Injection rates and 
starting and stopping times for the pumps. 

The input for the ECCS operation Include the mass, temperature, and 
pressure of water in the three tanks, nominal flow rate, high pressure 
set point, starting and stopping time, and low pressure shutoff point 
for each set of pumps. The fraction, ECCRC, of RWST mass at which the 
ECCS pump suction switches from the RWST to recirculation from the sump 
is also Input. During recirculation, the ECCS water can be cooled by an 
ECCS heat exchanger before being Injected Into the core. 

Water from the accumulator or the UHI tank is injected Into the 
core according to: 

W - A/P - P v g L (103) 

Where 

W • water injection rate, lb/min 
A - empirical constant 
P • pressure in the tank, psla 

PygL • pressure in the reactor pressure vessel, psla. 
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The constant A is given the value A - 27,400 for the accumulator 
and A - 7,000 for the UHI.* The tank pressure is assumed to decrease 
during injection according to the relation: 

P - P0/(2.0 - M/MO) , (104) 

where 

P0 • initial pressure In the tank, psia 
M - mass of water in the tank 
M0 - initial mass of water in the tank. 

Water remaining in the accumulator or UHI tank Is dumped into the 
reactor cavity when the bottom head fails. The pumped injection rate 
into the core is the sum of injection rates for all the pumps specified 
in the input. The pump flow can be either constant as specified in the 
input or it ct.n be calculated using a parabolic pump performance 
curve. The form of the equations used to calculate the pump flow rate 
is: 

I Tp~ 
WPUMPj^ - WPUMPO^l - — (105) 

1 p \ 
where 

WPUMPj - flow rate for i-th set of pumps 
WPUMPO^ - rated flow for a head of AP - 0 (input) 

PH^ - high pressure shutoff head for i-th set of pumps 
AP - PVSL - PC0N 

PCON • containment pressure (recirculation mode) or RWST pres-
sure (14.7 psla) (injection mode). 

If the amount of water in the primary system for a large L0CA ex-
ceeds a certain input specified value, part of the ECC flow Is diverted 
(input option) and is assumed to go directly to the sump. If the vessel 
pressure falls below an input low pressure setpolnt, the pump is turned 
off. 

Water added to the primary system by either the ECC system of the 
makeup is assumed to mix uniformly with the water already In the primary 
system. 

The heat removed by ECC injection is: 

QECC - ~WECC <hL ~ hECC> » B t u 11,111 (106) 

*Based on time to empty accumulators in a large L0CA. 
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where 

WECC " accumulator plus pumped ECC 
hL - primary system water enthalpy, Btu/lb 

HECC " E C C w a t e r enthalpy, Btu/lb. 

The heat removed by the makeup/letdown system is: 

QfflJP " "NMUP^L - hECC> » Btu/min (107) 

where WMUp is the makeup pump flow rate. Equations (106) and (107) are 
used in the BOIL energy balance Equation (11). The makeup and letdown 
flows are assumed equal so that WMUP does not appear in the mass balance 
in Equation (9). The temperature of the makeup water is assumed equal 
to the ECC water. 

A.1.7 Steam Generator Heat Transfer 

Steam generators are sized to remove the heat generated in the 
(PWR) primary system under full operating power levels. At decay heat 
power levels steam generators are very effective heat sinks, and the 
primary side temperatures will generally follow the secondary side tem-
perature closely. As flowrates change, the primary and secondary 
coolant inventories decrease, and noncondensables (hydrogen) are pro-
duced in a reactor accident, the steam generator heat transfer is ex-
pected to degrade. In addition, the mode of heat transfer may change 
from forced convection to one dominated by steam condensation. Steam 
generators were not intended to operate in a condensing mode; however, 
recent calculations and experiments15'16 indicate good heat transfer is 
maintained in the condensing mode. 

The BOIL steam generator model starts with the assumption that 
steam generators are more than adequately sized to handle decay heat 
power levels under normal conditions. A heat transfer coefficient is 
defined based on normal full power conditions and extrapolated to acci-
dent conditions. The principal scaling parameter is assumed to be the 
primary to secondary temperature difference. The heat transfer coeffi-
cient under normal conditions is: 

Q 0 H e f f - , BTU/hr ft F (108) 
ASG (Tpool ~ TSG) 

where 
QQ - operating power level, Btu/hr 

AgQ - steam generator heat transfer area, ft2 

'"'pool " primary side water temperature, *F 
T s g - normal secondary side water temperature, °F. 
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A condensing mass transfer coefficient Is also defined as: 

H , 2 2 h r " 1 (109) 
*8G hfg <PSV " PSG> 1 4 4 

where 

hfg - heat of vaporization, Btu/lb 
Pgy • partial pressure of steam in primary, psla 
PSG " steam generator secondary saturation pressure, psia. 

Calculations indicate that the steam generator heat transfer rates 
directly calculated from Equations (108) and (109) may significantly ex-
ceed the heat input to the primary system coolant from the core, which 
for large timesteps may result in oscillations in the primary to secon-
dary temperature difference. In order to dampen these oscillations, the 
steam generator heat transfer rate is not allowed in the calculation to 
greatly exceed the core heat Input. Thus, a first estimate of the steam 
generator heat transfer is 

Q S G 1 - MAX (Q J O T 60., F H 1 Q d k), Btu/hr (110) 

where 

QrOT " total heat input to primary water, Equation (11) Btu/mln 
Qpg - core decay heat, Btu/hr. 

The factor F ^ varies between 1.0 and 2.0 depending on (Tp00^ — TS G) 
and the input value of IS6. The factor F H I Is employed as an Input con-
trolled scaling factor on the decay heat. For ISG > 0 , 1.0 < Fgj < 2.0 
and "high" heat transfer is obtained. For ISG < 0, FHI - 1; and "low" 
heat transfer is obtained. Calculations indicate ISG > 0 and "high heat 
transfer" Is more consistent with recent experimental and calculated in-
formation. 

Use of the heat transfer coefficient In Equation (108) gives: 

QSG2 - Heff ASG CTpool " TSG> ' B t u / h r < l l l ) 

and the mass transfer coefficient in Equation (109) gives: 

QSG3 " HKVASGhfg (PSV " PSG) ' B t u / h r ( 1 1 2 ) 

The heat transfer from the primary to the secondary is the minimum: 

Q s g - min (Q s g 1 , Q s g 2 , Q s g 3 ) , Btu/hr (113) 
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Ic is also required In the computations that Qg(, be positive when the 
steam generator is operating in a condensation mode (ICON >_ 0) or when 
the core Is uncovered. In order to account for the possibility of de-
graded heat transfer due to primary or secondary water depletion, QgG is 
multiplied by the factor: 

F s g - mini----— , | , ISG < 0 . (114) 

or 

PSG " ̂ G^SGl 1,116,1 FSG < 0.1 and ISG > 0 , (115) 

where 

MQQ « mass of water In secondary, lb 
AY^ I Q - primary side water elevation above (input) YJ J J Q 

<YLIQ ~ YLEG>» ft* 
The steam generator secondary energy and mass balance considers 

both secondary bolloff and feedwater addition. The secondary steam re-
lief valves are not explicitly modeled and are assumed to be large 
enough to accommodate the calculated bolloff. The secondary pressure 
and feedwater flow rate are input. 

The steam generator modeling assumes that a steam vaporization 
rate: 

Q S G 
- — , lb/mln (116) 

is induced in the primary system water when ICON >_0. The steam genera-
tor model permits operation either in a steam condensation mode (ICON >_ 
0) or in a mode which is assumed to remove heat by suppressing boiling 
(ICON - -1). In the steam suppression mode, no condensation is modeled 
and WgQC - 0. Thus, for ICON - -1, heat is removed directly from the 
water, and boiling is reduced. For heat transfer in the steam condensa-
tion node, Q§g Is dropped from the energy balance (Equation 11) prior to 
calculating the boiling rate. Thus, the boiling rate and steam flow 
through the core and structures (modeled in EXITQ) is Increased. The 
steam ^SGC (°r n o t consumed in metal-water reaction) is assumed 
to be removed (condensed) from the steam space so it does not contri?" "e 
to the primary system pressure. The energy QggAt I s removed after 
culating the boiling rate to maintain the correct water temperature and 
energy balance. For ICON - 0, the steam condensate i s assumed to be 
lost; that is, it is not included in the mass balance in Equation (9). 
Loss of the condensate Implies that the water is prevented from draining 
back into the reactor vessel because of the system geometry and low 
water inventories. 
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A,. 1.8 Heat Transfer to Primary System Structures 

Heat Transfer From Structures In Primary System Water. The por-
tions of the primary system piping, reactor vessel, and Internal struc-
ture immersed in water are potential heat sources. BOIL models three 
structures of this type. The three structures modeled are the bottom 
head and two additional gridplates or structures below the core. After 
core slumping into the bottom head, the heat transfer described In this 
section is bypassed; and the models described in Section C.1.4 are used. 

The heat transfer from each structure Is modeled as a lumped 
mass. A conduction resistance is incorporated in the effective heat 
transfer coefficient. The heat input to the water is: 

QSLB - E hA<TSLB - Tpool)/6° • B t U / m i n ( n 7 ) 

where 

../j-^V1 
\ h c 2 k / 

hc - Equation (269) 
AX * thickness of structure, ft 
k - thermal conductivity (k - 11), Btu/hr ft, °Y 
A - heat transfer area, ft2 

^SLB " 8tructure temperature, °F. 

The summation in Equation (117) Is over the three structures. The new 
structure temperature is: 

QgTD TAt 

where MCp - heat capacity of structure, Btu/F; and QgLB I 1 8 t h e heat 
transfer from structure I. 

Heat Transfer to Structures in Gas Space. MARCH assumes that 
structures (heat sinks) in the primary system gas space are exposed to 
the hot gases leaving the top of the core. The structures are assumed 
to be connected in series. A maximum of four structures is permitted. 
The required input data for each structure include the initial tempera-
ture, heat capacity, heat transfer area, flow equivalent diameter, flow 
area, and the fraction of the stored decay heat absorbed in the struc-
ture. The first structure is assumed to be above the core and also re-
ceives radiation heat transfer from the top of the core. 
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The gas-to-structures heat transfer analysis Is done In subroutine 
EXITQ by solving the following equation for T,, T'8, and Q for each 
structure as follows: 

* - V 2 - v O - " h - ̂  • < m c p V ^ - V 

(119) 

where 

Q - energy transferred between the flowing gas mixture and 
( the structure over the timestep At 
m - mass flow rate of steam and hydrogen gas mixture 

C-m - specific heat of gaa mixture 
Tl' 2 " ®as t e m P e r a t u r e 8 a t ^ e inlet and outlet of the structure 

At • timestep 
h - heat transfer coefficient 
A^ - heat transfer area 

Tg,T^ - structure temperatures before and after the heat transfer 
(MCp)s - mass times the heat capacity of the structure. 

The core exit gas temperature is: 

T _ Z ( WsCP8 + V P H > V R > R> . ( 1 2 Q ) 
G A S * <WsCps + WHC

PH> V R > 
thus, T^ • Tg^g for the first structure. The heat transfer coefficient 
h is given by: 

h - h + h _ , Btu/hr ft2 F for ICONV < 2 (121) c nat — 

where 

hc - Equation (264), 
hn a t - Equation (265), 

or by a complete laminar/turbulent correlation if ICONV > 10. The gas 
exiting the last structure is assumed to mix uniformly with the gases in 
the primary system. The mixed gas temperature is used in the calcula-
tion of primary system pressure in subroutine PRIMP. 

In the EXITQ modeling gas temperatures are not allowed to fall 
below the steam saturation temperature. Steam condensation is not 
modeled in EXITQ. Thus, EXITQ removes only the gas superheat, and may 
therefore underestimate structure temperatures. 
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The structure immediately above the core receives radiation heat 
transfer from the top of the core. The radiated heat is: 

<RAD - E QRTOP(R) , Btu/hr (122) 

where QRTOP(R) is calculated in subroutine RHEAT for IRAD - 1 or 2, and 
QRTOP(R) is givfln by Equation (64) for IRAD - 0 with F - F12 defined by 
input. The temperature of structure I is increased by: 

qRAD A t / 6 ° AT - , F (123) 
' ( M V s , i 

due to the radiated heat. 

The structures are also heated due to the fission product decay 
heat stored in the primary system gas space. Each structure is assumed 
to absorb a fraction FPV(I) of the stored decay heat. The decay heat 
produces a temperature increase 

FPVSL x FPV(I) Q „ At/60 
AT — , F (124) 

< M V s . i 
where 

FPVSL - fraction of decay heat stored in the gas space of the 
vessel. 

A.1.9 Bottom Head Heatup and Failure (HEAD) 

At some stage of the core melting and slumping process, core debris 
will fall into the bottom head and interact with the water, grldplates, 
and structures below the core. Subroutine HEAD calculates the heating 
and failure of the bottom head from slumped core debris. In the MARCH 
modeling, heating of the bottom head from slumped core debris is delayed 
until (1) the fraction of the core melted reaches a specified input 
value (FCOL), (2) the temperature of structure TGR1D2 exceeds (input) 
TFAIL2, or (3) the temperature of the core barrel exceeds (input) 
TFAILB. Prior to reaching the specified core collapse flag, head 
heating occurs only by convection from the water in the head. 

When the criteria for core collapse are reached, the total core, 
Including both melted and solid fuel material, is assumed to be relo-
cated in the next timestep to the bottom head. The bottom of the core 
debris may be in contact with the head. The top of the debris may be 
covered with water. Heat transfer to the water, if present, is calcu-
lated using the models described previously. When water is vaporized, 
the debris is assumed to radiate heat to the core barrel. The bottom 
head failure criteria include stresses due to the vessel pressure and 
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the weight of the debris. Water, steam, and hydrogen remaining in the 
pressure vessel at the time of head failure are added to the containment 
atmosphere. An optional model allows leakage of the water and gases 
prior to gross head failure based on overheating of the vessel at a 
specified head thickness. When the head fails, the core debris Is as-
sumed to be relocated to the reactor cavity. 

HEAD Heat Transfer Model. The bottom head heatup model assumes an 
initially uniform wall temperature, TB. The outside of the head is as-
sumed to be insulated. The core debris temperature TD is given by Equa-
tion (81). The initial value of TB is given by Equation (118) (for 1-3) 
prior to the assumed total core collapse into the bottom head. The 
debris may be either liquid or solid. The head heating model assumes 
one dimensional heat transfer with a uniform wall heat flux. 

The conduction of heat into the bottom head is modeled using the 
concept of a thermal penetration distance. Suppose the Inside surface 
temperature of the head is instantaneously Increased from TB to TW, The 
heat flux required to maintain this temperature is:17 

Q „ (TW - TB) ^ ( 1 2 5 ) 

^ 6H 
where 

- /cent - thermal penetration distance 
k H - head thermal conductivity 
Bg " kg/(pc) - head thermal diffusivity 
P - density of head 
c - specific heat of head 
t - time. 

Differentiating It is seen that the thermal front moves into the 
head with velocity: 

^Si 71 "tt y - v . (126) 
dt 2 

With melting, the thermal penetration distance increases at a rate of: 

if ®n - - — - dX /dt (127) 
dt 2 5h » 

where Xa Is the thickness of head melted. The heat Input to the head 
during this melting process is: 
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X m 
( 1 2 8 ) 

where 

XH - head heat of fusion 
A^ - debris-head interface area 

T(x) - head temperature 
QDB - heat transferred from the debris to the head. 

Debris Heat Balance. A heat balance on the core debris can be 
written as: 

(MC)d S B - QDK - QRAD - QWTR - QDB - ( p C ) ^ ^ (TD - TMH) , (129) 

TD - debris temperature 
(MC)p - debris heat capacity 
QDK - decay heat remaining in core debris 
TMH - head melting point 
QRAD - heat radiated to the core barrel 
QWTR - heat transferred to the water on top of the debris. 

The model assumes that QRAD - 0 when QWTR > 0. Melted head material is 
incorporated in the debris. The last term is the energy required to 
heat the newly melted head material to the debris temperature. The de-
bris is assumed to have a single, lumped temperature. The energy 
balance on the debris does not include modeling of metal-water reac-
tion. Calculations using models in HOTDRP indicate metal-water reaction 
In debris beds can be significant. Thus, neglecting metal-water reac-
tion at this point may be a significant deficiency. 

dx 

Where 

heat radiated from the core debris after all the water Is 
vapoi is: 

QRAD - QRADI + QRAD2 , (130) 

where 

4 
(131) 

(132) 
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2 
irRjg - top surface area of debris, ft2 

2 
irR̂  - molten area (see Equation 137), ft2 

Rh - radius of debris, ft 
FQpen - fraction of area radiating at debris temperature 

Tw - debris-head interface temperatures, °F 
Tbar " c o r e barrel temperature, °F 
F.2 - 1/ 1/E1 + 0.25(1/E2 - 1) 
E^ - debris emmlsivlty 
E„ - core barrel emlsslvity 

QRAD debris decay heat. 
QRADI represents the amount of heat radiating from the molten de-

bris at temperature TD, assuming no crust formation is on the surface. 
QRAD2 is that radiating from the crust. If a crust forms, the radiating 
temperature will be less than TD. The debris-head interface tempera-
ture, TW, is assumed to represent the reduced radiating temperature. TW 
does not exceed the head melting point (2800°F). Heat radiated from the 
core debris is absorbed in the core barrel; thus: 

TBAR - TBAR + QRAD*DT/(60.0*WBAR) (133) 

where 

TBAR - barrel temperature, °F 
WBAR - heat capacity of barrel, Btu/°F. 

For molten debris, the rate of heat transfer between the debris and 
the head is calculated using a Rayleigh-number based heat transfer co-
efficient1*8; thus: 

QDB - hjAy (TD - TW) , Btu/hr , (134) 

where 

hx - 0.55(Ra)°'15 ( — Y " 1 ( i ^ J , Btu/hr ft*F , 
\ V \ *H / 

(135) 

Ra - 3.49 x 107 « 4 
VOL 11 

H - debris depth, ft. 

For solid debris, convectlve heat transfer will be suppressed. 
Conduction limited heat transfer in the debris is modeled in a manner 
similar to that for the head: 
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end 

QDB - k D A, 
«D 

d 6D TT °D d R o — - - — , (137) 
dt 2 6q dt 

where 

- RyCFM)1/3- debris melt radius 
FM - fraction debris molten based on either iron or debris liquidus 

temperature. 

For partially molten debris, the molten region is assumed to start 
at the center and grow outward. When the growth reaches the point where 
RH — RM < fijj, the heat transfer Is assumed to become convection 
limited. 

The head heating rate predicted by Equation (134) using the heat 
transfer coefficient hj is generally only a fraction of the debris decay 
heat. 'Meltthrough time (where pressure stresses are negligible) on the 
order of 2 hours may be predicted. The coding contains an option to in-
crease the heat Input to the maximum of that given by Equation (134) or 
QDB - qpK — QRAD — QWTR. 

The Initial contact temperature, TW, at the debris head interface 
is obtained by equating the heat fluxes. Thus, from Equations (125) 
and (136): 

k /TD_z_Tw\ 

v ° ) 
thus 

- " H 

TW - TB 
6. H 

(138) 

TD + An TB 
TW , (139) 

1 + AQ 

where 

J 5 . 

• (kpC)D 
A Q - V . (140) 

Bottom Head Failure Model. The bottom head is assumed to fail If 
the total tensile stress due to the vessel pressure and debris weight 
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exceeds the tensile strength at any location. The critical locations 
considered in subroutine HEAD are the circular line where the cylindri-
cal vessel Joins the hemispherical bottom head and the horizontal cir-
cular cut in the pressure vessel along an imaginary plane containing the 
top surface of the molten pool. Temperature dependent tensile strength 
is assumed. 

The tensile strength in the bottom head, o, is calculated as fol-
lows : 

0,X, + 0„X9 
o - -Li £_£ . (141) 

X1 + X 2 
Xj- thermal penetration distance in the bottom head 
x2- t - ^ - xx 
t - initial thickness of the bottom head 
Xm - the thickness of the melted portion of the bottom head 
0, - average tensile strength over the thermal penetration distance 

part of the bottom head 
02 " tensile strength over the uniform temperature part of the 

bottom head. 

For temperatures below 1500°F, the tensile strength is: 

a - 1.49 X 1016 T ~ 3 , 9 1 < SIGF (input) for T < 1500°F . (142) A (1V6 ^ ttVCS 
The tensile strength is extrapolated to zero at the melting point; thus: 

a. - 1.49 x 1016 T ~3'9 1 for T > 1500°F , (143) 1 ave ave ' x ' 

where 

o^ is in units of psi 

T + T W B T ave 
T W 

m 

T B 
m 

T m 
M 

°2 m 

T B O 

Equation (142) evaluated at TJQ. 

In calculating the stresses in the vessel and the bottom head, two 
cases are distinguished: 



147 

a. The volume of the debris is less than the volume of the bottom head 
b. The volume of the debris la greater than the volume of the bottom 

head. 

The stresses In case (a) at the cylinder-sphere Joint are calcu-
lated as:18 

_ AP»D , 3.0 x AP x 0.3224 + ^ ( u 4 ) 

^ 4t 4.0t232 

o • + 3'° » °-3 » A P » °'2709 - Q.3W , (145) 
c 2t 4.0t282 

where 

oT, o - longitudinal and circumferential tensile stresses, reSpeC-lj c tlvely 
AP - pressure difference between the vessel and the containment 
D - diameter of the bottom head. 

0 - U 2 8 5 (146) 
/ D Y"-

<MD + MBH) w 2 52 (147) 

where 

MJJ - mass of debris 
Mg^ - mass of bottom head. 

The controlling stress at point A is the maximum of a, and a , 

SA - AMAXI (a^ oc) . (148) 

It Is compared with the tensile strength calculated from Equation (142) 
or (143), and the bottom head is assumed to fail if SA > a (Equation 
141). 
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The stress at the top of the debris in case (a) is taken as: 

S b . _ J - L _ + _ ( M ° + "bh> 

If SB > o, the bottom head is also assumed to fail. 

The criteria at both locations are checked every timestep. When-
ever the maximum stress in any location exceeds the tensile strength at 
that location, the bottom head is assumed to fall. 

For case (b), the stresses at the hemispherical section are con-
trolling. The stresses are:18 

a' . f ^ h + 3 - » 0-322* + u , ( 1 5 0 ) 

" h 4-0th2»2h 

„ * . , + 3-0 " 0-3 » 4P « 0.2709 . 
c 

where 

Dh - D + 2.0 x x,,, 

'h " t " 
< MD + MBH} 

Wh 5 (152) 

SA, - AMAXI (0L,, Oc,) 

and if S^t > o, where a is from Equation (141), the bottom head is as-
sumed to fail. 

Vessel Leakage Prior to Head Failure. An optional model allows 
leakage of the gases and water remaining in the vessel prior to gross 
head failure. Leakage starts when the head temperature at (input) 
thickness THKF exceeds 1600°F. The hole size and elevation are input as 
AB(16) and YBR(16) in namellst NLBOIL. 
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A.2 Reactor Cavity Debris Interaction Models (HOTDRP) 

When the bottom head of the reactor pressure vessel falls, the core 
debris and any water, steam, and hydrogen left In the vessel will be re-
leased to the containment building. Accumulator water, if any, Is as-
sumed to dump Into the reactor cavity. Depending on the nature of the 
vessel breach, the primary system pressure at the time of failure, the 
geometry of the reactor cavity, and the nature of the debris Interaction 
with water which may be present in the reactor cavity, the core debris 
may fall to the reactor cavity floor or be swept out of the cavity re-
gion into the containment building. The HOTDRP subroutine in MARCH cal-
culates the mass (steam and hydrogen) and energy input rates to the con-
tainment from an assumed water-debris interaction following vessel 
failure. MARCH contains no modeling of debris entrainment, cavity 
sweep-out, or direct interactions between the core debris and contain-
ment atmosphere. The HOTDRP interaction is assumed to involve' the total 
core debris, all the steel In the lower grid-plates, and a portion 
(input) of the bottom head. The mass of water involved includes any 
water which may remain in accumulators and water which has collected in 
the reactor cavity. The volume of the reactor cavity and whether addi-
tional water is added to the cavity during the interaction Is controlled 
by input. The location of the interaction, that is, which containment 
compartment receives the gases and energy produced in the interaction, 
Is also input controlled. The coding contains a number of user options 
on the use of isolated-sphere or debris bed heat transfer coefficients, 
the Inclusion of iron oxidation, logic for switchover from isolated-
sphere to debris bed heat transfer, inclusion of hydrogen production on 
debris bed flooding, and termination of the HOTDRP calculation. The 
HOTDRP calculation can also be effectively bypassed by the proper input 
so that INTER concrete decomposition calculations may commence imme-
diately (actually, two small tlmesteps) after vessel failure. 

A.2.1 Debris Particle Characterization 

The debris is assumed to be in the form of spherical particles of 
diameter DP (Input). The steel (iron) is treated as a separate all-
metal component. The Zircaloy cladding is included in the core fuel 
material. The steel volume Is: 

VOLF - (WFEC + WGRID + WHEAD)/ppE (153) 

where the grldplate mass Is Input and WHEAD Includes all of the molten 
head plus the fraction FHEAD (input) of the solid iron In the head. The 
non-steel debris volume is: 

VOL - WU02/PU02 + WZR/pZR + WZR02/pZR02 , (154) 

where the fuel (WU02) and cladding masses (WZR) are input and the oxi-
dized cladding mass (WZR02) is calculated from the fraction of cladding 
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reacted In BOIL. The material densities (pFE, pU02, pZR, and pZR02) are 
stored in the code. The number of steel and core particles is calcu-
lated by dividing the respective total volume by the single particle 
volume. Similarly, the total particle surface area Is the number of 
particles multiplied by the single particle area. 

Debris-Water Heat Transfer. The steel and core debris particles 
are assumed to have the same uniform temperature (T). This is an Impor-
tant assumption, particularly for the steel in the bottom head which may 
initially be relatively cool. The homogenisatlon generally increases 
the steel temperatures and the oxidation rate. The rate of heat trans-
fer from the particles to the water Is: 

QWTR - heff(AHS + AHZ)(T — TRC) , (155) 

where 

QWTR - heat transfer rate, Btu/hr 
hef f - effective heat transfer coefficient, Btu/hr ft2 °F 
AHS - surface area of iron particles, ft2 
AHZ - surface area of fuel particles, ft2 

T - debris temperature °F 
TRC - temperature of water in reactor cavity, °F. 

The effective heat transfer coefficient Includes a single-node conduc-
tion resistance in the particle based on a steady-state conduction 
model; thus, 

heff 1 • < 1 5 6 ) 

CON 
where 

:o8 -
- Dp/24 - particle radius, ft 

CON » particle thermal conductivity, Btu/hr ft °F 
h - surface heat transfer coefficient, Btu/hr ft2 °F. 

The derivation of the conduction resistance in Equation (4) is given on 
pages 3-83 and 3-84 of the MARCH 1.1 manual.19 The same thermal con-
ductivity is used for both the steel and fuel particles. 

The heat transfer coefficient in HDTDRP may be calculated for an 
Isolated particle model surrounded by water or for a debris bed model. 
For an isolated particle model, h in Equation (156) Is given by subrou-
tine SPHERE for IDBED • 0 or by the MARCH 1.1 model for IDBED - -1. For 
a debris bed, the effective heat transfer coefficient is defined as: 

heff " <?>RY/(AHS + AHZ)/(T - TRC) , (157) 
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where QDRY - debris bed dryout heat rate, Btu/hr. For IDBED - 1, a flat 
plate correlation is used, and for IDBED - 2,3, or 4, a debris bed cor-
relation is used. The Dhir-Catton55 model (IDBED-2) is not recommended 
for particles larger than 1.0 mm. The heat transfer correlations are 
discussed in Section A.5. 

A.2.2 Gas Heating and Cooling 

Hydrogen generated by metal-water reaction in HOTDRP Is assumed to 
be released from the debris at the debris temperature. For an isolated 
particle model, the hydrogen at temperature T Is assumed to be mixed 
with the unreacted steam at temperature TSAT before release to the con-
tainment. Thus, the hydrogen-steam mixture temperature (TGAS) released 
to the containment Is: 

TGAS - (FAC*T + TSAT)/(1.0 + FAC) (158) 

where 

FAC - CPH*DWS/(9.0*DPS*(WS — DWS)) 
CPH - specific heat of hydrogen, Btu/lb °F 
CPS - specific heat of steam, Btu/lb °F 
DHS • steam consumed, lb/mln 
WS - steam generation rate, lb/mln. 

When there Is sufficient water in the reactor cavity to fill the 
voids In the debris bed (and a debris bed model has been selected), it 
Is assumed that the hot gases produced in the bed will be cooled by the 
water in the reactor cavity. The heat absorbed in the water by cooling 
the gas is: 

DQWTR - [(WS — DWS)*(HS — HSAT) 
(159) 

+ DWS/9.0*(HG - HG2)] *60.0, Btu/hr 

where 

HS - steam enthalpy at temperature TGAS, Btu/lb 
HSAT - saturation steam enthalpy, Btu/lb 

HG - hydrogen enthalpy at temperature TGAS, Btu/lb 
HG2 - hydrogen enthalpy at TSAT, Btu/lb. 

It Is assumed that the heat DQWTR is absorbed in the water on top of the 
bed. Thus, the steam produced by DQWTR is not available for metal^water 
reaction. 

When there Is Insufficient water In the reactor cavity to fill the 
voids in the debris bed, the HOTDRP modeling assumes the gases break 
through or penetrate the cover water. When this occurs, heating in the 
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bed of the steam not consumed In metal-water reaction Is assumed. The 
steam heating Is calculated assuming flow through equivalent channels In 
the bed. The steam temperature at the top of the bed Is: 

TGAS2 - T — (T - TSAT)e~BB , (160) 

where 

T - bed temperature, °F 
BB - HC*AHB/(60*CPSH) 

CPSH - (WS — DWS)*CPS 
AHB - channel area, ft2 

HC • gas heat transfer coefficient. 

Mixing with the hydrogen is calculated by replacing TSAT in Equation 
(158) with the T6AS2 above. The heat removed from the bed by the steam 
heating is: 

DQHC - CPRH*(TGAS2 — TSAT)*60 , Btu/hr. (161) 

This steam heating model is bypassed for Isolated particle or slab de-
bris or when there is sufficient water to prevent break out or by input 
(IDBED <100). 

Vaporization of Water in Reactor Cavity. The temperature increase 
of the water in the reactor cavity due to heat transfer from the debris is: 

AT - QWTR*DT/(60.0 *CP*WTR) , (162) 

where 

QWTR - Equation (155) 
WTR - mass of water, lb 
CP • specific heat or water, Btu/lb °F 
ITT - HOTDRP tlmestep, min. 

The water vaporization rate Is: 

WSB - WTR*CP* (TRC + AT — TSAT)/HFG/DT, lb/min, (163) 

where 

HFG - heat of vaporization, Btu/lb 
TSAT - saturation temperature at the total containment pressure, 
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The steam W8B Is assumed to be available for metal-water reaction. If 
DQWTR > 0 due to hydrogen evolution from a debris bed, the additional 
vaporization is DQWTR/HFG, and the total vaporization rate is: 

WS - WSB + DQWTR/HFG/60., lb/min . (164) 

When the boiling rate exceeds the water available (WS*DT>WTR), the 
boiling and heat transfer rates are redefined so that mass and energy 
balances are preserved. 

During the time period prior to head failure, MACE contains a reac-
tor cavity water vaporization model which maintains a partial pressure 
of steam in the containment equal to the saturation pressure at the re-
actor cavity water temperature. The MACE vaporization model for the re-
actor cavity is bypassed during the HOTDRP and INTER calculations of re-
actor cavity bulk boiling. 

Effect of Hydrogen Generation on Debris Bed Dryouts. The Wallls 
flooding correlation, u 

(165) 

is used to estimate the effect of hydrogen generation^on debris bed dry-
out. At dryout no water penetrates the bed so that Jf - 0, and: 

1 / 2 , - C2 (166) * WSBED j 
8 60.Ap 

8 

where 

ps 
gD ( P L - p 8 ) 

P8 - steam density, lb/ft3 
PL - water density, lb/ft3 
g - 32.2 ft/sec2 
D - characteristic dimension, ft 
A - characteristic flow area, ft2 

WSBED - steam flow rate leaving top of bed, lb/min. 

Since the energy transferred from the bed to the water is: 

QDRYB - WSBED*60.0*HFG, Btu/hr , (167) 

Equations (166) and (167) form the basis for a debris bed dryout corre-
lation. With hydrogen generation in the bed, the combined steam and hy-
drogen momentum flux leaving the bed will remain constant at the value 
required to maintain^no net water penetration. This is equivalent to 
the statement that 1 - C2 is a constant. Thus, dropping common terms O 
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and assuming p^ » p8, the flooding limit with hydrogen generation is 
obtained from the relations: 

WSOUT -f WHOUT _ WSBBD 
/p"" fo Hg 8 

where 

WSOUT - steam leaving the bed, lb/min 
WHOUT - hydrogen leaving the bed, lb/mln 

pg - (WSOUT*pfl + WHOUT* pj,)/(WSOUT + WHOUT). 

With hydrogen generation, the water boiling produced by heat transfer 
from the bed is: 

WSBP - WSOUT + DWS — WHOUT*CPH*(T-TSAT)/HFG , lb/min (169) 

where DWS is the steam consumed in metal-water reactions. The last term 
on the right accounts for steam generation in the bed due to assumed 
cooling of the hydrogen from the debris temperature to the water temper-
ature. Note that this assumption Is Inconsistent with the discussion of 
Equation (159) where the hydrogen cooling is assumed to take place in 
the water above the bed. In terms of an energy balance on the water in 
the reactor cavity, the location of the hydrogen cooling is irrele-
vant. However, the location does Impact the present calculation of dry-
out. Equation (169) predicts bed dryout for: 

QDRY - WSBP*60*HFG or 
(170) 

- QDRYB*WSBP/WSBED . 

Additional restrictions (assumptions) are made in HOTDRP which have the 
effect of limiting the range of QDRY with hydrogen generation to values 
which are not greatly different from the experimental data base repre-
sented by QDRYB. HOTDRP calculations frequently predict metal-water re-
action rates large enough to react all the steam In the bed. It Is as-
sumed In HOTDBP that the steam consumption can not exceed the steam 
generation in the absence of metal-water reaction; thus, 

DWS - WHOUT*9.0 <_ WSBED - QDRYB/HFG/60.0 (171) 

The first limit is obtained neglecting the hydrogen cooling term In 
Equation (169). Then, by substituting Pg/Pg - 9.0, using Equation (171) 
and (169) to eliminate WSOUT, Equation (3.16) can be solved by trial-
and-error to give WSBP/WSBED ~1.835. Thus, this restriction limits QDRY 
to an 83,5 percent Increase over QDRYB. The hydrogen cooling term In 
Equation (169) has the effect of increasing the steam generation In the 
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bed BO that less water can enter the bed. Consequently, QDRY Is re-
duced. The second HOTDRP limit assumes QDRYB cannot be reduced by more 
than 70 percent; that is WSBP/WSBED > 0.3. This assumption, when com-
bined with the restriction In Equation (171), amounts to limiting the 
hydrogen cooling term to values of T -TSAT less than 3800°F. 

A.2.3 Metal-Water Reaction 

The HOTDRP metal-water reaction model assumes the debris is in the 
form of small spheres, the total area of all the spheres participates in 
the reaction, and the debris has a uniform temperature. The reaction 
rate is limited by the minimum of a solid-state diffusion rate, a 
gaseous diffusion rate, or by the steam supply. The steam supply limi-
tation is assumed to be determined by the boiling rate predicted by an 
isolated particle model, a flat plate boiling rate, or by debris bed 
dryout. The modeling assumes the same surface area for all these cases. 

The zirconium oxidation model assumes spherical particles with fuel 
material at the center, a shell of zirconium metal on the fuel, and an 
outer protective shell of zirconium oxide. The steel particles are 
treated separately as solid iron spheres with an initial oxide layer of 
10-10 times the particle radius. The water-metal reaction energy from 
both types of particles is summed before Inclusion in a lumped debris 
energy balance. The zirconium calculations are performed first in 
HOTDRP. The steam not consumed by the zirconium calculation is avail-
able for reaction with the steel. HOTDRP assumes all the steel is 
iron. Reactions with chromium and nickel are not modeled. (Note that 
this is inconsistent with INTER which assumes the unreacted steel is 
stainless steel with 70 percent iron, 18 percent chromium, and 10 per-
cent nickel). 

The zirconium reaction modeled is: 

Zr + 2H20 - Zr02 + 2H2 

with an energy release of:21 

HZR - 2912.5 - 0.0585(T + 460.0), Btu/lb Zr . 

The iron reaction is:22 

3Fe + 4H20 - Fe30i» + 4H2 , 

with an energy release of 

HFE - 457.2 Btu/lb Fe . 
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The Fe30tt species 1s believed to be characteristic of oxidation in a 
steam-rich environment. (Note, however, that the Fe30i+ iron oxide is 
inconsistent with INTER which assumes an FeO iron oxide form.) 

The metal oxidation rates for solid-state diffusion are given by 
relations of the form: 

XDOT - A exp t- B/(T + 460)]/XO , (172) 

where XO - oxide layer thickness, cm. The constants A and B depend on 
the MWR input flag for zirconium oxidation and are given in Table 3. 
For iron, A - 0.2662 x 106 cm2/sec and B - 76411 F.23 For the Iron re-
action, the reaction rate is limited by placing an upper limit (input 
TMS) on the value of T used in Equation (172). 

The gaseous diffusion rate for the zirconium is:21* 

XDOTl - 5.57 x IP"8 N u . „ . ^ 0 . 6 8 ^ ^ ^ ^ ^ 

(RP - XF)2 

where 

XF - XG/30.42, oxide thickness, ft 
Nu - Nusselt number - 2.0 
RP - particle radius, ft 

SUM - film temperature, K (T + TRC + 960.)/1.8. 

For the iron reaction, the constant in front of Equation (173) is re-
placed with 4.314 x 10~8 to account for the larger density of Iron. 

The reaction rate is then set to the minimum of the values given by 
Equations (172) and (173) and multiplied by 3600/30.48 to convert the 
rate to ft/hr. Two energy production rates (Btu/hr) are then calcu-
lated: 

QMWI - HZR*DENZR*AHZ*XDOT (174) 

QMW2 - HZR*91.22/36.0*WSB*60.0 (175) 

QMWI Is the power given by the oxidation kinetics, and QMW2 is that 
given by the steam supply limitation. QMW is defined as the minimum of 
QMWI and QMW2, and the actual steam consumption rate is calculated by 
recasting Equation (175) in the form: 

DWSZ , lb/mln . (176) 
HZR*152.03 
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The steam not consumed by the zirconium (WSB — DWSZ) is assumed to 
be available for reaction with iron. Equations similar to Equations 
(172) to (176) are written for the iron reaction with the appropriate 
changes in energy release, metal density, surface area, and stoichiom-
etry. In addition, geometric corrections are made in the rate equations 
for iron. Equations (172) and (174) assume slab or thin shell 
geometry.* For the iron particles, spherical geometry Is modeled. 
Thus, XDOT is divided by: 

GEOM - tRP3 - (RP - XS)3l (RP-XS)2
 ? 

3'XS'RP*4 

where XS » radial thickness of Iron reacted, ft. The surface area AHS 
in the expression for QMWI is multiplied by: 

RAT - (1 - XS/RP)2 . (178) 

The fraction of zirconium reacted is: 

FZR - X/CLAD , (179) 

and the fraction of iron reacted is: 

FFE - 1.0 - (1.0 — XS/RP)3 . (180) 

The metal-water reaction energy is assumed to be added to the 
lumped debris. The net energy input to the debris accounts for the 
enthalpy flows associated with heating the steam to the debris tempera-
ture, retention of the oxygen, and release of the hydrogen at the debris 
temprature. The net metal-water reaction energy is: 

CLADMW - 60.0*DWS*[16/18*CP0XY*(TSAT - 32.0) V ' 

— 2/18*CPH*(T — TSAT)] (181) 

+ 60.0*[DWSZ*HZR*91.22/36.0 

+ DWSS*HFE*167.52/72], Btu/hr 

*In reality, the thin shell approximation for typical U02 and 
Zlrcaloy core volume fractions may produce a 10-30 percent error in 
Equation (174). 



158 

CLADMW 1B generally negative after all the zirconium is reacted. This 
occurs because for the iron reaction the energy required to heat the 
steam to the reaction temperature generally exceeds the isothermal 
energy release. Debrlsconcrete reactions are not modeled during this 
period. 

A.2.4 Debris Temperature 

The debris "energy equivalent" temperature is given by: 

TE - TE + (QDK*TFPL + CLADMW — QWTR — DQHC) 

*DT/(60.0*DBMC) , (182) 

where 

QDK - core decay heat, Btu/hr 
TFPL - fraction of decay heat remaining in debris 
DBHC - heat capacity of debris, Btu/°F < 

and CLADMW, QWTR, and DQHC are defined by Equations (181), (155), and 
(161). The temperature TE may exceed the debris aelting temperature. 
In this case, a melt fraction is calculated as: 

FDM - (TE — TMLT)/(TFUS — TMLT) , (183) 

where 

TMLT - melting temperature 
TFUS - TMELT + DBLAM/DBMC 
DBLAM - debris heat of fusion, Btu. 

If no debris Is melted, then the debris temperature is T - TE. If TE Is 
between TMLT and TFUS, then T - TMLT. If TE is above TFUS, then T - TE 
(TFUS — TMLT). If the melt fraction FDM exceeds the largest previous 
values, additional fission products are released from the debris. 

A.2.5 Programmed Logic Switches 
• + HOTDRP contains a number of logic switches set by input parameters 

which select model options and control the flow of the calculations. 
| 

The Input variable TCORM controls logic with switches the heat 
transfer between isolated-particle to flat plate or debris bed. This 
switch is employed to examine a transition phase which may be postulated 
to occur between head failure and debris bed formation. If 0 < TCOBM < 
10,000, HOTDRP will use an isolated-particle model with heat transfer 
coefficients from subroutine SPHERE until the debris temperature falls 
below TCORM. For debris temperatures below TCORM, a debris bed model I s 
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used. For TCORM > 10,000, a particle levltatlon calculation la per-
formed. The model for TCORM > 10,000 assumes the debris remains In the 
Isolated-particle mode of heat transfer until the calculated steam flow 
rate falls below the velocity required to levitate an Isolated parti-
cle. The steam generation rate in the isolated particle mode Is: 

W8P • HqNCH»(AHZ + AHS)*(T - TRC? § ^ ^ § ( W 4 ) 

60.0*HFG 

The levltation flow rate is: 

WLEV - (8/3*32.2*RP*Pp*P8/CD)l/2*(60*PORO*ACAV), lb/mln (185) 

where 
Pp - particle density, lb/ft3 
Pg - steam density, lb/ft3 
CD - drag coefficient - 0.5 

ACAV - bed area, ft2. 

Debris bed formation is assumed when WSP < WLEV. Test calculations 
using the levitation model Indicate debris bed formation is precluded 
until 2.0-lnch diameter debris particles cool to about 2800°F, 1.0-inch 
diameter particles to 1300°F, 0.5-inch diameter particles to 700°F, and 
0.12-lnch diameter particles remain levitated. 

If the input TCORM is negative, the programming permits multiple 
switches between the debris bed and Isolated particle modes if the de-
bris bed cooling phase is not adequate to maintain the debris tempera-
ture below |TC0RM| (or below the levltatlon velocity). If TCORM is 
positive and the debris bed is uncoolable, the calculation will switch 
to the concrete decomposition phase (INTER). 

Input parameters IH0T, TQNCH, and NCAV (In NLMACE) effect the 
liming of the change in accident phase from HOTDRP to INTER. IHOT and 
NCAV affect the amount of water entering the reactor cavity and vapor-
ized in HOTDRP. The HOTDRP calculations may be terminated if desired 
after cooling the debris to TQNCH. The transfer to INTER is Immediate 
If TQNCH is greater than 2500°F. Otherwise, the transfer is delayed 
until the debris reheats (adiabatlcally) to 2500°F. 

Use of IDBED or MWR greater than 100 activates gas heating and hy-
drogen flooding models. 

A.3. The Debris-Concrete Interaction Model 

The interaction of the core debris with the concrete containment 
base pad is modeled in the subroutine INTER and its associated subrou-
tines. The INTER package was originally written by the Sandla Labora-
tories as a separate code.25 It has been incorporated in the MARCH code 
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as a nodule by Battelle with a few modifications in the areas of debris 
decay heat calculation, debris to water heat transfer, and the Input In-
itialization. In addition, a number of coding errors discovered in the 
original code have been corrected.26 

The INTER package will not be documented in detail here. Important 
modeling considerations and the changes incorporated into the original 
INTER code will be highlighted. For more information on INTER, the 
reader is referred to the Sandla publication. 

A.3.1 Description of INTER 

The major thrust of the INTER code is to model the heat and mass 
transfer mechanisms between the molten core debris and a concave con-
crete pad. Depending on the curvature of the floor, and the volume of 
the molten debris, the melt can be geometrically described as a hemi-
spherical segment or a hemispherical segment intersected by a cylindri-
cal segment. The melt is assumed to be separated into an oxidlc and a 
metallic phase with the denser of the two phases being on the bottom 
layer. 

The heat exchange takes place between the debris and the concrete, 
debris and the medium above the debris, and between the two phases of 
the debris. Each layer (metal or oxide) is assumed to be well mixed and 
isothermal In its interior as long as the layer Is molten. Heat trans-
fer from layer to layer or from a layer to surroundings takes place 
across a boundary layer or film whose thickness varies with the violence 
of mixing. 

The conservation of energy principle Is used to find the tempera-
ture of each debris layer: 

i - i, 2 (metal o .- ide) 
M^ - mass of i-th lay<*c 
Cpi - specific heat of i-th layer 
T^ - temperature of the i-th layer 

d/dt - qj - net rate of heat added to 1-th layer 
t * time. 

q^ is found from 

(186) 

where 

qrad ** ''conc ^cond qD ' (187) 
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Internal (fission-product decay) heating in layer i 

rate of enthalpy addition due to materials entering the 
layer 
net chemical reaction heat rate (the reactions considered 
are Fe + H2O, Fe + C02, Zr + H2O, Zr + FeO, Cr + H2O, 
and Ni + H2O) 

rate of heat conduction from layer j (zero If T^ > Tj) 

rate of enthalpy deletion due to materials leaving the 
layer 

radiation loss rate 

rate of heat lost to the concrete 

rate of heat conduction to layer j (zero If Tj - T^) 
rate of heat of dissociation of concrete products not 
dissociated at the melt/concrete interface. 

Mass balances on each layer Include effects due to melting and de-
composition of concrete, and chemical reactions. A few simplifying 
assumptions are made. 

It is assumed that: 

• All oxides and metals are promptly transmitted to their respective 
layers 

• Gases entering a layer leave the layer in the same timestep Gases 
generated at a vertical interface flow directly to the atmosphere 
without going through the melt 

• Gases bypass frozen layers. 

A.3.2 MARCH Modifications to INTER 

Modifications made in the original INTER code to incorporate it 
into the MARCH code affect fission product decay heat in debris, debris-
water heat transfer and the initial conditions in INTER. Previously, 
the decay heat was calculated by the user and supplied to the code as 
input. At present, it is calculated in the MARCH code in subroutines 
ANSQ and FPLOSS using the ANS standard decay heat curve.27 The heat 
transfer between the debris and any water that may be present on top of 
the debris formerly considered convection only. It was assumed that the 
water was in contact with a cold crust whose temperature was lower than 
the internal temperature of the debris. This has been modified so that 
it is now possible for the debris to also radiate some of its heat to 
the water. The radiation area is specified in the input as a fraction 
of the debris surface area. The debris radiates at the internal debris 

where 

q1 • Ment 

q1 
nreact 

ncond 

leav 
•1 
qrad q1 

^conc 

q1J A ncond 
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temperature. Calculation of the mass of water on top of the debris is 
described in Section C.4. The initial conditions in INTER, such as 
Initial masses and temperatures, used to be input parameters. In the 
MARCH code, they are calculated in the earlier parts of the code and are 
passed to INTER through COMMON blocks. 

When water covers the core debris, the concrete decomposition gases 
are assumed to be cooled to the water temperature. (An Input option 
allows the gas to bypass the water.) The water is also heated by con-
vection and radiation heat transfer from the top of the debris. The 
convectlve heat transfer Is calculated assuming crust formation on the 
debris and using the boiling curve in function HBOIL. Radiation heat 
transfer is calculated assuming a fraction of the area (input FOPEN) 
radiates at the internal debris temperature. The original INTER model, 
which assumes radiation from a crust surface, is suppressed. Because of 
the higher radiating temperature, significantly higher heat fluxes may 
be calculated. 

When there is no water in the reactor cavity, an input fraction, 
FRCW, of the energy radiated from the top of the debris is assumed to 
decompose concrete. The model assumes all the energy leads to decompo-
sition or ablation. None of the energy is re-radiated or conducted away 
from the surface. The fraction 1-FRCW of the radiated energy is lost 
from the system in the sense that the energy is not Included In a mod-
eled energy balance. The gases produced by concrete ablation are added 
to the containment atmosphere. 

The ablation rate is: 

wrad " % ^RCW^CD • 8111 concrete/sec (188) 

where 

Qg - heat radiated from the debris using the INTER "crust" model, 
w 

"RCW " faction of QG which decomposes concrete 
4HCD " QCD + cpC(TDC — 325), J/gm concrete 
QGP • decomposition enthalpy from subroutine DCOMP 
Cpg * specific heat of concrete, j/gm K 
Tp£ « decomposition temperature, K. 

The concrete decomposition is assumed to produce steam and C02 at the 
temperature TpC. The fate of the solid decomposition products is not 
modeled. The steam and C02 production rates are: 

WH 20 - PH20 Wrad » H * 0 / 8 e c • 
WC0 2 " PC02

 Wrad * C°2/ 8 e c • 

(189) 

(190) 
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where F H z 0 and FCQ2 are Che masses of H2O and CO2 (from DECOMP) released 
per gram of concrete decomposed. 

An input option has also been added (HIM < 0) which suppresses 
radial decomposition when both metal and oxide layer solidify. 

A.4. Containment Response Models 

In the MARCH code, the subroutine MACE and its associated sub-
routines analyze the thermal-hydraulic processes in the reactor contain-
ment building. 

The MACE subroutine can accommodate a variety of containment con-
figurations. It can handle large dry, ice condenser, and suppression 
pool containmert8, including most containment safeguard systems. The 
containment building can be modeled with up to eight compartments. 
Transfer of material between compartments takes place in a step-wise 
fashion by one of several mechanisms. Only series-type compartment con-
nections are allowed. 

For compartments that are freely interconnected, transfers are 
driven by pressure differences that result from energy inputs and heat 
losses. Transfers of this type are such that they establish pressure 
equilibrium among all compartments in each tlmestep. Leakage type 
transfers occur between compartments and outside air when the contain-
ment falls. These transfers are driven by pressure differences across 
specified orifices, and do not necessarily establish pressure equilib-
rium. The third type of transfer is driven by intercompartment fans 
according to a specified volume flow rate. 

A.4.1 Containment Mass and Energy Balance 

Conservation of energy for the containment atmosphere may be stated 
as: 

AU - E Wih1 dt + Qdt (191) 

where 

AU m changes in internal energy, Btu 
Wi*i - enthalpy flow into compartment, Btu 

Wi - mass flow into compartment, lb/min 
hi - enthalpy, Btu/lb 
Q - energy input, Btu/min 

dt timestep, min. 

! H - u + PV, the enthalpy change is: 
AH - AU + 0.1852V AP (192) 
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where 

AH - change in compartment enthalpy, Btu 
V - compartment volume, ft3 

AP - change in compartment pressure, psla 

and the constant 0.1852 is a units conversion factor. Combining Equa-
tions (191) and (192), the energy balance equation may be written In 
terms of the enthalpy change as: 

AII - E W ^ dt + Qdt + 0.1852 V AP , (193) 

or 

H 2 - Hx + E W ^ AT + QAt + 0.1852 V AP , (194) 

where the subscripts 2 and 1 refer to the new and old parameter values. 

Equation (194) is the MACE energy conservation equation for the 
containment atmosphere. 

Sources of containment energy are listed below. Using the MACE 
notation* for Equation (194), the energy balance equation is: 

u T - u T 0 T + (RUQ + RUG + FP Qdk/60.0 - % - Q S + E G V ) dt 

+ 0 . 1 8 5 2 V A P + A U B N — A U L K — A U T X — E A U , B t u , ( 1 9 5 ) 

where 

UT - new compartment enthalpy, Btu 
UfOT - enthalpy from previous timestep, Btu 
Ru g - non-condensable gas energy flow into compartment, Btu/min 
RUS " 8 t e a m anc* water energy flow into compartment, Btu/min 
Fp • fraction of decay heat airborne in compartment 
Q d k - total decay heat, Btu/hr 
QJJ - heat removed by building coolers, Btu/min 
Qg - heat transfer to building walls, Btu/min 

Egy - energy added by sump water vaporization, Btu/min 

*Note that the notation U in the MACE routine represents enthalpy 
rather than the more conventional Internal energy. Also note that 
Equations (193) to (195) are energy conservation equations. That is, 
they (correctly) conserve "Internal energy" not (incorrectly) 
"enthalpy." 
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AU0N - energy added by hydrogen and CO combustion, Btu 
AUlk - energy leaked due to containment failure, Btu 
AUTX - energy loss due to lntercompartment transfers, Btu 
IAU • others not specifically defined above. 

As discussed previously, MACE calculates intercompartment transfer 
for multi-compartment containments in a two-step procedure. In the 
first step, the intercompartment transfers are ignored (AU,^ • 0) and 
Equation (195) is used along with a mass balance and equation of state 
to calculate the individual compartment pressures. The compartment 
pressures will generally be different because of the different source 
terms. In the second step, intercompartment transfers, AU^t a r e calcu-
lated which equalize the pressures. 

The enthalpy flows (RUG» l n t 0 t h e compartment are.generally 
calculated in the source modules (INITIAL, BOIL, HOTDRP, INTER), but may 
also Include additions from MACE "events" entries. Heat transfer to 
building coolers and walls, combustion, and containment failure are de-
scribed in other sections. 

The VAP term in Equation (195) is calculated in MACE from old time-
step containment pressures; that is, AP - P]_ — P_j, where Pi is the pre-
vious pressure and p_i is the pressure two timesteps back. In some 
cases, It is observed that the inertia or "ancient" history of the VAP 
term as calculated may have a small (~1 percent) effect on the shape of 
the containment pressure trace. 

The last term in Equation (195), EAU, represents a number of addi-
tional energy transfer terms which may be present, but are not specifi-
cally included in other terms. The symbol EAU is used here for the sake 
of brevity. EAU includes energy transfer by (1) direct fallout from .the 
atmosphere of a portion of the liquid blowdown included in RUS, (2) re-
moval of liquid condensate from building coolers and on containment 
walls, (3) energy removed by direct blowdown through relief valves into 
the suppression pool, (4) energy transfer by Intercompartment fans,,(5) 
energy removal by containment sprays, and (6) energy removal by gravita-
tional fallout of suspended water droplets from the atmosphere. 

Energy removal from the atmosphere (to sumps) by fallout and con-
densation is: 

AUW - AMJh.,, 3tu , (196) 'F F F 

where 

AMp - mass of water falling out during the MACE timestep, lb 
hp - fallout water enthalpy, Btu/lb. 
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Mass balances are written for each component of the containment 
atmosphere. The mass balances parallel the energy terms Included In 
Equation (195). For example, the atmosphere steam (Including suspended 
water) mass balance is: 

W S " MOS + (^IS + *SV> d t + AWBN ~ &WLK ~ A WTX l b ' ( 1 9 7 ) 

where 

Wg - current steam and water mass in atmosphere, lb 
MQ£ - previous timestep value of WS, lb 
R^g - steam and water additions from source modules, lb/mln 
Mgy - steam from sump vaporization, lb/mln 
AWbn - steam addition from combustion, lb 
AWifx " net steam intercompartment transfer, lb 
EAM - others, as discussed for Equation (195). 

Compartment Thermodynamic Equilibrium Model 

The mass and energy added to a containment compartment from various 
sources are assumed to be uniformly distributed over the total volume of 
the compartment. Based on this assumption, the equilibrium thermo-
dynamic properties of the compartment, such as temperature, pressure, 
atmospheric quality, etc., are calculated In subroutines MIXCTRL, EQUIL, 
TEMP, SATEST, and MACE. 

The total Inventory of the masses of the materials that make up the 
compartment atmosphere and the total energy in those compartments are 
continuously updated in the subroutine MACE. The temperature, pressure 
and other thermodynamic properties of the compartment atmosphere are 
calculated as follows: 

First, subroutine SATEST checks to see if the compartment atmo-
sphere is superheated. If it is not superheated, the compartment temp-
erature, To is calculated from the following equation: 

UTOT - (MC ) (T - 32.0) + (WS - ^ ^ r ) h (T ) + J U - h <T ) (198) 
v gv o' gv o' 6 

where 

UTOT - total enthalpy In the compartment; 
(MC-)a - sum of the mass times the specific heat of the non-con-

densables, i.e., (MC ) A - (MC ) N 2 + (MCp)02 + (MC ) H z + 
(MCp)^ + (MCp)C02 

T q • compartment temperature 
WS - mass of steam plus suspended water droplets in the atmo-

sphere 
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VC - compartment volume 
Vg(T0) • specific volume of steam at saturation temperature of T0, 
M V " specific enthalpy of water at saturation temperature of 

V 
hg(T0) • specific enthalpy of steam at saturation temperature of 

T • 

Vg(T0),hf(T0) and h_(T0) are polynomial functions of TQ (Equations 
315-317). 

If, however, the compartment atmosphere is superheated, the temp-
erature Is found from 

UTOT - (MCp)A(TQ - 32.0) + WS H (TQ) (199) 

where H (TQ) is the superheated vapor enthalpy. H (TQ) Is derived from 
two equations of state that have been obtained by fitting to steam 
tables data28 for saturated steam conditions. These equations are: 

P*Vg - 1.34863 H - 1157.716 (200) 

P*Vg - 0.50662 Tq + 282.4364 (201) 

where 

P = steam partial pressure, psia 
V_ - specific volume, ft3/lb 
H - specific enthalpy, Btu/lb. 

From Equations (200) and (201): 

H = H(Tq) - (0.50662 TQ + 1440.15)/1.3486 . (202) 

Substituting H(TQ) in Equation (199) and solving for TQ gives the 
temperature of the compartment atmosphere. 

Then the partial pressure of steam in the compartment atmosphere, 
Ps, is found from Equation (201) with Vg - VC/WS. The specific enthalpy 
of steam -s given by Equation (202). 

The partial pressures of gases in the atmosphere are found by using 
the ideal gas law, i.e., 

W.R.(T + 460) 
Pi - 144 VC <203> 
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where 

i - N2, 02, H2, C02, CO 
W^ « weight of gas i 
R^ - gas constant for gas i. 

The total pressure in the compartment is the sum of partial pres-
sures, i.e., 

ptot " ps + 2 pi (204) 

where P_ is the partial pressure of steam and i goes over N2, 02, H2, 
C02, and CO. 

The enthalpy associated with the non-condensables in the atmosphere 
is: 

UAIR - (MCp)air (Tc - 32.0) . (205) 

The enthalpy of steam plus water droplets in the atmosphere is 

ENSX - UTOT — UAIR . 

Then the fraction of steam in the 8team-*water mixture in the atmo-
sphere is given by 

ENSX . ,T . ~T7§ M o ' X - J 1 2 * ° (206) 
H(T ) - h-(T ) o r o 

and the masses of steam and water droplets in atmosphere are 

MF - (1 - X) WS (207) 

MG - WS — MF (208) 

A.4.2 Inter-Compartment Transfers 

At the end of a MACE tlmestep, those compartments in the contain-
ment that have been specified in the input as connected are allowed to 
transfer enough material among themselves so that they all have the same 
pressure. The use of this approximation, rather than requiring conser-
vation of momentum, permits MACE to use large timesteps. The MACE time-
step is adjusted to limit the amount of energy transferred between com-
partments to 20 percent of the energy in the source compartment. 
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The effect of any mass or energy addition or removal from a com-
partment is assumed to be uniformly distributed over the total volume of 
the compartment. Since energy is not added to or taken out of all com-
partments at the same rate, transfers between compartments must take 
place to attain a uniform containment pressure at the end of a MACE 
timestep. 

The way the inter-compartment transfer models in the MARCH code are 
set up Is: 

1. On the first iteration, assume each transfer path carries 20 per-
cent of the enthalpy in its source volume 

2. Find the pressure, temperature, and other thermodynamic properties 
in each compartment 

3. Find the pressure change in each compartment per unit of enthalpy 
transferred over each path connected to that compartment 

4. From a set of linear algebraic equations, find the amount of 
enthalpy that would be required to be transferred over each path in 
order to bring all compartments to a uniform pressure, PQ 

5. Iterate on the transfers until the calculated pressure PQ does not 
change by more than 0.01 psla. 

The algebraic equations used in step 4 are as follows (these equa-
tions are solved in subroutine SOLINEQ). Since p" - P + Z(3P/3U)dU and 
p" - PQ, in general form: 

K U A U ! + K 1 2 A U 2 + ... + K L ^ A U J ^ - 1.0 P Q - - P 2 

K Z I A U ! + K 2 2 A U 2 + ... + K 2 N U A U - 1.0 P - - P 2 hu N U o ( 2 ( ) g ) 

^ A l h + K^AU, + ... + K ^ A U ^ - 1.0 PQ - -? N 

where 

N • the number of compartments 
NU - the number of transfer paths 

AUi,AU2. . .AU.-:, - (unknowns) enthalpy transferred over paths 1, 
2, ... NU, 

P Q - (unknown) uniform pressure In all compartments 
after transfers 

P^,P2,...P)] - pressures in compartments 1, 2, ... N, respec-
tively, found in step 2. 

Since only series paths (no parallel paths) are allowed in the 
MARCH code, NU - N — 1, and there are the same number of equations as 
the number of unknowns. 
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The K's In the above equation are: 

K i j " - 5 u p <21 0> 

where AP^j » change in pressure in compartment 1 as a result of trans-
fer AUj and AUj - the amount of enthalpy transferred over path j in the 
previous Iteration. 

If path j is not connected to compartment 1, 

K ^ - 0.0 . 
There are three other types of mass and energy transfers between 

compartments. One is the leakage type transfer which takes place be-
tween a compartment and the outside air after the containment has 
failed. A second allows compartments to "vent" Into another. These 
transfers are pressure-driven across specified orifices and do not nec-
essarily establish pressure equilibrium. They are explained in later 
sections. The transfers of the third type are driven by inter-compart-
ment fans. 

A.4.3 Containment Structure Heat Transfer and Condensation 

The containment walls and the structures are modeled in the MARCH 
code as passive one-dimensional slab geometry heat sinks. The code al-
lows up to 15 heat sinks and up to 5 materials to make up the sinko. 
Material densities, heat capacities, thermal conductivities, as well as 
the physical location, composition, and the heat transfer area of each 
heat sink are supplied by the user. The code uses a finite difference 
method to calculate the temperature profiles in the sinks.* Therefore, 
it is also necessary for the user to input the node coordinates and in-
itial temperatures. Two adjacent slabs made up of two different materi-
als can be modeled as one heat sink, with a constant interface heat 
transfer coefficient. The heat transfer coefficients at the boundaries 
in contact with the containment atmosphere are calculated in the code. 
The boundary in contact with the outside air is assumed insulated. 

The heat transfer coefficient, hj, at the boundary between the con-
tainment atmosphere and the surface of the heat sink is calculated as:29 

V T b - V " V T s a t - V + hN<Tb - V » < 2 1 1 > 

*The method used to solve the conduction equation is the same as 
that described in the CONTEMPT-LT Manual (Reference 29). 
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where the term on the left side Is the total heat transfer at the boun-
dary per unit area per unit time. The first term on the right side la 
due to steam condensation on the surface and the second is a natural 
convection term. Rearranging this equation, the total heat transfer co-
efficient at the boundary, hj. is obtained: 

h T - hc V - " / " + hN ' <212> b w 

where 

h„ • condensing heat transfer coefficient c 
Tflflt • saturation temperature of steam In containment atmosphere 

T w - heat sink surface temperature 
Tjj - temperature of containment atmosphere in the bulk 
h^ - natural convection heat transfer coefficient. 

hc and hjj are calculated from 

hc - 66.75*ASWR-°-707 for ASWR < 20 (Reference 30) , 

or (213) 

h - 12 - for ASWR > 20 , c 5 ' 
where ASWR - air-to-steam weight ratio in the containment atmosphere, 
and 

hjj • 0.l9*|Tb - Twl1/3 (Reference 31) , (214) 

hc and hN are in units of Btu/hr/ft2, and in the code hc is bounded be-
tween 2.0 and HMAX, where HMAX is an input number. 

The boundary condition at the surface if the slab heat sink is 

- * § - V T b - V • <2l5> 

where k is r.he thermal conductivity of the material in the slab and 
dT ~ Is the slope of the temperature profile into the slab at the surface, dx 

At an insulated boundary 

k . o.O or Kj, - 0.0 . <21&) 
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At the same Interface between two adjacent slabs, the boundary con-
dition is 

l l R - h i < T l R - T 2 L > ' <217> 

where 

k , k - thermal conductivities of materials in slabs 1 
1 2 and 2, respectively 

dX dT 
dX 11R ' <lx ^2L " s l oP e s o f temperature prof lieu I n slabs 1 and 2 

at the Interface, respectively 
h£ • Interface heat transfer coefficient (input value) 

- temperature of last node in slab 1 - temperature of first node in slab 2. 

The subroutine SLAB in the MARCH code calculates the node tempera-
tures in all heat sinks at the end of each timestep. It also calculates 
the heat fluxes into and out of each slab and the total amounts of tieat 
input, output, and absorption in each slab during the timestep. Using 
parameters calculated in the subroutine SLAB, the SINK subroutine calcu-
lates 

DTEM(J) - MPT ATI (218) 

where 

DTEM(J) - average bulk to heat sink surface temperature difference 
in compartment J in the containment 

AT^ - tjj — t̂ , for slab 1 in compartment J 
AREA^ • surface area of slab 1 in compartment J 

and the summations are over all slabs in compartment J. OTEM(J) is part 
of the CORRAL code input.32 The total heat absorption rate in all slabs 
in compartment J, QRS(J) Is: 

NSLAB 
QRS(J) - Z (QL. — QRJ) , (219) 

1 - 1 1 1 

where QL^ and QR^ are rates of heat entering the left face and leaving 
the right face of slab i. 
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Rate of steam condensation on the walls of the containment heat 
sinks is calculated in the subroutine MACE. MACE calls the subroutine 
MIXCTRL, which along with its own associated subroutines, calculates the 
equilibrium temperature, pressure, atmospheric quality, and steam con-
centration of each compartment atmosphere, with and without QRS(J)*DTX 
of energy taken out of the atmosphere. Then the rate of steam condens-
ing on the structures in compartment J, MSCW(J) is: 

WL2 _ WLx 
MSCW(J) , (220) 

where WLi and WL2 are the masses of liquid water in the compartment J's 
atmosphere before and after QRS(J)*DTX of enthalpy is taken out. 

A.4.4 Containment Sump Model 

For a BWR, the dry-well and the wet-well are modeled as separate 
compartments, each having its own sump. In the wet-well, the pressure 
suppression pool serves as the sump. In the dry-well, water collects on 
the floor and when its volume exceeds an Input specified value, it is 
assumed to overflow into the wet-well through the vent pipes. 

For a PUR, the cot.i ainment usually Vi?is only one sump and water from 
all compartments drains into that sump. The connection of the sumps is 
an input option. 

Water may be added to a sump from one or more of the following 
sources: 

• Containment sprays 
• ECC overflow 
• Direct fallout of the blowdown water 
• Condensation on the walls and other structures in the containment 
e Gravitational settling of water droplets suspended in the contain-

ment atmosphere 
• Condensation in containment building coolers 
e Condensation in ice condensers 
e Ice melting. 

The last two sources above are present only in an ice condenser contain-
ment and they provide water for the sump in the lower compartment 
(ICECUB-1) only. 

Water may leave a sump by: 

e Flashing during containment depressurizatlon 
e Boiling due to fission product heating 
e ECC recirculation 
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• Containment spray recirculation 
• Vaporization 
• Boiling if it comes into contact with fragmented core debris after 

reactor pressure vessel meltthrough (in subroutine HOTDRP) 

Fission products that are scrubbed by the ice beds in a PWR are as-
sumed to enter the lower compartment sump, and the ones that are 
scrubbed by the pressure suppression pool in a BWR are assumed to remain 
in the pressure suppression pool. 

A.4.5 Reactor Cavity Model 

Tn addition to the modeling of the regular sumps It is also pos-
sible to model in the MARCH code a reactor cavity that is located imme-
diately tinder the reactor preBBure vessel. Water from all sources first 
falls on the floor in compartment NCAV. When the volume of the water on 
the floor exceeds an input specified value, the water is assumed to 
overflow into the cavity. If the cavity fills up, the extra water 
drains back onto the compartment floor. In addition, spray water may be 
directed to the reactor cavity. 

When the pressure vessel bottom head melts through, the debris is 
assumed to fall directly into the water in the cavity. 

A.4.6 Containment Failure and Leakage Models 

In the MARCH code, the containment is assumed to fall when an input 
specified containment pressure, containment temperature, or accident 
time Is reached. In addition to the numerical values of the pressure, 
temperature, o*» time that Initiates the containment failure, the number 
of the compartment in which the failure occurs, the containment break 
area, and the orifice coefficient for the break are also input to the 
code. 

Once the containment has failed, the leakage to outside is calcu-
lated as follows: 

WBRK - ABRL*G 

(221) 

where WBRK * mass rate of leakage of the air-steam mixture in the con-
tainment (calculated in subroutine CONFAIL in the MARCH code), ABRK -
break area, G - mass : tow velocity. G Is taken as the minimum of G1 and 
G2, where 

GI - (CBRK*^ • tg.Pg. AP . 144)1/2 (Reference 33) (222) 
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G2 - (1642.) (Pp'Pc)1/** (223) 

CBRK - orifice coefficient for the containment break; gc - gravitational 
acceleration, 32.2 ft/sec2; pc - density of the air-steam mixture in the 
compartment where the containment fails; AP - Pc - 14.7; Pc - pressure 
In the compartment, psla., G1 and G2 are expressed In units of lb/ft2/ 
min. 

The leaked fraction, FTX, of the air-steam mixture in the compart-
ment where the failure occurred over the timestep of DTX is: 

FTX - W B R K * D T X 

WAIR+WST 

where WAIR and WST are the masses of non-condensable air and steam, re-
spectively, in the compartment. The masses of gas, the fission product 
decay heat, and the total enthalpy that escaped to the outside atmo-
sphere are calculated by multiplying the amount present in the compart-
ment by FTX. 

If the pressure in the compartment is less than the atmospheric 
pressure, the leakage is assumed to be Inwards with net addition of air 
into the compartment. The outside air Is assumed to be 79 percent N2, 
21 percent 02, and at 70°F temperature. 

A.4.7 Containment Safety Features 

Spray Droplet Heat Transfer Model. The mechanisms for heat and 
mass transfer between the containment sprays and the containment atmo-
sphere are modeled in subroutine SPRAY In the MARCH code. Heat transfer 
mechanisms are discussed In this section; the mass transfer is discussed 
below under the gravitational fallout modeling. 

Spray flow rates, average diameter of the spray droplets, the logic 
to turn the sprays on and off and to set the spray mode to injection 
from the refueling water storage hank or recirculation from the contain-
ment sump, or both, are supplied to the code by the user as Input. The 
characteristics of the initial spray droplets as they come out of the 
spray headers (mass, volume, surface area, and number of droplets per 
unit time) are calculated from values given In input. 

In analyzing the spray droplet heat and mass transfer mechanism, It 
is assumed that: 

^Equation (223) is a fit to results In The Reactor Handbook, Volume 
2, Engineering, U.S. Atomic Energy Commission AECD-3646 (May 1955), 
p.77. 
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• Spray droplets are spheres 
• Spray droplets are at uniform temperature, I.e., there Is no temp-

erature variation within the droplets 
• Droplets fall with a constant average velocity 
• All droplets are the same size 
• There Is no direct Interaction among droplets, I.e., no droplet 

break-up or agglomeration. 

Under these assumptions, the heat transfer coefficient, h, at the 
surface of the spray droplets Is given by31* (all units In the following 
are British unltB): 

h - - (2.0 + 0.54 Re1/2) 
D 

(224) 

where 

k - thermal conductivity in droplets 
D - diameter of droplets 
Re • Reynolds number. 

The Reynolds number Is calculated In subroutine REYN as follows: 

(225) 

(226) 

where 

(227) 

where 

PD - density of spray droplet 
Pm « density of air-steam mixture i 
D - droplet diameter 
Uq - viscosity of air-steam mixture 

density of air-steam mixture in compartment 

u_ Is calculated from: ni 
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1 - V A P 4.5704 VAP 
1 - VAP 

where 

y a l r - viscosity of air 
(j • viscosity of steam 

VA? • vapor mole fraction in the air-steam mixture 

vair an<* a r e 8 i v e n a8*' 
, 7 6 8 

wair 
/TA 0.0414 { ^ j 

y - 0.003339 T A ^ s TA + 1224.2 

where 

TA - Tq + 460 
TQ - compartment temperature. 

The droplet fall velocity, vD, is calculated from the Reynolds num-
ber, 

Re v 
(229) 

pDD 

The droplet temperature as a function of time Is found by equating 
the droplet heat-up rate to the heat transfer rate between the droplet 
and the compartment atmosphere, i.e., 

mCpT - hA(T0 - T) , (230) 

where 

m " droplet mass 
Cp * specific heat of droplet 
T - T(t), temperature as a function of time 
A " droplet surface area. 
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The equation above can be put into the form: 

T + XT - XT. , X hA 
mC„ ( 1 2 8 ) 

is: 
The solution to this equation with the initial condition T(o) - T± 

T - Tt + (Tq - T±) (1 - e~Xt> . (232) 

The final temperature of the droplet is found by substituting in 
this equation the time it takes for the droplet to fall to the bottom of 

HC 
the compartment, i.e., for t • tr « — w h e r e HC is the compartment 
height. VD 

TF - T< + (TQ - T±) (1 - e"Xtf) . (233) 

If the initial temperature of the spray water T^ Is less than the 
compartment temperature, TQ, the amount of heat, DEW, remaining in a 
droplet is: 

DEW - mCp(Tf-T±) for Tf £ TQ < TB a t or Tf <. Ts a t< TQ (234) 

or 

DEW - mCp(T8at-T1) - |DMW| • h^ for T s a t < Tf <. ,TQ (235) 

where 

Tsa». • saturation temperature of steam with specific volume WS/VC, 
where WS is the total steam mass in the compartment and VC 
is the compartment volume 

DMW - evaporated mass of droplet 
hjj - specific enthalpy of water at saturation temperature, Tsat. 

If T^ > TQ, the spray droplets are cooled by the compartment atmo-
sphere, and the heat transferred is calculated in subroutine KOOLER as: 

DEW P V T * " *"«> . h- for T_ > T h- - h; 8 f 8 a t g * 
(236) 

DEW 
m Cp ( Tl - Tsat> 

h' _ h : g * 
• h" + g m — 

mC (T. - T ) p 1 sat 
h' - h ; g * 

C (T — T.) p sat f 
(132) 
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where h* and h£ are the specific enthalpies of steam and water at satu-
ration temperature of (T^ + Tflat)/2. 

The total rate of heat exchange, EC, between the spray droplets and 
the compartment atmosphere Is given by: 

EC - DEW x N (238) 

where N is the total number of spray droplets flowing out of the spray 
headers per unit time. 

Gravitational Fallout Model. There are two components to the 
amount of water that falls out of the containment atmosphere due to 
gravity. One Is associated with the containment sprays and the other is 
simple settling of the water droplets suspended in the atmosphere. 
Water from both sources is added to the containment sump at the end of 
the timestep. 

The amount of water falling out of the containment atmosphere dur-
ing a timestep is calculated separately for each compartment and then 
summed over all compartments to give the total amount. 

The amount, CFALL, falling out of the atmosphere In a single com-
partment over a timestep is given as 

CFALL - jrfP + DMF . (239) 

Where DMP is the component associated with sprays and is present only if 
there are sprays in the compartment. It is given by 

DMP - N(M + DMW)*DTX , (240) 

where 

N - number of spray droplets coming out of the spray headers per 
unit time 

II - average mass of each droplet 
DMW - mass of steam condensed on each droplet or mass of water 

evaporated from each droplet depending on the compartment 
temperature and initial and final temperatures of spray drop-
lets 

DTX - timestep. 

If the final temperature of spray droplets is less than the satura-
tion temperature of steam in the compartment atmosphere, and if the com-
partment is not superheated, DMW is the mass of steam condensed on a 
droplet and Is given by 
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DMW « Q C* S T H R , (241) 
h — h. 

where 

QC - M«Cp«(Tf - T±) 
Cp - specific heat or spray water 
Tf - final temperature of spray droplets 
T^ - initial temperature of spray droplets 

STHR - ratio of the enthalpy of steam in the compartment atmo-
sphere to the total enthalpy in the compartment atmosphere 

hg,hf - specific enthalpies of steam and water at saturation temp-
erature of TQ, where TQ Is the compartment temperature. 

If T^ is less than the compartment temperature but greater than the 
steam saturation temperature, T s a t , corresponding to specific volume 
WS/VC, where Wg i s the total steam mass in the compartment and VC is the 
compartment volume, and if the timestep Is larger than it takes the 
spray droplets to fall to the floor, DMW is the evaporated part of the 
mass of the spray droplet and Is a negative number 

DMW - - Q C , (242) 
h g " h f 

where 

hg,hf are at the saturation temperature, Tsat« 

DMF is due to gravitational falling of water droplets suspended in 
the atmosphere and is given by: (VD DTXN 

1 - e » (243) wiiBie V 

XMF «• mass of water droplets suspended in the atmosphere 
v - droplet fall velocity 
HC - compartment height 
vD is given by: 

Re'u 
2- (244) 

p .D m 
where 

Re » Reynolds number 
li • viscosity of the steam-air mixture in the compartment 
p - density of the steam-air mixture in the compartment m D - droplet diameter 
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The calculations normally use a droplet diameter of 4 microns.35 How-
ever, if excess liquid (quantified by TSAT-TQ > 10°F) accumulates In the 
atmosphere, the drop size is increased to 400 microns. The calculations 
of Re and y are shown in a later section, m 

Containment Building Cooler Model. The required input for the con-
tainment building cooler model calculations in the MARCH code consist 
of: 

QR - rated capacity, Btu/hr 
WPR » rated fan flow rate, ft3/min 

TPIR - rated cooler Inlet gas temperature, °F 
WSR • secondary flow rate, lb/min 

TSIR - secondary water inlet temperature, °F 
TC00L • time to start cooler, min. 

The heat transfer coefficient correlation Information Is taken from 
the Oconee Power Reactor Final Safety Analysis Report36 and is as fol-
lows : 

h - 269 + 4.095 (VAP - 0.26) x 100 for VAP 0.26 , (245) 

h - 104 + 6.346 x VAP x 100 for VAP < 0.26 , (246) 

where VAP is the vapor mole fraction In the containment, and h is in 
units of Btu/hr/ft2/°F. 

The heat transfer area of the cooler is found from the rated input 
conditions and h correlation as: 

AREA , ft2 (247) 
h(TPIR - TSIR) 

WSR x 120 

where h is calculated using VAP under rated operating conditions. 

In accident situations, the amount of heat taken out of the con-
tainment atmosphere by the containment building cooler per unit time is 
given as: 

QRH - h x AREA x TEM - TSIR ^ Btu/min (248) 
(1 + h x AREA > 
^A WSR x 120 

where h is calculated using the containment vapor mole fraction at pres-
ent conditions and TEM is the containment atmospheric temperature. 

MACE contains a second type of building cooler (Input option). The 
cooler may be turned on and off automatically at preset containment 
building pressures. The cooler operates at a constant capacity (Inde-
pendent of compartment conditions). The set-point pressure at which the 
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cooler Is turned on and off and the cooler capacity (QRCOOL) are sup-
plied as Input by the user. Because of coding restrictions, the two 
types of coolers must be in different containment volumes or must not 
operate simultaneously. 

Ice Condenser Model. Ic? condensers are used in some PWRs to pro-
vide pressure suppression during the Initial stages of an accident. In 
the MARCH code, the ice bed is nwdeled as a heat sink located in the 
flow junction between containment compartments ICECUB and ICECUB-1. 
Blowdown occurs either into compartment ICECUB-1 or a connected compart-
ment so that flow is directed through the lcebed. The required input 
parameters for the modeling of an ice condenser cooler in the MARCH code 
are given below: 

ICECUB - ice bed compartment 
WICE - mass of Ice in lcebed 
TICE » initial temperature of ice 
TWTR * temperature of water draining from icebed during blowdown 

(first 60 seconds) 
TWTR2 » temperature of water draining from Icebed during bolloff 
TSTM • temperature of air-steam mixture exiting top of lcebed 

DCFICE • decontamination factor for condensable fission products 
flowing through icebed. 

The default values used by the code for TICE, TWTR, TWTR2, and TSTM 
are 20°F, 190°F, 130°F, and 105°F, respectively.37 

In the MARCH code, the ice condenser modeling calculations are done 
in the subroutine MACE. The assumptions regarding these calculations 
are given below: 

• Ice condenser doors do not Interfere with the flow of steam and air 
mixture from one compartment to the other 

• Kinetic and transient effects on the ice condenser are negligible 
• The temperature of steam-air mixture exiting the top of the ice 

cooler, and the temperature of the ice melt and condensate draining 
from the bottom of the ice cooler are assumed constant and they are 
supplied by the user 

• The mass of steam condensed in the icebed is the minimum of that 
flowing into the bed or that which would reduce the upper compart-
ment steam density to psat (TSTM). 

The mass of steam condensed on the ice cooler per unit time, MSCI, 
is given by: 

MSCI - min (WSX, WS — VC*pSAT (TSTM)) /DTX (249) 

where 

WSX - mass of steam entering the icebed from the lower com-
partment (ICECUB-1) 

VC • upper compartment volume (ICECUB) 
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WS - mass of steam In upper compartment 
pgAT(TSTM) - saturation steam density at TSTM 

DTX - timestep size. 

Fission product decay heat fraction taken out of the atmosphere by 
the ice cooler, DFP, la 

DFKP - FP X (1 — P-CPICE) X CGF , (250) 

where 

FTX - fraction of lower compartment volume transferred 
FP - fraction of fission product decay heat in the lower com-

partment atmosphere 
DCFICE - decontamination factor for condensable gaseous fission 

products (input parameter) 
CGF « the condensable fraction of fission products released from 

the fuel (from subroutine FPLOSS). 

Energy removed from the containment atmosphere by the Ice cooler 
per unit time Is: 

QICE - 5 S - CA x (TSTM - 32.0) x FTX + (WSX _ ^ K ^ ( 2 5 1 ) 

DTX DTX DTX 

where 

UTX « energy (Btu) entering the icebed from the lower compartment 
CA - mass x specific heat of non-condensables In the lower com-

partment , Btu 

HTSTM - specific enthalpy of steam at T - TSTM, Btu/lb. 

The mass of Ice melted over the time DTX is given by: 

DWI - Xmz- x DTX , (252) 
H1CE 

where 

HICE - the energy needed to heat a unit mass of Ice from an Initial 
temperature of TICE, melt it and raise the temperature of 
the melt to TWTR or TWTR2 depending on whether the accident 
is in the blowdown or boiloff stage. 

The masses DWI and MSCI x DTX and corresponding energy are added to 
the containment sump. 

The grid and the structures used to hold up the ice blocks in the 
ice condenser can be treated as passive heat sinks with an initial temp-
erature of TICE after all the ice has melted. 
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Inter-Compartment Fan Model» A fan that transfers containment 
gases from one compartment to the other can be incorporated in the MARCH 
containment analysis calculations. The fan can be turned on at an input 
specified containment pressure, temperature, or time. Also supplied by 
the user are the fan flow rate and identification numbers for the source 
and receiver compartments. 

After the fan has been turned on FCFM*DTX (ft3) of volume O.CFM is 
the fan flow rate specified by the user and DTX is the timestep) is 
transferred from the fan source compartment to the receiver compartment 
per timestep. Transfers due to fan flot* precede those that are driven 
by pressure gradients. 

The fan may (optionally) be turned off when the containment fails. 

BWR Wet-Well Pressure Suppression Model. The MARCH 2 code is also 
able to model a typical BWR suppression pool and containment configura-
tion. In a pipe break accident when the pressure in the dry-well in-
creases due to the accumulation of steam which has leaked from the pri-
mary system, a part of the dry-well air volume is driven into the wet-
well through the vent pipes and the pressure suppression pool. In the 
process, the steam that was in the drywell atmosphere condenses In the 
pool. 

The required input data for the BWR pressure suppression system 
modeling calculations in the MARCH code are: 

IDRY - dry well compartment number 
IWET » wetwell compartment number 
WPOOL - initial mass of water In the pressure suppression pool 
TPOOL » initial temperature of water in the pressure suppression 

pool 
DCF • decontamination factor for condensable fission products in 

the pool 

The assumptions made and the procedures used in the BWR wet-well 
pressure suppression system modeling in the MARCH code are given below: 

• The suppression pool is uniformly mixed 
• All steam entering the pressure suppression pool is condensed 
• The suppression pool vaporization is that required to maintain the 

partial pressure of steam in the wet well atmosphere at the satura-
tion pressure corresponding to the pool temperature 

• Noncondensables leave the pressure suppression pool at the pool 
temperature 

e Steam leaking from the primary system can be sent directly into the 
pressure suppression pool (input option) 

• Condensable airborne fission products flowing through the pressure 
suppression chamber as a result of inter-compartment transfers are 
retained in the pool according to: 
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DFP - FP*FTX*( —)*CGF (253) 
DCF 

w h e r e 

DFP - fraction of fission product decay heat retained In the pres-
sure suppression pool 

FP • fraction of fission product decay heat In the dry-well atmo-
sphere 

FTX - fraction of dry-well volume transferred 
DCF - pool decontamination factor (input value) 
CGF - condensable gas fraction of fission products released from 

fuel. 

Scrubbing of fission products released through vent valves directly to 
the pool is modeled In a similar fashion. 

Containment Venting Models. The input parameter IVENT controls op-
tional "venting" between compartments. The IVENT parameter permits two 
compartments to be connected through an orifice at some point in the ac-
cident. Thus, one compartment "vents" or leaks into the other. The 
"vent" path may (optionally) contain a suppression pool or an ice bed. 

The rate of gas flow between compartments Is calculated in sub-
routine CONVENT as the minimum of the orifice flow rate as given by38 

G1 - 5778«ABVRK»CVBRK«(RH0'AP)1/2 , (254) 

and the critical flow rate given by39 

G2 - 1642*A.VBRK»(RHO*P), (255) 

where 

AVBRK • vent or inter-compartment flow area 
CVBRK - orifice coefficient 

RHO - density of gas In source compartment 
AP - pressure difference between compartments 
P * pressure in the source compartment. 

A.4.8 Hydrogen and Carbon Monoxide 

The hydrogen and carbon monoxide burning model employed in the 
MARCH code consists of: 

• Checking at every tlmeatep whether the H2, CO, and oxygen concen-
trations In any compartment satisfy ignition criteria 
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• If the flammability criteria are satisfied, burn (optionally) In 
(1) all compartments, (2) only those compartments in which the 
flammability limit has been exceeded, or (3) calculate burn propa-
gation. . 

The energy generated by the burns, the amounts of H2, CO and O2 
consumed and the amount of H2O and C02 produced by the reaction are cal-
culated In the subroutine BURN. These are included In the containment 
mass and energy balance calculations in subroutine MACE. 

The input options allow for the burning calculations to start 
either when the flammablllty limit is first attained or to wait until a 
certain stage in the accident sequence has been reached and then to burn 
subject to the flammability limit condition. It is also possible In the 
code to skip over the burning calculations entirely. If desired, the 
code will calculate the ma si->8 of reactants and products, and the energy 
generated from the reactions and print them in the output from the code 
but not actually Include them in the containment mass and energy balance 
calculations In subroutine MACE. Thm? -he adiabatlc burn pressure can 
be calculated at any time without actually burning the hydrogen. 

Plammablllty Limits. A simple formula proposed by LeChateller has 
been shown to predict the lower limits of flammability (upward flame 
propagation) for alr-hydrogen-carbon monoxide mixtures to within 0.4 
percent.1(0 Modifying and expanding on an approach proposed in Reference 
65, we have used the following form of LeChatelier's formula to charac-
terize thresholds for many important combustion events: 

Here, the x's denote the mole fractions of hydrogen and carbon monoxide 
In the gas mixture. The L's denote the threshold mole fractions for the 
combustion event being considered, in gas mixtures containing only one 
(the subscripted) combustible gas. LeChateller*s formula has been ap-
plied in tests for ignition, propagation, and completeness. The default 
limiting mole fractions used for the various events are summarized in 
Table 2. 

(256) 

TABLE 2 DEFAULT LIMITING MOLE FRACTIONS FOR TESTS BASED 
ON LeCHATELIER'S FORMULA 

Combustion "Event ^ 2 LC0 LH 2
/ LC0 

Upward Propagation 
Horizontal Propagation 
Ignition with Igniters 
Complete Combustion 
Downward Propagation 
Ignition Without Igniters 

H2UP - 0.041 CMUP - 0.125 0.328 
H2HZ - 0.06 CMHZ - 0.138 0.435 
H20N - 0.08 CMON - 0.148 0.541 
H2XX - 0.08 CMXX - 0.148 0.541 
H2DN - 0.09 CMDN - 0.150 0.600 
H2HI - 0.10 CMHI - 0.167 0.600 
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The variable Y, based on the left hand side of LeChatelier's for-
mula: 

h 2 

Y » x„ + — x CO (257) 
2 L* L CO 

is used in estimating the extent of reaction and the linear burning rate 
(flame speed). Here the L*'s denote combustible mole fractions above 
which burning Is likely to be complete in mixtures containing only one 
(the subscripted) combustible gas. In the absence of carbon monoxide, Y 
is equal to the hydrogen mole fraction, x ^ . 

Ignition. One test for ignition in the model requires that the 
mole fractions of hydrogen and carbon monoxide satisfy LeChateller's 
formula. The limits, as indicated in Table 4, depend on whether the 
user wanes to approximate ignition with or without igniters. In addi-
tion to sufficient combustible gases, ignition requires sufficient oxy-
gen. 

xn > HIOXY (0.05 default) (258) 2 — 
Also, the r-le fractions of steam and carbon monoxide must be suffic-
iently low oreclude inerting: 

XH2° + xCo2 <. HIG (0.55 default) . (259) 

A specific test for inerting due to the presence of large amounts of 
nitrogen is not included. However, nitrogen inerting frequently implies 
Insufficient oxygen, and Equation (258) precludes burning for such 
cases. 

Propagation. The ignition tests are applied to each nonburning 
compartment at the beginning of each timestep. After ignition in any 
compartment, burn propagation to a connected compartment is precluded if 
che atmosphere in that compartment is inerted per Equation (258) or 
Equation (259). The user may specify nonmechanistic burn propagation to 
all connected compartments which are not inert (by setting input param-
eter IBURNJ - 2). Alternatively, the user may (by setting IBURNJ - 1) 
have the code test the combustible mole fractions in noninert, connected 
compartments using Equation (256) to determine if burn propagation is 
possible. The option of precluding the possibility of burn propagation 
(by setting IBURNJ - 0) is also available to the user. 

The user specifies, through an input flow matrix BK(I,J), whether 
there is a flow path from compartment I to compartment J., whether the 
flow from compartment 1 to compartment J is directed upward, horizon-
tally, or downward; and the fraction of a characteristic distance, 
H2DIST(I), which a burn in compartment I must traverse before propaga-
tion into compartment J can occur. The characteristic distance 
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H2DIST(I) Is also user-specified and represents the distance traversed 
by a complete bum In compartment I. 

Combustion Rate. The burning model in MARCH 2 tests for a change 
In the rate of combustion t̂ each MACE timestep based on the mole frac-
tions at the beginning of the timestep. The molar combustion rates of 
hydrogen and carbon monoxide in compartment I are: 

nHz - nT y x H2/y (260) 

nco - nT y * CO''y (261) 

where 

y m " W v/H2DIST(I) 
nT • moles of gas in compartment I 

Ym a x • maximum value of y, as defined in Equation (257) since be-
ginning of the burn 

v » flame speed. 

The flame speed has experimentally been observed to be a function of the 
initial combustible gas concentration. The default function in the 
model is: 

v • V < W > - l- 7 9 2 + 59'2 *max ( m / 8 ) • (26 2> 

This expression is derived from turbulent hydrogen flame experiments 
performed at Sandia1** and is applicable for hydrogen mole fractious be-
low about 10 percent. The application of Equation (262) to gases con-
taining both hydrogen and carbon monoxide is a modeling hypothesis which 
has not been tested experimentally. 

Extent of Reaction. Once combustion is started in a given compart-
ment, it continues until y, as defined by Equation (257), decreases to a 
user-specified or code-computed level, ymin« The value of ym£n depends 
on the burn limit option specified via the input parameters IBURNL. For 
IBURNL » 0, continuous burning is approximated and y ^ n • 0. For IBURNL 
" ^min ™ H2L0, a user-specified mol« fraction with a default value of 
zero. For IBURNL • 2, y^n is calculated as a function of y ^ to ap-
proximate a linear variation in the extent of reaction from zero percent 
a t W " 0 t o 1 0 0 Pe"ent at y ^ - L * ^ 

ymln - ®ax 0. y m ax <l " ymax'LH2 > (263) 
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A.5 Support Models and Functions 

This section contains discussions of several supporting models and 
functions used in MARCH. Models discussed here Include BOIL and HOTDRP 
heat transfer correlations, critical fluid flow correlations, fission 
product decay heat and loss models, and thermodynamic property data for 
water and gases. Both simplified and more complete correlations are 
given when the user has an input choice. In some cases, the necessary 
support functions are presented in the discussion of specific sub-* 
routines. 

A. 5.1 Heat Transfer to Gases 

Correlations used in the primary system and reactor cavity models 
of heat transfer to water and gases are discussed in this section. Con-
tainment, molten debris, and INTER models are discussed elsewhere. 

Simplified Correlatlonf Forced Convection. McAdams1+2 gives a sim-
plified turbulent flow heat transfer coefficient for gases as: 

hc - 0.0144 Cp G°.8/D0.2 f Btu/hr-ft2 °F (264) 

where 

Cp • specific heat of gas mixture, Btu/lb °F 
G - flow rate, lb/hr ft2 

D - equivalent diameter, ft. 

The specific heats are calculated from Equations (301) and (302). 

The correlation is stated to be applicable to common gases for mod-
erate AT, at distances 60 diameters from entrance effects. The correla-
tion is used In BOIL (input option), EXITQ, and HOTDRP (input option) 
without testing for turbulence or AT. 

Simplified Correlation, Natural Convection. McAdams also gives a 
simplified correlation for vertical plates In air In the turbulent flow 
regime as: 

h n a t - 0.19 AT1/3 , Btu/hr2ft °F , (265) 

where AT Is the surface-to-gas temperature difference. The correlation 
is used in BOIL (input option) and EXITQ (input option) when Equation 
(264) predicts hc - 0. 

Complete Forced Convection Correlation. Turbulent and laminar heat 
transfer coefficient are calculated In subroutine HCGAS. These correla-
tions are used in BOIL (input ICONV > 0) and EXITQ (ICONV >10). The 
Dlttus-Boelter1*3 correlation for turbulent flow is: 



190 

hT £ - 0.023 Re0*8 P r 0 ^ (266) 
k 

where 
GD 

Re - — - Reynolds number 
C u Pr - Prandtl number 

V - viscosity, lb/hr ft 
k - thermal conductivity, Btu/hr ft °P. 

The laminar flow correlation is1*'* 

_ 0.0668 C 
h^ — - 3.66 + 2 , (267) 

K (1 + 0.04 C 2/3) x 
where 

<=, - © * * 
x - distance from the entrance, ft. 

For Reynolds numbers below 2300, the heat transfer coefficient is given 
by the smaller of hL from Equation (267) or hy from Equation (266), 
evaluated at Re - 2300. For mixtures of gas, the specific heats of the 
components are summed using mass fraction weighting, and thermal conduc-
tivities and viscosities are mole-fraction weighted. Properties are 
calculated from subroutine PROP for ICONV - 1 or from STMH2P for ICONV > 
1 and for ICONV > 10. 

Gas Radiation Heat Transfer. The gas radiation heat transfer coef-
ficient from Krleth1*5 is 

(e T1* e T1*) 
h „. - 0.173 x 10"8 SR R - SG G ( 1 + ) / 2 B t u / h r £ t 2 0 F ( 2 6 8 ) 

(TR - v 

where 

eg£ « gas emis8ivlty at temperature T^ 
eSG " 8a s emlssivity at temperature TQ 
e R » surface emlssivlty 
T^ - surface temperature, R 
TQ - gas temperature, R. 

Equation (268) is used in BOIL to model heat transfer to the steam-
hydrogen mixture flowing through the uncovered portion of the core. Hy-
drogen is assumed to be transparent. The gas emissivlties are thus 
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evaluated at an optical thickness PgD, where Pg Is the local steam par-
tial pressure and D Is the hydraulic diameter. The heat transfer coef-
ficient is calculated in subroutine HRS1M using the lew pressure data of 
McAdams. The low pressure data of McAdams indicate that gas radiation 
in the core is negligible l ^ w r>rp= ««*•<••g, F/xtrapolnt '->n of the data 
to high pressures, B I I H I D ' »<• > ,-> uJJcts that 
the radiation henr )i (Ur-f ivectlon coef-
ficient b\ v . > < - i-l»dL use of the ffll 1 » G f '' L C I«\ \ it* L n 

iiu', ii' •»'• fiuued data interpolation tech-
tque produces heat transfer coetficients about a factor of 2 higher 
nan those calculated in HRSTM. 

A.5.2 Heat i -nsfer to Water 

Heat transfer to water is modeled in BOIL for core material and 
structures below the core, In HOTDRP for debris-water interaction pro-
cesses, and in INTER for heat transfer to water over the debris. The 
heat transfer correlations used In these models are discussed below. 

Simplified Boiling Curve. Pool boiling data presented by McAdams1*8 
(Figure 14-11) can be approximated by the expressions: 

hB 44.5 AT1'523 px Btu/hr ft20F AT <42°F 

2.02 x 108 at-2'575 px, Btu/hr ft20F AT >42°F , 
(269) 

where 

Px 
P 
AT 

( p / l 5 ) 0 . 2 5 
pressure, psia 
temperature difference T"TWTR » °F< 

Equation (269) is used in BOIL to calculate heat, transfer to the struc-
tures below the core and in HOTDRP (input option). When used in HOTDRP, 
the total heat transfer coefficient is obtained by adding a radiation 
term given by Equation (279) with F - 0.4. 

Pool Boiling from Spheres. Subroutine SPHERE provides a complete 
pool boiling heat transfer curve for isolated spheres in water. Yang1*9 
has recommended the following correlations. 

Temperature Difference Regime Heat Transfer 
Coefficient Data 

AT > AT film 

*TCHF <ATfilm 
AT « AT CHF 

AT < AT CHF 

film boiling 

transition 
critical heat flux 

nucleate boiling 

HFB 

Rjg 
QCR 

H NB 

Farahate50 
Halfawy 
Interpolation 
Ded51 

Lienhard 
Ronrtenow®2 
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The minimum film boiling temperature of AT, - 110°F Is based on 
the data of Dhlr and Purohlt.53 The temperature difference at the crit-
ical heat flux is ATq^ - 42.5°F. For temperature differences be-
tween ATg^p and AT^, a logarithmic Interpolation between the film 
boiling and critical heat fluxes Is performed. A radiation heat transfer 
term is added to the total film boiling correlation using Equation (279) 
with F - 0.75. These correlations are used In BOIL (input option) and 
HOTDRP (Input option) to calculate debris-water interactions. Property 
data used in these correlations are coded In subroutine SPHERE. Film 
boiling:50 

HFB - 0.75 v s 
(h. +0.5 C AT) 

D AT F E PS 

0 . 2 5 

(270) 

Critical heat flux:51 

Qcr - 0.84 Qf , Rp > 4.26 

Q c r - 1.73'+ QF/ / T , RP <4.26 

where 

Qf " ^ h f g 1°s2p8
2Cpl-<V10-25 

B . ( 2 ) 1 / 2 (dimension - length) 

(271) 

V-
PL - Ps 

D/2B 
particle diameter 

Nucleate boiling:52 

and Hn b - Qua/AT . 

Debris Bed Heat Transfer. Subroutine DBED calculates debris bed 
dryout. Four correlations are provided for this purpose. The correla-
tions are accessed by user option in BOIL and HOTDRP. The correlations 
provided are the Berens^n5^ flat plate and the Dhir-Catton,55 Lipinski 
deep bed,56) and Osten. .i-Lipinski57 flooding models for debris beds. 
The property data are coded in the subroutine. The correlations follow. 
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Berensen flat-plate!51* 

H c b - 0.425 
gks3p8(pL " Ps> 

y BAT 8 

(hfg + 0.5 C AT) 
0« 25 

(273) 

where B is defined above in Equation (271). A radiation term, HR, is 
added using the following formulation to obtain a total coefficient, ftj. 

«T " ^CB + % » HCB ^ % 

HT " HCB + H R <0'75 + 
0.25 H 

2.62 + H "> >
 HCB < "R 

(274) 

where 

^ " HR/HCB • 

The radiation term is given by Equation (279) with F - 0.8. 

Dhir-Catton Debris Bed:55 

V " C3 T 7 ~ - o ~ ( PL " Ps> *hfg ' B T U / h r f t 2 (1 - e)2 ^ 
where 

ir C. - 7.5 x 10 — . 
6 24 

(275) 

and 

e - bed porosity. 

The Dhlr-Catton model is not recommended for particle diameters greater 
than approximately 1.0 mm. 

Llplnskl Deep Bed Model:56 

The dryout heat flux for small diameter particles where capillary 
effects are Important is: 

qT - p h, [(V2 + V2) s fg L T V (276) 
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where VL and VT are functions of the average liquid fractio in the , 
the particle size, bed depth, bed porosity, surface tension4 a 
vapor and liquid densities and viscosities. The dryout flux is by 
maximizing q^ with respect to y. For larger particles: 

Pa(PL - Pa)gT)(l + */H>°'5 

' h f 8 — s • <*"> [1 +(_J.)0'25] 
pL 

where 

H » bed depth 

X - 6 a ( l - c ) 

n - D e 3 

1.75 (1-e) 

MARCH uses Equation (277) for particles with diameters greater than 1.0 
cm. 

Ostensen-Lipinski Flooding Model:57 

0.25 hf [p.pflgDe3/(l - e)]°'5 
«OL /S

 B
 ( 2 7 8 ) OL / (J'—1" 

For subcooled water, the dryout heat fluxes given by Equation (273) 
to Equation (278) are increased by the factor: 

[1 + CpL(TSAT - TWTR)/hfg] . 

Radiation to Water. For heat transfer surfaces above about 1000°F, 
radiation heat transfer is significant. Radiation heat transfer is 
modeled by a parallel-plane model 

8 F[(T+460)lf - (T +460)**1 
h . - 0.173 x 10" " , BTU/hr ft2F (279) rad ( T _ T ) 

w 
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w h e r e 

F 
< - U i - - i > 
e e w 

emissivity of surface 
emissivity of water 
surface temperature, °F 
water temperature, °F. 

Different values of F are programmed in MARCH in the different sub-
routines. When used in HOTDRP with h given by Equation (269), F - 0.4; 
in subroutine SPHERE, F - 0.75., and F - 0.8 when used with the Berersen 
correlation in DBED. Since to good approximation m 1, the debris 
surface emlssivltins are assumed to range between 0.4 and 0.8. Emlssiv-
itles in this range are reasonable for oxidized or damaged surfaces. In 
subroutine INTER, the emissivitles are input as well, as the fraction of 
the area radiating at temperature T. 

A 5.3 In-Core Radiation Heat Transfer 

Subroutine RHEAT models radiation heat transfer between adjacent 
core nodes and radiation heat transfer from the core to structures above 
the core, to the core barrel, and to water. The RHEAT model is used by 
BOIL when (input) IRAD + 0. 

The rate of radiative heat transfer between adjacent volume nodes 
is estimated using the expression: 

V - ffAF<Tf- ) > <280) 
where 

= rate of radiative heat transfer from node m to adjacent 
node n, Btu/hr 

A - area of contact between nodes m and n, ft2 

a - Stefan-Boltzmann constant, 1.714E-9 Btu/hr ft2 R1* 
F =» radiation exchange resistance term, dlmenslonless 

T* , T* *• effective radiating temperatures of the adjacent node 
surfaces, R. 

The net heat flux for a given node includes contributions from the four 
adjacent nodes: the axial nodes above and below, and the inner and 
outer radial nodes. The effective radiating surface areas for the ra-
dial calculations are adjacent cylinders one node high with radii corre-
sponding to the intersections between the adjacent nodes. The effective 
radiating surfaces for the axial calculations are the flow channel areas 
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associated with the nodes. Because the effective radiating surfaces are 
in contact, all radiation leaving one surface reaches the adjacent sur-
face, the radiation view factor is unity, and the radiation exchange re-
sistance term, F, Is given by: 

- - — + — - 1 , (281) 
F e e m n 

where e^, e^ emissivities of the two adjacent surfaces, dlmenslonless. 
The emissivities are for the effective radiating surfaces which are not 
necessarily actual heat transfer surfaces. The effective radiating sur-
faces are defined by the planes or cylinders which separate the nodes 
axlally and radially, respectively. When one of the planes or cylinders 
coincides with an actual heat transfer surface such as the water surface 
or the surface of an upper or outer heat sink, then the actual material 
emissivity should be used. But when a plane or cylinder does not coin-
cide with an actual material surface, then an Imaginary, effective emis-
sivity should be used. The effective emissivity is equal to the absorp-
tivity of that imaginary surface to thermal radiation impinging upon 
it. Based on the analysis of Shaffer,58 the following emissivity values 
are recommended for use in the RHEAT model: 

ELONG - 0.121 (H/NDZ)"0'822 (axial) 
ECROS - 0.7 (radial) 
ESTRU • 0.6 (structures) 
EWAT = 0.95 (water) 

where H ° core height (ft) and NDZ • number of axial nodes. 

The effective radiating temperatures for the radial heat transfer 
calculations are determined by one of the following two schemes as spec-
ified by the user via input variable IRAD in namelist NLRAD. 

1. For IRAD - 1, the BOIL-calculated node temperatures are used. 
2. For IRAD - 2, radial radiating temperatures approximating those of 

rods close to the node interfaces are used. 

Because the radiation view factors from one rod to the others ef-
fectively extends to rods only three or four rows away, the IRAD"2 op-
tion provides more realistic temperatures for the parallel planes equa-
tion (Equation 280). Temperatures N rod pitches from the interface are 
estimated to Include some allowance for reflected thermal radiation from 
rods further away from the interface. The effective radiating tempera-
tures are determined by linear interpolation between the adjacent node 
centers which are assumed to be at the node average temperatures. The 
value recommended by Schaffer is N-2 (Input as VIEW-2). The effective 
radiating temperatures for the axial radiative heat transfer calcula-
tions are the BOIL calculated node temperatures. 
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Radiative heat transfer to the residual water includes the contri-
bution from the partially uncovered axial node and from the node immedi-
ately above that node. The radiative heat transfer to the upper struc-
tures includes radiation from only the upper two nodeB. The core barrel 
is modeled as a single mass receiving radiation from only the outer 
radial nodes. 

During meltdown, core noaes may fall out of the core. The net ra-
diation heat flux in RHEAT is set to zero if the heat flux involves any 
adjacent node which has slumped Into the bottom head. 

A.5.4 Axial Fuel Rod Conduction 

Subroutine AXCOND models axial fuel rod conduction. The AXCOND 
model Is used by BOIL when (input) IAXC - 1. 

The heat added to the node I by axial conduction is: 

* A X - ^1+1,1-^1,1-1 ( 2 8 2 > 
where 

Qmn " " ( k f Af + k c A c ) A T / A Z 
« rate of heat conduction from node m to axially adjacent node 
n, Btu/hr (w) 

k f - thermal conductivity of the fuel, Btu/hr/ft/°F (W/m/K) 
k c - thermal conductivity of the cladding, Btu/hr/ft/°F (W/m/K) 
Af cross-sectional area of fuel at horizontal interface between 

nodes m and n, ft2 (m2) 
A c - cross-sectional area of cladding at horizontal interface be-

tween nodes m and n, ft2 (m2) 
AT « Tfl — TJJJ where Tffl and Tn are BOIL-calculated node tempera-

tures, F(k) 
Az • axial distance between the adjacent nodes, ft (m). 

Temperature dependent thermal conductivities for the U02 fuel and the 
Zircaloy cladding are calculated in the subroutine PROP, Table 5. If 
the node m or n has fallen out of the core due to slumping, is set 
to zero. 

A.5.5 Critical Flow of Fluids 

Critical Flow of Water. The critical flow rate of water In the 
MARCH primary system model Is calculated using the RETRAN59 polynomial 
fit to the extended Henry-Fauske model for subcooled water. The model 
also predicts flow rates within the scatter band of other correlations 
for saturated water. Thus, the Henry-Fauske model is used for both sat-
urated and subcooled liquid blowdown. 
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The RETRAN polynomial curve fit to the Henry-Fauske correlation Is: 

P - vessel pressure, psla 
H - water enthalpy, Btu/lb 

H K J ^ J - correlation constants. 

The correlation constants are given In Table IV.3-2 of the RETRAN manual 
and are not repeated here. The RETRAN correlation Is limited to vessel 
pressures between 15 and 3000 psla. For pressures below 15 psla, MARCH 
uses the predicted flow rate at 15 psla. For pressures above 3000 
psla, MARCH multiplies the RETRAN-polynomial flow rate at 3000 psla 
by /P/3000. 

For saturated water, the RETRAN polynomial predicts about the same 
blowdown rate as the correlation In MARCH 1.1.®0a However, for water 
which Is subcooled by, for example, 200 btu/lb, the blowdown rate will 
be two to three times greater than that xor MARCH 1,1. Water enthalpies 
are obtained from subroutine PROPS evaluated at the water temperature. 

Critical Flow of Gases. Critical flow of gases is modeled in both 
the MARCH containment and primary system models. In the containment 
models, the leak rate of gases between compartments (for IVENT-0) and 
the leak rate after containment failure may be limited by critical 
flow. In the primary system models, the leak rate of steam and hydrogen 
through breaks and relief valves may be limited by critical flow. 

Critical flow of saturated steam In the primary system model (sub-
routine PRIMP) is calculated using the RETRAN fit to the Moody correla-
tion. The Moody correlation Is contained in subroutine CRI in the form 
of 28 table entries between pressure of 50 and 3000 psia. Data tables 
entries are made for values of the friction factor (f L/D) - 0, 5, and 
10. Flow rates are calculated by linear Interpolation between the data 
entries. For pressures below 50 psla, the flow is calculated by extrap-
olation, using the data entries at 50 and 100 psia. For pressures above 
3000 psia, Ideal gas behavior is assumed and the leak rate at 3000 psla 
is multiplied by (P/3000). 

For a mixture of steam and hydrogen or for superheated gases, the 
critical flow used in PRIMP Is: 

G - 60 I HK_ .P4"-1 tt , lb/min ft2 , 
1-1 -6 I , J 

J-1—6 
(283) 

where 

lb/mln ft2 , (284) 
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where 

p - gas mixture density, lb/ft3 
Pfl - saturated steam density, lb/ft3 
Cp - saturated steam critical flow rate from Moody tables, lb/mln 

ft2 

The Moody critical flow rate for saturated steam for f L/D-0 can be 
represented approximately by the relation: 

Ggc - 2800/pp^ , lb/min ft2 (285) 

The MARCH 1.1 steam critical flow rate ls:®°b 

Gc - 1642 /pp^ , lb/min ft2 (286) 

It is seen by comparing Equation* (285) and (286) that the Moody criti-
cal flow rate Is 70 percent greater than the MARCH 1.1 flow rate. The 
flow rate In Equation (286) corresponds approximately to the Moody table 
entries for a friction factor of C L/D ~3.4. A friction factor of 3.4 
Implies flow through either a long pipe or a path containing significant 
turning losses. 

Equation (286) has been retained for the calculation of critical 
gas flow rates in the containment models in MARCH 2.0. Based on compar-
ison with the Moody data, containment leak rates may be underestimated, 
depending on the nature of the leak path. 

A.5.6 Fission Product Behavior 

Fission Product Decay Heat. The fission product decay heat is cal-
culated in subroutine ANSQ using the 1979 ANS5.1 standard. Decay heat 
may also be obtained from an optional input decay heat table (IDCAY > 0 
In namellst BOIL). 

The decay heat power fraction is: 

ANS - i - {1.02 [Fj(t,«) - F^t+T,-)] G ^ t ) 

+ P
0239 (t.T) + Pjjp239 (*.*)} . 

(287) 
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where 

C • time after shutdown, cooling time, s 
T - total operating time, s 
Q. • total recoverable energy associated with one fission of U2 3 S, 

(200 MeV/fission default) 

23 ot 
F.(t,T) - E — exp (—X.T) [1 - exp(-X.T)] (288) L i-1 1 

- fission product decay power t seconds after operating at 
a constant rate of one U23 5 fission per second for T sec-
onds in the absence of neutron capture in fission prod-
ucts, (MeV/s)/(fi8sion/s) 

a. - constant, MeV/flsslon sec 
X. - constant, sec 

Gmax(t; - correction factor which accounts for neutron capture in 
fission products-

PU239Ct.T) - *U239 R111 ~ e *P^l T>U « p M j t > (289) 

- U-239 decay power t seconds after operating at a con-
stant rate of one U-235 fission per second for T sec-
onds, (MeV/s)/(fission/s) 

Xjll - exp(-X2T)] exp(-X2t) 
^ 2 3 9 ^ , T ) " 8^,239^ 

X 1 ~ X 2 
(290) 

X2[l - exp(—X jT)] exp(—Xjt) 

X1 ~ X2 
) 

- Np-239 decay power t seconds after operating at a constant 
rate of one U-235 fission per second for T seconds, 
(MeV/s)/(fission/s) 

EU239 - average energy from the decay of one U-239 atom, 0.474 MeV 
ENP239 - average energy from the decay of one Np-239 atom, 0.419 

MeV 
R - atoms of U-239 produced per U-235 fission evaluated for 

the reactor composition at the tine of shutdown, 
dlmensionless 

X. - decay constant for U-239, 4.91E-4 s~l 
X* - decay constant for Np-239, 3.41E-6 &-1 

MARCH l.i used the 1971 ANS Standard to calculate the decay heat, 
neglecting heavy element decay. Equation (287) from the 1979 standard 
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predicts an integrated decay heat over the first hour after shutdown 
about 20 percent greater than that in MARCH 1.1. 

Fuel Meltdown Release Model. During core meltdown, fission 
products are released from the fuel. The release of fission products 
reduces the decay heat source for the core. The released fission 
products may, in general, be deposited on cooler primary system 
surfaces, retained by water remaining In the primary system, or be 
released to the containment atmosphere. MARCH does not perform a 
fission product removal evaluation; it treats the transport of the 
released fission products In an approximate fashion as a means of track-
ing the redistribution of the fission product decay heat source. Fis-
sion products released upon the initial melting of the core are released 
to the primary system gas (vapor) space and are assumed to behave as 
perfect gases. The release of the fission products from the primary 
system is taken to be proportional to the gas and vapor flows from the 
primary system. The decay heat associated with the released volatiles 
may be absorbed by primary system structures. Additional fission prod-
ucts are lost from the melt during the concrete Interaction phase of the 
accident due to scrubbing by gases released from the concrete. 

Fission product losses are calculated In subroutine FPLOSS. FPLOSS 
divides the fission products into groups according primarily to their 
volatilities. Each group is further subdivided into metal- (FMET) and 
oxide-associated (FOX) phases. The total releases during the core 
meltdown (RF) and concrete Interaction or vaporization (f.7V) phases are 
programmed aa FPLOSS data. The total releases and oxide/metal phase 
partition are the WASH-1400 best estimate values. The WASH-1400 gap-
release is included in the melt release in FPLOSS.600 

The fission products are initially assumed to be distributed 
throughout the core with the same distribution aa the power peaking 
factors and nodlng ,'nput to subroutine BOIL. The melt release is as-
sumed proportional to the fraction of the BOIL node melted. Thus, the 
fractional release, DRF, of a given fission product group is: 

DRF - FF x PF x VF/NDZ x RF x FNM , (291) 

where 

FF - axial peaking factor 
PF » radial peaking factor 
VF - radial volume fraction 
NDZ - number of axial nodes 
RF - total melt release 
FNM • fraction node melted. 

The total release, CRF, Is obtained by summing over all melted core 
nodes. 
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The fraction of Che decay heat in each fission product group before 
accounting for losses is 

where C and X are obtained by interpolation. For decay times greater 
than 106 sec, the table values at 10® sec are used. The fraction of the 
decay heat released per node and group is DFPL - QF x DRF. The INTER 
code divides the core-concrete melt into oxide and metal layers. The 
vaporization release is assumed in FPLOSS to be characterized by an ex-
ponential release with time constants TAUOX and TAUM for the oxide and 
metal layers, respectively. TAUOX and TAUM are assumed to be equal un-
less one layer is solid and the other liquid. The liquid and solid time 
constants are Input to subroutine INTER. The fractional vaporization 
release per group is: 

DRFV - 0.693DT (RF + RFV — CRF) (FOX/TAUOX + FMET/T/ UM) (293) 

where FOX - 1 — FMET Is the oxide associated portion of the fission 
product decay heat. The fraction of the decay heat remaining In the 
oxide layer for each group is: 

and a similar expression applies to the metal layer. 

Note that FPLOSS merely partitions the decay heat between the core 
debris and that which has been released. The absolute value of the de-
cay heat is calculated In subroutine ANSQ. 

Storage and Transport of Released Volatllea. Volatile fission 
products released from the core during meltdown are assumed to be stored 
In the primary system gas space. The storage and release calculation 
tracks only the decay heat associated with the volatile fission prod-
ucts. The concentrations of individual species are not monitored, and 
plate-out is not modeled. However, the decay heat of the stored vola-
tlles is added to the structures in the primary system gas space while 
the volatlles remain in the vessel. 

The fractions of the decay heat leaked from the primary system to 
containment volumes NRPV and JRPV during a timestep AT are: 

QF - Ce -Xt (292) 

DFOX - (I - CFR) x FOX x QF (294) 

FPLKN ' ̂ VSL FN » a n d (295) 

PPLKJ " PPVSL FJ ' (296) 
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where 

FPySL - fraction of decay heat stored In the primary system gas 
space 

WS-yAt 
F . _ 2 > L _ , (297) 
w STM 

WS At 
F - KV , (298) 
J STM 

where 

WSBK, W S • break and relief valve steam leakage, lb/mln 
STM - mass of steam In primary, lb. 

Note that it is assumed water leakage does not produce fission product 
leakage. 

Fission product decay heat transport within the containment build-
ing Is also assumed to follow the transport of the containment gases. 
Containment plate-out Is not modeled in MARCH. However, ice beds and 
suppression pools are assumed to remove fission products, other than the 
noble gases, from the atmosphere. The removal is calculated using a 
(input) decontamination factor. Fission product decay heat removal by 
sprays is not modeled. The decay heat of the airborne fission products 
is added to the containment atmosphere. 

A.5.7 Thermal Properties Data 

In many cases, MARCH subroutines contain their own coding of prop-
erties as needed. These data are not always consistent. 

BOIL and HOTDRP Properties. The primary system and HOTDRP gener-
ally contain consistent properties for the water saturation proper-
ties: pressure, temperature, and water and steam density. Specific 
heats, enthalpies, viscosities, thermal conductivities, and surface ten-
sion may differ in the various subroutines. 

Subroutine PROPS. PROPS provides water and steam properties on the 
saturation line using the 1967 ASME data tables.61 PROPS provides pres-
sure, temperature, water and vapor density and enthalpy, and water spe-
cific heat. The properties are calculated by Interpolation between 33 
sets of ASTEM data between 0.0887 and 3208.2 psia. Both linear and 
logarithmic interpolations are utilized, depending on the property. The 
water specific heat is obtained from the slope of the enthalpy-tempera-
ture curve, rather than from direct use of specific heat data, for im-
proved accuracy and consistency in the primary system water energy 
balance. PROPS may be called by specifying either the saturation pres-
sure, temperature, or steam density. 
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PROPS data is always used in the primary system pressure calcula-
tions and mass and energy balances. PROPS also provides saturation tem-
perature, densities, and enthalpies to HOTDRP and other subroutines. 

Subroutine PROP. Subroutine PROP provides properties data r'or the 
BOIL gas heat transfer coefficient calculations (ICONV • 1), the gaseous 
diffusion rate parameters in ZRWATR, and thermal conductivity data for 
use in subroutine AXCOND. The PROP data are obtained by specifying a 
property flag and the pressure and temperatures. The flags and proper-
ties are listed in Table 3. 

TABLE 3. PROP DATA 

Flag Data 

1 none 
2 none 
3 water density, lb/ft3 
4 none 
5 hydrogen specific heat, Btu/lb °F 
6 hydrogen thermal conductivity, Btu/hr ft °F 
7 hydrogen viscosity 
8 steam specific heat, Btu/lb °F 
9 steam thermal conductivity, Btu/hr ft °F 
10 steam viscosity 
11 U02 thermal conductivity, Btu/hr ft "F 
12 Zr thermal conductivity, Btu/hr ft 

*32.2 x 3600 x VIS has units of lb/hr ft. 

Gas Enthalpy and Specific Heat. In the (BOIL and EXITQ) primary 
system models, the steam (h8) and hydrogen (hg) enthalpies at tempera-
ture T are: 

hs(T) - hS A T + JT Cps dT , Btu/lb , (299) 
T"TSAT 

V T ) " / CnH d T » B t u / l b » <300> n t-32 p H 

where 

Cna - 0.43 + 8 x 10-5 T> Btu/lb °F (301) po 

CpH - 3.4 + 1.1 x 10-•» T, T <1000°F, Btu/lb °F , (302) 

- 3.26 + 2.48 x 10_l» T, T >1000°F, Btu/lb °F 
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TSAT " saturation temperature, °F 

^SAT " saturated steam enthalpy, Btu/lb. 

The primary system reference temperature of 32°F is consistent with that 
in the containment. 

The specific heats given by Equations (300) and (301) are always 
used in the primary system gas enthalpy calculations. However, if (in-
put) ICONV"1, the specific heats used elsewhere in BOIL will be obtained 
from subroutine PROP. If ICONV > 1, specific heat properties are ob-
tained from STMH2P in BOIL; and if ICONV > 10, STMH2P properties are 
also used in EXITQ. Equations (301) and (302) are also used in EXITQ 
(option) and H0TDRP. 

In subroutine HOTDRP, the enthalpy calculation takes the specific 
heats outside the Integral so that: 

hB(T) - hg A T + Cps(T - Tsat) , Btu/lb , (303) 

hH<T> " CpH(T ~ 3 2 , 0 ) » Btu/lb , (304) 

where Cp8 and C H are given by Equations (301) and (302) evaluated at 
the temperature T. 

For a mixture of steam and gas, the mixture enthalpies and specific 
heats are obtained by summing the mass-fraction-weighted components. 

Debris Beds. Subroutines SPHERE and DBED contain their own prop-
erty correlations for vapor and liquid thermal conductivities, specific 
heats, viscosities, and surface tension. The correlations are used 
locally and are not repeated here. Subroutine PROPS is called to deter-
mine the saturation temperature, densities, and enthalpies. 

Subroutine STMH2P. Subroutine STMH2P and its associated sub-
routines calculate steam and hydrogen properties for use in BOIL (for 
input ICONV > 1) and in EXITQ (for input ICONV > 10). Steam properties 
are obtained from the 1967 IFC formulation for temperatures below 
1500°F. For steam temperatures above 1500°F and for hydrogen, proper-
ties are taken from Vargaftik.62 Ott63 has compared the steam specific 
heat obtained from STMH2P, PROP, and from MARCH 1.1 (Equations 301 and 
302) with the ASME values. His calculations indicate the PROP values 
are accurate for gas temperatures about 200°F above the saturation tem-
perature, while the MARCH 1.1 correlation is accurate only at low pres-
sures. At 1500 psia and a gas temperature below 800°F, the MARCH 1.1 
steam specific heat is about 40 percent too small. The computational 
time foe the use of STMH2P, PROP, and MARCH 1.1 are In the ratio 2.0/ 
1.5/1.0. 
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Containment Model Properties. The gas and vapor properties used in 
the various containment subroutines are self-consistent. However, the 
property data correlations and functions differ from those In the other 
parts of MARCH. They may also have a smaller range of validity, for ex-
ample, between 40 and 400°F for water saturation properties. 

Gas Enthalpy and Specific Heat. The enthalpy at a temperature T of 
gases of other than steam Is given by: 

hA " °PA <T "" 3 2 » ®tu/lb (305) 

where the constant pressure gas specific heat, CpA, is given in Table 
4. (Note: MACE uses the notation CVNTR, CVOXY, etc. for the constant 
pressure specific heat.) 

TABLE 4. GAS SPECIFIC HEATS IN MACE* 

Gas Specific Heat, Btu/lb °F 

Nitrogen 0.245 
Oxygen 0.218 
Hydrogen 3.41 
Carbon Dioxide 0.203 
Carbon Monoxide 0.246 

^Reference 31, STP conditions. 

The steam enthalpy Is calculated in subroutine TEMP as 

\ - GENT(T), T - Tga t (306) 

\ - (0.50662T + 1440.15)/1.3486, T >Taat, Btu/lb . (307) 

The saturation steam enthalpy is given by the function GENT (Equation 
317). Equation (307) for superheated steam was derived from two equa-
tions of state: 

Pv " A1 hv " B1 ( 3 0 8 ) 

P y - A 2 T + B2 (309) 
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where 

A. - 1.34863 
Bf - 1157.716 
Ai - 0.50662 
Bj - 282.4364 
v - steam specific volume, ft3/lb 
P - steam pressure, psia. 

The constant A],, Bi, A2, and B 2 were obtained by a (least-mean-squares) 
curve fit to steam propertieson the saturation line. 

Water Enthalpy and Specific Heat. The water enthalpy in the MACE 
atmosphere energy balance routines is given by 

hL - FENT(T), Btu/lb , (310) 

where the function FENT Is the water saturation enthalpy at temperature 
T. FENT is given by Equation (316). 

The enthalpy of water in sumps is generally given by: 

C - 1.0 Btu/lb °F 
T • water temperature. 

For temperatures below 300°F (Psat - 67 psia) the error in Equation 
(311) is less than 0.6 percent, and at 400°F (247 psla) the erthalpy 
error is about 1.8 percent. Since containment pressures are usually 
less than 250 psla, Equation (311) Is normally a good approximation. 

Functions. The containment routines use several polynomial func-
tlons for water and vapor properties on the saturation line. The func-
tions were obtained by fitting the data in the Keenan and Keyes steam 
tables by use of regression analysis. Their range of validity is 
between 40°F and 400°F. These functions are: 

log(TSAT) - 6.11067-0.180564V-0.0292964V2 

hL - C (T-32.0), Btu/lb (311) 

where 

+0.00629137V 3-0.59749xl0"3V11 (312) 

log(PRSS) - 27.7630+23.7433X-8.69638X2 

+1.41067X3-0.0777638XI* (313) 
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FVOL - 0.0903737-0.0694378X+0.0242644X2 

-0.00376979X3+0.000220413X*4 (314) 

log(GVOL) 25.9245-16.8828X+6.35612X2-!.006006X3 

+0.0587298X1* (315) 

PENT - 2068.48-2011.26X+726.624X2-117.646X3+7.43066X^ (316) 

GENT - 1043.94+1910.76X-640.327X2+93.7205X3-4.94574X*t (317) 

where 

V - log(VC/WS) 
X - log(T) 

VC/WS - vapor specific volu-ne, ft3/lb 
T - saturation temperature 

TSAT(VC/WS) - saturation temperature, °F 
PRSS(T) - saturation pressure, psia 
FVOL(T) - water specific volume, ft3/lb 
GVOL(T) - vapor specific volume, ft3/lb 
FENT(T) - water enthalpy, Btu/lb 
GENT(T) - vapor enthalpy, Btu/lb. 

INTER. INTER contains its own gas enthalpy functions. These en-
thalpies are used as generated by INTER except for a correction, which 
zeros the enthalpies at the MACE reference point of 32°F, rather than at 
absolute zero, before transfer to MACE. 

The boiling point of water In INTER is: 

T w - 373 + 12.31 (PATM - 1.0) . (318) 

At a pressure of P^TM * 1 0 a t m (1^7 psla), Equation (318) overpredicts 
the boiling point by about 50"F. This inconsistency in the INTER and 
MACE boiling points could potentially produce oscillations in the boil-
ing of water over the core debris in INTER. In order to remove this 
oscillation, the INTER sump boiling point is set equal to the MACE boil-
ing point. For all other uses of T^, In INTER the Equation (318) value 
Is retained. 
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1. INTRODUCTION 

1 , 1 Overview of CORCON 

The CORCON-MOD1 computer code was developed at Sandla National Lab-
oratory to model the ex-vessel interaction of molten core debris with 
the reactor cavity base-mat concrete during a degraded core accident In 
a light water reactor. The code may be used to calculate the conse-
quences of hypothetical reactor accidents as well as to model Integral 
experiments which simulate such accidents. The code is considered to be 
state-of-the-art and should be used In all cases over Its predeces-
sors. Output from the code may be input to containment analysis codes 
such as MARCH and CONTAIN to assess the Impact upon containment integ-
rity of the ex-vessel attack of core materials on the structural con-
crete. The principal quantities calculated are the rate of generation 
of condensable, non-condensable, and combustible gases, melt tempera-
ture, and rate of erosion of concrete. 

1 , 2 Role of CORCON in Source Term Study (BMI-2104) 

CORCON was used in the source term study to develop input that al-
lows VANESA to quantify the release of fission products from core debris 
interacting with concrete. CORCON predictions of melt temperature, con-
crete erosion rate, and gas generation rate during core-concrete inter-
actions were used as input to VANESA which calculates fission product 
release and aerosol generation during molten core debris-concrete inter-
actions. The release of fission products during this stage of a de-
graded core accident may contribute greatly to the overall risk of con-
tainment failure, particularly in cases where containment failure is de-
layed, due to the strong driving force provided by gas release from the 
concrete and the absence of physical barriers to convective transport to 
the primary containment building. 

As a result of these considerations, a critical evaluation of the 
CORCON code Is essential In providing an estimate of the reliability of 
the calculated risk estimates from the severe accident source term 
study. 

2. DESCRIPTION OF CORCON CODE 

2.1 What it Models 

The CORCON code Is a stand-alone computer code which models, In de-
tail, all (or most) of the physical and chemical processes which may 
occur during the thermal interaction between molten core debris and con-
crete. Details of the code are available in the CORCON-MOD1 manual 



224 

(Muir, 1981). The concrete is assumed to have a cavity initially of one 
of several axisymmetric geometries. A mixture of molten oxldlc and 
metallic melts is deposited into the cavity, consisting primarily of 
molten fuel, U02, and oxidized iron and zirconium for the oxide phases, 
and steel and zirconium for the metallic phases. 

These oxides and metals, being immiscible, are assumed to separate 
into distinct layers with no mixing between oxides and metals. The pool 
structure Is assumed to consist of up to six layers with their spatial 
orientation determined by their respective densities. Several of the 
layers, i.e., oxide-metal mixture layers and coolant layer are not cur-
rently modeled in the code although present in the numerical solution 
scheme, and as such are assumed to have zero mass. 

Thermodynamic and transport properties specified for each liquid or 
gaseous specie are, for the most part, calculated as a functim of tem-
perature. 

Energy transfer in the system is modeled by empirical and analyti-
cal correlations from the literature based upon available empirical data 
wherever possible. Mass transfer between layers and the surroundings 
are assumed to be Instantaneous between time steps of the calculation. 
Specific heat transfer nodes that are modeled include heat transfer 
across the melt/concrete interfaces, between layers in the pool, and 
from the pool surface to the surrounding atmosphere and structures. 

Energy production in the system is modeled for exothermic chemical 
reactions and decay heet generation. 

Two-phase hydrodynamics is accounted for in the code by a simple 
bubbly/churn-turbulent flow drift flux model based upon the gas flow 
rates resulting from the concrete decomposition rate. 

Concrete decomposition is treated as a one-dimensional, steady-
state ablation process, dependent on the local heat transfer rates at 
400 integration points around the periphery of the melt-concrete inter-
face. The concrete heats up due to heat transfer from the melt, result-
ing in gaseous dehydration and decomposition products, primarily carbon 
dioxide and water vapor. Gas released from the concrete, adjacent to 
horizontal pool interfaces, is transported into the melt: gas released 
along an interface with more than a 15° Inclination from horizontal is 
transported along the gas film between the concrete and the melt. The 
condensed phase concrete decomposition products enter the molten pool 
around the periphery at the point of generation. All materials entering 
the pool, liquid or gaseous, thermally equilibrate with the layer they 
enter. As the carbon dioxide and water vapor rise through metallic lay-
ers, chemical reactions occur which oxidize some of the metal and gener-
ate hydrogen and carbon monoxide gases. Mass transport is such that 
light concrete oxides entering the pool in an oxide layer remain there 
(reducing its average density) while those entering a metallic layer 
rise through the layer to form a light oxide layer above. Oxidized me-
tallic components also leave the metallic layer to join the light oxide 
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layer. Eventually, when concrete slag has diluted the heavy o:dde layer 
such that its density is less than that of the metallic layer, the lay-
ers flip and the heavy oxide and light oxide layers, being soluble com-
bine to form one. 

' 2.2 User Input 

To initiate a CORCON calculation, specific inputs are required to 
specify the cavity, concrete composition, melt conditions, boundary con-
ditions, and numerical control. These are listed below as they appear 
in the CORCON manual: 

"Cavity. 

Initial shape: Axisymmetric. One of the two simple geo-
metries, or user-defined. 

Concrete: One of three internally defined 'generics' or cf 
user-defined composition and melt properties. User must define 
ablation temperature and emissivity in any case. Emissivity 
can be temperature- or time-dependent. 

"Melt. 

Initial composition: Masses of each metallic and oxidic 
species present (not Including fission products). 

Initial temperatures: Of metallic phase and of oxidic phase. 

Properties: All are internally calculated except emissivity, 
which must be user-input as a function of temperature or of 
time. 

Internal heating: Ordinarily, this is internally calculated, 
but user-defined tabular input is permitted. This option is 
intended primarily for analysis of experiments. 

"Boundary conditions. 

Atmosphere: Temperature, pressure, and composition. These are 
treated as constant in time, and the composition is not 
actually used. 

Radiative surroundings: Temperature as a function of time, and 
emissivity as a function of time or temperature. 
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"Control. 

Time step: Constant for the problem. 

Start and end times: Ordinarily relative to reactor SCRAM, 
with the start time used to initialize decay power. 

Edit interval: For printed output." 

2.3 Code Output 

The output of the code is in printed tabular form for each pre-
designated time Interval. The output may be Integrated to a graphical 
display subroutine, although one doeB not exist in CORCON and must be 
user supplied. The output variables of most interest are gas genera-
tion, layer temperature history, and concrete ablation and cavity pro-
file. A more complete list of the CORCON output is given below as it 
appears in the CORCON manual: 

"Gas generation: Cumulative generation of gases, by species, 
including CO2, CO, H2O, H2, and a number of less-important 
hydrocarbons and other traces. 

"Geometry: The geometry of the cavity, including cumulative area 
and volume as a function of height. The local void (gas) 
fraction in the pool as a function of height, and the position 
of layer interfaces. 

"Heat transfer: Details of the heat transfer models and resulting 
heat fluxes along the melt-concrete boundary. 

"Pool composition: The composition of each pool layer. 

"Layer properties: Values of thermophyslcal and transport 
properties in each pool layer, and bulk-to-boundary heat 
transfer coefficients. 

"Metal/gas reaction: Summary of the chemical reactants and products 
for the oxidation of metals by concrete decomposition gases 
during the timestep." 

2.4 Code Structure and Calculatlonal Procedure 

The CORCON code is written in a "modular, top-down structure," re-
flecting the layered oxide-metal composition of the core melt. Possible 
layers, from top-down, are atmosphere (ATM), coolant (CLN), light oxide 
(LOX), light mixture (LMX), metallic (MET), heavy mixture (HMX), and 
heavy oxide (HOX). For most cases, it Is calculated that the original 
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oxidic components have a higher density than the metallic components, 
although the layers may flip at a later time in the calculation due to 
dilution of HOX layer by concrete decomposition products. In CORCON-
M0D1, the LMX, HMX, and CLN layers, although present In the layered 
structure, are not operational and are included in anticipation of 
future model development. They are assumed to have zero mass, and en-
ergy and mass transfer processes bypass them to the next layer with 
mass. The transport of gas, metal, and oxide through the pool is shown 
in detail in Figures 2.1—2.3, respectively, which are taken from the 
CORCON manual. 

The calculatlonal procedure for CORCON starts with the user-sup-
plied initial conditions and proceeds through each timestep to supply 
end-of-tlme step values which are used to initialize the calculations 
for the next timestep. In order to understand the order in which the 
calculations are performed, the following step-by-step caJculational 
cycle is reproduced, as it appears in the CORCON manual. 

"1. Calculate all bulk-to-interface heat transfer coefficients for 
each layer of the rool. 

"2. Calculate the polntwlse ablation rate along the melt-concrete 
interface, determined by an energy balance at the Interface. The 
thermal resistance of the gas film is calculated based on local con-
ditions of gas flow, and whether the gas is entering the melt. 

"3. With this information, calculate the rate at which concrete 
decomposition products, condensed and gaseous, enter each layer of the 
pool. 

"4. Calculate interface temperatures and heat fluxes between 
layers and at the surface of the pool. At the same time, the matrix 
equations are set up for a .later implicit calculation of the total 
inter-layer and surface to atmosphere/surroundings heat transfer during 
the timestep. 

"5. The next and most complicated step is calculation of the pool 
internal mass transport, and melt-gas chemical reactions, and the asso-
ciated energy terms. The calculation proceeds in two passes. The first 
follows rising gases and condensed-phase materials (e.g., concrete slag 
entering a metal layer), layer-by-layer. Rising material which should 
remain in a layer has its mass and energy added to those of the layer. 
Material which passes through is equilibrated thermally. Gas passing 
through a metal-containing layer Is equilibrated chemically with the 
metal, with any heat of reaction remaining in the layer. When the sur-
face of the pool is reached, any meIt-atmosphere reactions are evalu-
ated. At this point, the, rising gases could be added to the atmosphere, 
the atmosphere equilibrated, and ablation rates of the surroundings 
calculated. Then, In a second layer-by-layer downward pass, falling 
condensed phase materials are followed until they are added to the 
appropriate layer. 
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or rises up through the gas film at each * is determined by the local 
surface inclination angle. Q in the pool layers denotes thermal equili-
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"From here on, the code is mostly updating to the end-of-time-step 
state, as follows: 

"6. Finish solution of the implicit inter-layer heat transfer 
equations to determine final layer enthalpies. Reconcile these with the 
known layer masses and compositions (from step 5) to determine the new 
layer temperatures. 

"7. Calculate new layer densities (and liquid/solid conditions). 
Determine if previous layer ordering is still appropriate. If not, flip 
and/or combine layers. 

"8. Calculate new layer transport properties (viscosity, con-
ductivity) from new compositions and temperatures. 

"9. Use the ablation rates from step 2 to calculate the new cavity 
geometry. 

"10. Calculate bubble rise velocities and, from known gas flow 
rates, polntwlse void fractions in the pool. The void fractions and the 
cavity shape, together with the total volume of each layer, determine 
the elevation of each layer interface." 

2.5 Documentation of the CORCON Code 

The CORCON-MOD1 computer code developed at Sandla National Lab-
oratories is documented in SAND80-2A15, "C0RC0N-M0D1: An Improved Model 
for Molten Core/Concrete Interactions," by J. Muir, R. cole, M. 
Corradini, and M. Ellis (July 1981). 

The user's manual documents the physical models In the CORCON code, 
the options and limitations of the code, the input and output, a 
description of the program subroutines, flow chart, and principal 
variables, as well as a detailed sample problem description. The manual 
also contains a reference list of ma^or reports and technical/scientific 
papers that went into the development of the code which are useful for 
independent assessment of the supporting data bases. 

The manual is thorough, orderly, and concise, enabling a user not 
only to utilize the CORCON code efficiently but also to understand the 
bases of the physical mode lB and to modify the code as improved or new 
models of physical phenomena become available. 
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3. MAJOR PHENOMENOLOGICAL MODELS 

Wherever possible, CORCON employs models and correlations for phy-
sical and chemical processes that may occur during a core-concrete In-
teraction which are based on sound empirical data over a range of param-
eters applicable to the conditions which may exist during a postulated 
core-concrete Interaction. Most models consider complicated two-phase 
bubbling heat transfer processes, which have been modeled on the basis 
of non-reactor materials tests in a range of conditions outside those 
applicable to core-concrete interactions. Some processes are not mod-
eled at all, including a boiling coolant layer, crust formation, and 
solidified debris-concrete interaction. In spite of these observations, 
it appears CORCON has utilized the best available heat transfer mod-
els. In the discussion to follow, the melt-concrete.heat transfer mod-
els, pool internal and surface heat transfer m o d e l B , and the two-phase 
hydrodynamic model will be discussed. 

3.1 Melt-Concrete Heat Transfer and Ablation 

Heat transfer between the molten core debris and the concrete is 
modeled on the hypothesis that a gas film exists between the melt and 
the concrete, composed of decomposition and dehydration products from 
the concrete. The net heat transfer rate is composed of two components, 
a gray thermal radiation component and a convectlve component. The 
radiative component Is of the usual form for radiation heat transfer all 
around the melt while the convectlve component is of the familiar form 
of Newton's law of cooling. 

There are five distinct regions around the periphery of the melt-
concrete interface in which the mode of convective heat transfer is 
varied. These regions are a bubbling film region for horizontal inter-
faces, a laminar gas film region and turbulent gas film region for ver-
tical Interfaces, coupled In their intersection regions by appropriate 
interpolation schemes. These five melt-concrete convective film regions 
are shown in Figure 3.1. The heat transfer model employed in Region 1 
is a bubbling model, based on Taylor instability theory, developed inde-
pendently by Dhlr (1977) and Alsmeyer (1978). Once the concrete inter-
face achieves an inclination from horizontal of 15°, a laminar gas film 
model Is used (Region 2). In this model, gases emanating from the ab-
lating concrete are assumed to flow around the molten core debris in-
stead of bubbling into it as in the Taylor Instability bubble model. 
Once the gas film Reynolds number based upon the film thickness exceeds 
100, the film Is assumed to become turbulent (Region 3). The Interpola-
tion regions 4 and 5 in Figure 3.1 ensure that the heat transfer coeffi-
cient distribution between the major regions is not discontinuous. 

The melting and removal of concrete adjacent to the gas film Is 
modeled by a one-dimensional steady state ablation model. The heat flux 
to the concrete is the sum of the convective and radiative components 
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Fig. 3.1* Melt/concrete interface heat transfer. 

previously described. Concrete ablation Is treated as a simple phase 
change process in which the heat of ablation is the Integrated enthalpy 
change from the virgin state (room temperature) to the ablation tempera-
ture. Included in this enthalpy change is the energy required to 
evaporate both the free and bound water in the concrete, decarboxylate 
the concrete, and melt the various components in the concrete. From the 
rate of heat transfer to the concrete and this heat of ablation, the 
concrete ablation rate and interface velocity are calculated. 

3.2 Pool Internal and Surface Heat Transfer 

Heat transfer from the interior of the molten pool to the gas film 
interface, across liquid-liquid interfaces, and at the pool surface is 
enhanced convection driven by the two-phase bubbling effects of the gas-
eous concrete decomposition products rising through the melt from the 
lower horizontal concrete surface. There are two regions of bubbling-
enhanced heat transfer in the molten pool: heat transfer across verti-
cal surfaces with bubble agitation across which there is no gas flow 
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(bubble scrubbing effect), and heat transfer across surfaces 1th trans-
verse gas flux through the Interface. The latter Includes both heat 
transfer across the lower Taylor gas film melt Interface as well as heat 
transfer across liquid-liquid layer Interfaces. Figure 3.2 shows these 
regions schematically, with the transition regions to smoothly inter-
polate from one to the other. Regions 1 and 3 are Interfaces through 
which there is a mass flux of vapor; region 2 is an interface with bub-
ble agitation from the pool side but no vapor flux through the inter-
face. For horizontal surfaces with gas flux through the interface, the 
heat transfer coefficient is given by (Region 1), 

h - k 

* (Pr a\ l/ 3 , /, 

- f - j (0.0003 3 AT + 0.4 a 2) 1 ' 3 (3.1) 

and for vertical surfaces with bubble agitation, the heat transfer coef-
ficient is given by (Region 2), 

h - k (0.00274 3 AT + 0.05 a) l / 3 (3.2) 

Notice the similarity in these two models, only differing in the form of 
the last bracketed term. These models will be discussed in more detail 

ORNL—DWG 86-4145 ETD 
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Fig. 3.2. Pool Interior heat transfer regions, 
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in Section 4. A most important heat transfer model is that which is 
applied to heat transfer across horizontal liquid-liquid Interfaces. At 
theae Interfaces, bubbles rising through the melt disturb the thermal 
boundary layers on both sides of the interface, resulting in a mode of 
bubble-enhanced heat transfer at the Interface. These heat transfer 
resistances are combined to give an overall liquid-liquid lnterfaclal 
heat transfer coefficient. The model used in CORCON to represent bub-
ble-enhanced heat transfer on either side of the liquid-liquid interface 
Is given by, 

/ P r g \ 1 / 3 . 
h - k ( - (0.00274 8 AT + 0.4 a 2 ) 1 ' 3 (3.3) 

This model will be discussed in some detail in Section 4. 

3.3 Two-Phase Hydrodynamics 

Concrete decomposition gases entering the pool from the lower melt-
concrete Interface bubble up through the pool, creating a two-phase bub-
bly/churn-turbulent flow regime. This has the effect of elevating the 
pool height and generating intense circulation which maintains the pool 
isothermal except in the vicinity of material interfaces and boundary 
layers. The bubbling action has a pronounced effect on all modes of 
heat transfer and as evident in Equations (3.1-3.3), the void fraction 
enters explicity into the heat transfer modeling. 

Three regimes of bubble dynamics are modeled, a Stokes flow regime, 
a medium-sized bubble flow regime, and a spherical cap bubble flow reg-
ime. The three models used to determine bubble terminal rise velocity 
are shown below: 

g r2 

Stokes: U - | — — (3.4) 
* 

/ g < > y / -Medium: U T - 1.53 ( ) (3.5) 
\Pl " Pg ) 

Spherical Cap: U T - /g rfa (3.6) 

Note in Equation (3.5) that the terminal velocity is independent of the 
bubble radius. A particular bubble rise velocity correlation is chosen 
based upon the relative magnitude of the bubble radius to the critical 
radius defined below. 

r « i crit " 2 . 3 4 I 
L g ( p * " p 8 ) . 

1/2 
(3.7) 
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The particular rise velocity correlation is then used to determine the 
void fraction as a function of axial coordinate as follows: 

where j is the superficial gas velocity. This formulation in Equation 
(3.8) iffiplles churn-turbulent flow. From the local void fraction dis-
tribution, the layer lnterfaclal coordinates, the pool swell, and the 
layer average void fractions may be calculated. 

3.4 Radiative Heat Transfer 

In addition to convective heat transfer in the gas film layers that 
are assumed to exist around the core melt (3.1), there is also a compo-
nent of heat transfer from the melt to the surrounding concrete due to 
thermal radiation. The radiative flux is modeled on the basis of gray 
body radiation between the core melt and the surrounding concrete as, 

«rad - F °B " Ti> <3-9> 
where 03 is the Stefan-Boltzman constant and T^ and Ty are the melt sur-
face and concrete wall temperatures, respectively. F is the radiation 
shape factor for two infinite, parallel flat plates which is given as, 

F -

EM 6W 
- 1 (3.10) 

where e^ and e^ are the emmissivities of the melt and concrete, respec-
tively. Implied in this formulation is a perfectly transparent gas me-
dium between the melt and the walls which contains no aerosols and does 
not participate in the radiation heat transfer process. 

This form of radiation heat transfer is employed along the vertical 
as well as horizontal melt-concrete interfaces where the concrete tem-
perature is coupled to the core melt energy balance. At the free sur-
face of the pool, radiation heat transfer to the cavity walls and 
celling require a user input as to the concrete temperature, since this 
concrete is not coupled to the melt energy balance. A constant or time-
varying temperature for the cavity concrete must be user-supplied. 

4. VALIDATION STATUS OF CORCON 

There has been a limited amount of experimental validation for the 
separate effect heat transfer and hydrodynamic models employed in the 
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CORCON code. The available data and operational experience with the 
code will be discussed In this section. 

The two-phase hydrodynamics void fraction model In CORCON was one 
of the first to be evaluated at Brookhaven National Labroatory (BNL). 
an experimental apparatus was used with a rectangular cross section and 
a porous base for distributed gas injection. Tests were performed with 
distilled water as well as a water-silicone oil fluid pair over a range 
of superficial gas velocity from 1 mm/s to 1 m/s. The results of these 
tests are shown In Figure 4.1. The comparison of the model predictions 
(based upon water properties) to the data are in excellent agreement 
over a range of superficial gas velocity applicable to core-concrete 
interactions. This model Is considered to be adequate in view of the 
well-established data base for this type of two-phase flow void fraction 
modeling. 

Although the void fraction model appears adequate, conditions some-
time develop during a CORCON run which can generate erroneous results 
for void fraction. According to the CORCON coding, r^ is always greater 

4.1 Two-Phase Hydrodynamics 
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Fig. 4.1. Average void fraction in liquids with bottom gas injec-
tion: comparison of models and data. 
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than rv t; therefore Uw Is always chosen as the smaller of U^g and 
Uj3< Once''a layer, usually the oxide layer, falls below Its llquldus, 
the Kunltz slurry viscosity model causes an abnormally high viscosity to 
be calculated, sometimes as much as 500 times as great as the Initial 
oxide viscosity (corresponding to a Prandt number of 37,000). The code, 
however, continues to calculate results as if the pool were still mol-
ten. Since the viscosity appears in the denomenator of Equation (3.4), 
U T 1 is then always much less than U t3 (as well as U?2)« Values for Uxi 
have been calculated as low as 0.01 m/s for the heavy oxide layer as 
compared to a value of 0.34 m/s for the light oxide layer. This diffi-
culty causes the otherwise acceptable void fraction model [Eq. (3.8)] to 
indicate erroneously high values of void fraction in the heavy oxide, 
sometimes as much as 40 times greater than the void fractions in the 
metallic and light oxide layers. These abnormally high values of void 
fractions not only affect the pool swell and level calculations, but 
feed back expliclty into the heat transfer models, Equations (3.1) 
(3.3). This difficulty has been brought to the attention of the CORCON 
development group, and has been corrected In CORCON-MOD1. The version 
of CORCON used in the source term study included this correction. 

4.2 Pool Surface Convectlve Heat Transfer 

CORCON modeling of heat transfer from the pool surface includes 
both convection to the atmosphere and radiation to the cavity walls. 
The radiative component is modeled as grey body thermal radiation 
between infinite parallel plates through a transparent atmosphere. In 
reality, a surface aerosol will exist due to the bursting of bubbles as 
well as condensation of vapors from the underlying melt. These types of 
models are not present in the code structure. The convecLlve component 
of heat transfer is predominantly one of natural convection from a hori-
zontal bubbling liquid surface to a semi-Infinite gaseous space above. 
In CORCON, it is assigned a constant value equal to 10 W/m 2 K. In ex-
periments performed at BNL with bubbling pools, surface convective heat 
transfer coefficients to the overlying gaseous space were measured. The 
data were taken over a range of superficial gas velocity from 0.1 cm/s 
to 1.0 cm/s. The results of these experiments are presented In Figure 
4.2. It was found that the surface heat transfer coefficient Is an in-
creasing function of the superficial gas velocity with a mean value for 
the available data base in the rage 100-200 W/m2 K, 10 to 20 times 
greater than modeled In CORCON. The sensitivity of the Integrated 
CORCON results to this convectlve component has been studied and It was 
found to decrease the average melt temperature by no more than 20 K. 
This is because the dominant mechanism for heat transfer from the sur-
face Is believed to be thermal radiation. 
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4.3. Heat Transfer Due to Bubble Agitation 
Along a Vertical Interface 

Bubble agitation along a heat transfer surface Is known to enhance 
the magnitude of the heat transfer at that Interface over the case with-
out bubbling. In Figure 3.2, the interface Is shown to actually be a 
gas film-liquid pool Interface (Region 2), and not a solid interface. 
Unfortunately, no data are known to exist for bubbling two-phase heat 
transfer to a vertical flowing gas film Interface. Therefore, a model 
was adapted for heat transfer with bubbling to a vertical solid wall. 
Several models exist for this process, one of which is the Hart correla-
tion (1976) based upon a dimensional analysis empirical fit of experi-
mental data, given by 

P C, t) (4.1) 

The model which was used In CORCON is an adapted version of the Konsetov 
model (1966). Blottner (1979) has taken the original Konsetov model, 

h - 0.26 k Pr1/3 (o g/v2)1/3 (|i/yw)0, (4.2) 
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and, substituting Equation (3.8) tor the void fraction, arrived at the 
result given .'.n Equation (3.2). In this equation, the Konsetov model 
has been coupled to a natural convection model to admit the asymptotic 
case of zero gas flux. Blottner has forced the modified Konsetov model 
to agree with the empirical Hart model for bubbling air in water over a 
wide range of superficial gas velocity by modifying the constants in 
Equation (3.23). These two models have been shown to give similar 
results, for the heat transfer coefficient for the cases of an oxide, 
metal, and slag pool. This procedure would also have been possible 
using the Hart model as the basis, and is valid and acceptable only 
Insofar as the data base of the Hart model is accurate, sufficient, and 
applicable to the caseB of oxide, metal, and slag layers. 

Bubble transport through a gas-liquid interface is known to in-
crease the magnltud^e of the transverse heat flux greatly over that for 
the case without bubbling. This type interface is shown in Fig. 3.2 as 
Region 1. Similar to the case of Sect. 4.3, there are no data available 
for bubbling heat transfer across a horizontal gas-liquid Interface with 
transerse gas flow. Therefore, a model was again adapted to this case 
based upon the same arguments presented in Sect. 4.3. Several models 
exist for this process, the latest known to the author is the Grief cor • 
relation (1965) which Is based upon experimental modeling of a data base 
developed by Gose et al. (1960). The dimensional form of the correla-
tion (in SI units) Is given by, 

This model was fit on the basis of comparison to the Gose et al. data. 
It was observed that heat transfer across a gas-liquid Interface with 
transverse gas flux should be a stronger function of the void fraction 
(monotonic with superficial velocity) than surfaces agitated by bub-
bling, so the void fraction dependence was assumed to the second power 
and the constants were forced such that the model would agree with the 
Grief model. The form of the heat transfer model adapted for surfaces 
with transverse gas flux Is shown in Eq. (3.1). This model also incor-
porates the feature that as the superficial gas velocity goes to zero, 
the model approaches the asymptotic case of natural convection from a 
horizontal surface. Blottner (1979) has compared both the Grief model 
in Equation (3.1) for bubbling heat transfer across gas-metal, gas-
oxide, and gas-slag interfaces with good agreement except for the slag 
case, which is of little importance. However, it should be noted again 
that the Grief model could have been coupled to a natural convection 
asymptote Itself, alleviating the disturbing practice of adjusting coef-
ficients and exponents. 

4.4 Heat Transfer Across Surfaces with Gas Injection 

(4.3) 
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4.5 Heat Transfer Across Liquid-Liquid Interfaces 
Enhanced by Transverse Gas Flux 

The magnitude of the heat flux across a liquid-liquid Interface 
agitated by a transverse gas plux may be as much as two orders of magni-
tude or more greater than the corresponding case of liquid-liquid nat-
ural convection without transverse gas flux. An interface such as this 
is shown in Fig. 3.2 as Region 6. 

At the time the CORCON code was developed, the only model that ex-
isted for heat transfer across a horizontal liquid-liquid interface with 
transverse gas flux was the Szekeley model (1963). This model, based 
upon surface renewal theory, analyzes the case of transient conduction 
heat transfer at a liquid-liquid interface brought on by periodic de-
struction of temperature gradients at the interface by the rising bub-
bles. The model ia only applicable to the conditions under which the 
upper and lower liquids do not mix or entrain under the influence of the 
buoyancy driving force of the rising bubbles. Blottner (1979) intro-
duced a formulation for the characteristic time as a function of the 
bubble volume, bubble area, and superficial gas velocity, as well as a 
constitutive relationship applicable to spherical cap bubbles, resulting 
in the modified form of the Szekeley TOdel shown below. 

h - 1.69 k /j /k r. g b 
A third modified version of the Konsetov model was developed to 

predict this case. In a manner similar to those presented in Sects. 4.3 
and 4.4, the terras in the equation for heat transfer through a gas-
liquid Interface with transverse gas flux were modified to bring the 
model into agreement with the surface renewal model. The form finally 
developed was 

The coefficient 50.0 was changed to 0.4 in the form of the model [Eq. 
(3.3)] adopted in CORCON in order to yield better agreement with the 
Code Comparison Test data (Powers, 1980). 

Several experimental data bases have been developed since that time 
which cast considerable doubt on the applicability and accuracy of Eq. 
(3.3) as applied to the case of interfaclal liquid-liquid heat transfer 
with transverse gas flux. Both Werle (1978, 1981) and Greene (1981, 
1982) have performed detailed experiments on liquid-liquid heat transfer 
with bubbling with a variety of simulant f u i d pairs. Experiments with 
oil-over-water (density ratio 0.7 to 0.9) and oil/water-over-liquid 
metal (density ratio 0.1) have been performed. Some of these data are 
shown in Fig. 4.3. In the former, considerable entralnment of the lower 
fluid into the upper fluid driven by the gas flux was measured, while In 

h - k (4.5) 
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Fig. 4.3* Liquid-liquid interfacial heat transfer data with trans-
verse gas flux. 

the latter, no entralnmeht was measured. For the data without entrain-
ment, the surface renewal model (Szekeley) was found to give a reason-
able prediction to the experimental data. However, the entralnment heat 
transfer data were found to exceed the predictions of the Szekeley 
model, in some cases by more than tWD order -of magnitude. Analyse8 are 
in progress at BNL to Improve the Szekeley model for prediction of non-
entraining liquid-liquid heat transfer with gas bubbling. In the ab-
sence of this improvement to the Szekeley model, Eq. (4.4) has been 
found to give a reasonable prediction of the available experimental data 
as shown in Fig. 4.4 and is recommended for use in CORCON over the 
present model, Eq. (3.3). 

Modeling of the phenomenon of liquid-liquid bubbling hear, transfer 
with entralnment, however, wae found to be entirely inadequate as pre-
viously shown in Fig. 4.3. An entraimupnt onset model was developed to 
predict the conditions under which gas bubbling across t' •> Interface 
between two Immiscible liquids would cause entralnment or the lower 
(heavy) fluid into the upper (light) fluid. When applied to the case of 
bubbling through a core oxide-metal liquid interface, lt was found that 
the molten oxide-metal bubbling system may be in the entralnment regime 
for a considerable protion of the interaction time. 
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Fig. 4.4. Comparison of non-entraining liquid-liquid heat transfer 
data with gas bubbling and the Szekeley surface renewal model. 

An entralnment heat transfer model was developed (Greene, 1982) In 
which the net heat transfer is composed of a component due to the inter-
faclal agitation (surface renewal) and a component due to the maas en-
trainment itself. The lnterfacial component was assumed to be given by 
the Szekeley model [Eq. (4.4)]. The entralnment component was modeled 
as the product of the mass rate of entralnment times the excess enthalpy 
of the entrained phase per unit mass. 

In this fashion, the overall heat transfer coefficient with 
entralnment becomes 

h - Szekeley + p C p W a i n < 4 ' 6 ) 

In order to use this model, an entralnment flux is needed for 
^entrain* T*ie following entralnment rate model was developed, 
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where C equals 10.6 for 
was determined fron the * 

C 1 2 - 5.97 + 0.07 i <m/s) 

ml cap bubbles and C12 (dlmenslonless) 
amic entrainment data as, 

(4.8) 

Combining Eqs. (4.4), (4.6), (4.8), and (4 9), the entrainment heat 
transfer coefficient, across immiscible liquid layers agitated by trans-
verse gas flux with entrainment, may be calculated. This model gives 
the best agreement with available experimental data, and is recommended 
in place of Eq. (3.3) currently in CORCON. 

The hydrodynamlc entrainment rate and entrainment heat transfer 
models were coded into the CORCON code along with the surface renewal 
model. Both models were used to run a LWR sample problem supplied by 
Sandia and were compared to the CORCON results using the original inter-
facial heat transfer model, the modified Konsetov model. The results of 
these sets of redundant CORCON calculations, run for two hours of core-
concrete interaction are discussed. The CORCON calculations of the re-
lease of steam and CO2 are not very sensitive to the interfacial liquid-
liquid heat transfer model used, although the entrainment model does 
reduce the H2O and C02 release by approximately 10%. However, Fig. 4.5 
demonstrates that the generation of hydrogen (and carbon monoxide) is 
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quite sensitive to the interfacial heat transfer model. Both are re-
duced by approximately a factor of four for the two hours of calculation 
by accounting for entralnment heat transfer. Figure 4.6 presents the 
sensitl/ity of concrete erosion to the Interfacial heat transfer model. 
Radial concrete erosion Is not much affected by whether one uses the 
entrainment, surface renewal, or Konsetov model. However, as shown In 
Fig. 4.6, the axial erosion rate is dramatically reduced. These ob-
servations demonstrate that the Konsetov model presently In CORCON is 
conservative. For more details of this sensitivity study, refer to 
Greene (1983). 

4.6 Comparison of CORCON to Integral Code 
Comparison Tests 

In addition to validation of individual models on the basis of com-
parison to separate effects tests, comparison to prototyplc integral 
tests is a valuable tool for overall system validation. Two such tests 
have been modeled using the CORCON-MOD1 computer code, Code Comparison 
Test 1 (CCT-1) and Code Comparison Test 2 (CCT-2) (Powers, 1980). 

The results of these comparisons have been discussed in detail by 
Cole (1981) and will be summarized here. 
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In the CCTa, a concrete crucible was used with a cylindrical flat-
bottom cavity ~33 cm In diameter and 38 cm deep. The malt-concrete in-
teraction was initiated with the Introduction of 205 kg o f molten 304 
stainless steel at an initial temperature of 1975 K into -he crucible. 
The crucibles were made of CRBR limestone concrete, high in calcium car-
bonate, which given off large quantities of gas during melt-concrete 
interaction. Induction coils were imbedded in the concrete for sus-
tained heating of the stainless steel melt. At six times during the 
test, the Induction power was halted to allow introduction of immersion 
thermocouples into the melt for temperature measurement. 

The CORCON-MOD1 code was used to model both the CCT runs. The only 
experimental measurement reported was the temperature of the oxide and 
slag layers. There was no heavy oxide layer present In these tests. 
The data from CCT-1 and the CORCON predictions for the melt temperature 
histories are shown in Fig. 4.7. T M I is the initial melt temperature 
and TyyjL is the assumed concrete ablation temperature. Examination of 
the data in Fig. 4.7 reveals that the measured and predicted melt tem-
perature histories differ in two respects. First, the initial tempera-
ture drop that Is measured is ~50 K greater than predicted by the 
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code. Second, following this drop the code predicts the melt tempera-
ture should remalan constant for up to 4000 s while the data indicate a 
gradual increase in melt temperature, which has been estimated to be on 
the average 4 K/mln. The code results suggest a state of equilibrium 
between induction heating rate and the heat losses from the melt, while 
the data indicate the heat losses are less than the Induction energy 
deposition rate. The gradual rise in temperature of the melt of 4 K/min 
corresponds to a net heating rate of the melt of ~10 KW, 10% of the 
induction heating rate. 

A plausible explanation for the Increase in melt temperature In the 
experiments could be the formation of a thin surface crust, posing a 
resistance to heat transfer from the pool surface which is not modeled 
in CORCON. Another possibility that should be considered la the reli-
ability of the temperature measurements themselves. 

In spite of this discrepancy, the agreement between the Integral 
Code Comparlslon Tests and the CORCON-MOD1 predictions of melt tempera-
ture history are quite good, and lend credibility to the applicability 
and overall accuracy of the code modeling. An essential feature of any 
future assessment of the CORCON code would be continuing comparison of 
the code to all available, applicable Integral tests of core-concrete 
interactions. 

4.7 Miscellaneous Topics 

The model used to calculate the llquldus/solldus of core oxide/slag 
mixtures In CORCON is an infinite solubility binary phase model. This 
model is obviously Inadequate and an attempt to construct a more 
accurate oxide phase diagram is under way at Sandia. This model is 
expected to be available for M0D2. 

The gas film convective heat transfer correlations assume that a 
flowing gas film, composed of concrete decomposition gases, surrounds 
the melt, separating it from the ablating concrete. Gases flowing in 
the film are not allowed to react with the metallic pool components. 
This results In slightly underpredicted H2 and CO generation rates, al-
though it has essentially no effect on the overall gas generation 
rate. There Is experimental evidence from Sandia that these gases do 
react and result In chemical equilibrium concentrations of gases 
(Powers, 1983). As a result of this, the code development group has 
agreed to allow the gas film to react with the pool in the same fashion 
as the gases that enter the pool from below. This modification will be 
incorporated Into M0D2. 

Experimental verification of the existence of gas films surrounding 
the coremelt is lacking (Powers, 1983). An alternative technique Is to 
assume that a bubbling slag layer surrounds the melt instead. Calcula-
tions have shown that the heat transfer rate through the gas film is 
approximately equal to that through a 0.2 cm thick slag layer at the 
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same gas flow rate (Blottner, 1979). This thickness Is compatible with 
data from the coal Industry. It is not believed that this uncertainty 
has any quantitative effect on the integrated calculations of core-con-
crete interactions and does not warrant modification. 

In the absence of a surface boiling coolant layer, thermal radia-
tion from the pool surface to surrounding concrete is the dominant heat 
transfer mechanism. Although a cavity aerosol would exist to interfere 
with radiative heat transfer, a transparent atmosphere is assumed and 
gray body radiation Is modeled. Although this may be an oversimplifi-
cation, parametric variation of the cavity concrete temperature from 50 
to 1500 K has been shown to result in only a minor perturbation to the 
principal CORCON output variables, i.e., melt temperature, concrete ero-
sion rate, and total gas generation. The opinion of the author is that 
this phenomenon has little effect on the calculation of the ex-vessel 
fission product source term. 

4.8 Phenomena in Ne*.d of Modeling 

The current version of CORCON, MODI, will be superceded In the near 
future by the next generation code, MOD2. Since this code program Is an 
evolutionary one, the Initial goals for the code were limited and are 
expected to be expanded in the future. In particular, C0RC0N-M0D1 is 
only applicable to the case of molten core debris interacting with con-
crete. There are no provisions or models In the code to accommodate the 
formation of surface crusts or the eventual freezing of the debris. 
Such models are certainly required to extend the usefulness of the code 
for calculating the consequences of core-concrete interactions to longer 
times than presently possible. Calculations performed at BNL have indi-
cated that molten core debris rapidly cools below its liquidus, in some 
cases within an hour of initiation of interaction (Greene, 1983). The 
code continues to operate, not recognizing that solidification phase 
change processes should be occurring, and misleading results may be 
generated. The code developers did not intend for this version of 
CORCON to be used outside the range of conditions in which the core 
debris is molten; the next version will Include modeling improvements 
which will extend the code capabilities into the solidified debris 
regime. 

A second area in which the code requires improvement is in the mod-
eling of a reactor coolant layer over the molten core debris. This pos-
sibility had been recognized by the code developers when they included 
the coolant layer structure into the code numerical scheme. However, a 
model for liquid-liquid film boiling under conditions of transverse gas 
flux through the liquid interface did not exist. As a result, the cool-
ant layer was forced inoperative In anticipation of future development 
of such a model. Work is well under way at BNL to develop such a model 
for Inclusion in the G0RC0N code. A preliminary coolant layer model is 
under development at BNL and is expected to be available for C0RC0N-
M0D2. In the course of this program, unmixed coolant layer-molten metal 
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vapor explosions have been observed to occur under some conditiosn dur-
ing liquid-liquid boiling, even without transverse gas flux. 

It is expected that development of these model* and Introduction 
into the CORCON code will open a new dimension in the analysis of core-
concrete interactions, extending tae code calculation ability to essen-
tially unlimited time and including essentially all the necessary phy-
sics to Investigate any possible accident scenario which may be postul-
ated. 

5. SUMMARY APPRAISAL OF CODE 

The C0RC0N-M0D1 computer code under development at Sandia National 
Laboratories Is a state-of-the-art model for molten core debris-concrete 
Interactions. The code models the complicated heat transfer and hydro-
dynamic processes that may occur during the ex-vessel attack of molten 
core debris on structural concrete in the reactor cavity during a pos-
tulated degraded core accident In a light water reactor. The code is 
modular in coding and easily attached to containment analysis codes, 
such as MARCH and CONTAIN, to compute the Impact upon containment integ-
rity of exvessel core-concrete interactions. 

Wherever possible, the CORCON code uses models and correlations 
which are based upon sound empirical data for physical and chemical pro-
cesses that may occur during a core-concrete interaction. Most models 
consider complicated two-phase bubbling heat transfer and hydrodynamlc 
processes which have been modeled on the basis of sparse data bases from 
non-reactor materials experiments. In some cases, important physical 
phenomena have not been modeled at all due to unavailability of any data 
or models. In spite of these difficulties, it appears CORCON has util-
ized the best available models, and Its use is recommended over any 
other models of core-concrete interactions. 

The following observations and recommendations are listed: 

1. The C0RC0N-M0D1 computer code was developed to analyze molten core-
concrete interactions and is not applicable under conditions in 
which the debris begins to solidify. 

2. Care must be taken to ensure that layer temperatures do not fall 
below the llquldus temperature. 

3. The Kunitz slurry viscosity model causes extraordinary high vis-
cosity values when a layer is between its llquldus and solldus tem-
peratures. Prandtl numbers for the heavy oxide as high as 40,000 
have been calculated. This model has been modified In MODI. 

4. Ones a layer temperature falls below the llquldus and very high 
vocoslty is calculated, this viscosity causes the bubble rise ve-
locity to decrease dramatically. 
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5. Low values of UT cause abnormally high values of void fraction to 
be calculated, affecting level swell, average void fraction, and 
Interface location calculations, 

6. Interfacial liquid-liquid heat transfer with transverse gas flow 
neglects entrainment. The entrainment heat transfer model and 
Szekeley surface renewal model are recommended. These models have 
been coded Into the CORCON-MODl version at BNL and are being for-
warded to Sandia. Improved modelling will be available for M0D2. 

7. To enable long-term application of G0RC0N to core-concrete in-
teractions, crust formation and solid debris models must be deve-
loped. This will be available for MDD2. 

8. Modeling of a water coolant layer over the molten core debris is 
required to enable evaluation of the Impact of liquid-liquid film 
boiling on Integrated results of core-concrete Interactions. 
Experiments are currently under way at BNL to develop this model. 
A preliminary coolant layer model will be available in M0D2. 

9. Liquid-liquid film boiling experiments with water and liquid metal 
have been found, under some circumstances, to result In dispersive 
vapor explosions. This phenomenon is currently under investigation 
at BNL. 

10. The technique of superposition of natural convection heat transfer 
models and bubble-enhanced convection models (of the modified 
Konsetov form) appears to compare favorably with the Grief ai\d Hart 
models. It would have been preferred to use the Grief and Hart 
models and couple them to appropriate natural convection models 
Instead of the modified Konsetov model approach. The coupling 
technique recommended is the non-linear interpolation technique 
developed by Churchill and Usagl (1972). Details of this approach 
and recommended forms of the correlations can be obtained from the 
author on request. 

11. The core oxide-concrete phase diagram is inadequate. Experimental 
work may be required to Improve this important model in the code. 

12. Assessment of selected phenomenologlcal models In CORCON-MODl 
demonstrates the code to be conservative In its calculations. The 
code Is considered by the author to be reliable as long as it is 
not uBed beyond the point at which the core debris Is no longer 
molten. 

It is the opinion and desire of the author that the ex-vessel source 
term calculation performed with VANESA, using CORCON output as initial 
and input conditions, should be rerun with CORCON-MOD2 which will have 
major improvement and additions not available in MODI. It Is expected 
that the calculations with CORCON-MOD2, which will Include crusting and 
freezing as well as a coolant layer over the debris, may result In a 
significant reduction in the ex-vessel source term. 
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VI. STATUS OF VANESA VALIDATION 

D. A. Powers 
J. E. Brockmann 

Sandia National Laboratories 
Albuquerque, New Mexico 

I. DESCRIPTION OF VANESA VALIDATION 

1-A. What the VANESA Model Does 

The later stages of a severe nuclear reactor accident are marked by 
the deposition of molten core debris into the reactor cavity which leads 
to vigorous interactions between melt and structural concrete. Intense 
aerosol generation and fission product release were associated with the 
core debris/concrete interactions in analyses done for the Reactor 
Safety Study (1) though only crude descriptions of the processes were 
possible at that time. The generation of aerosols and release of fis-
sion products during core debris/concrete interactions have been ob-
served in experimental studies of these interactions (2). Release dur-
ing core debris interactions with concrete is the only ex-vessel source 
term considered in the Accident Source Term Reassessment Study. 

The VANESA model is a mechanistic description of the aerosol gener-
ation and fission product release during core debris Interactions with 
concrete. The model predicts the mass, composition, and mean particle 
size of radioactive and non-radioactive materials liberated as vapors or 
particles during the Interactions. The model indicates whether mass 
release is by vaporisation processes or mechanical processes. It pred-
icts the speciation of volatile materials in the gas phase and the rate 
limiting step in the kinetic process of vaporization. As a derivative 
benefit, VANESA also predicts the amounts of CO, C02, H20, and H2 in the 
gas evolved during core debris/concrete interactions. The mechanistic 
detail incorporated in the VANESA model represents a significant step in 
sophistication beyond the models used in the Reactor Safety Study and 
empirical correlations derived from experimental data from core de-
bris/concrete Interactions tests (3). 

The VANESA model was developed as a tool for the analysis of aer-
osol data obtained in the NSS series tests of core debris/concrete in-
teractions (4). It was hoped that the model would eventually become a 
subroutine in the CORCON model of core debris/concrete interactions 
(5). Consequently, VANESA is not a publicly available computer code in 
the sense that many other codes used in the ASTR Study are. The experi-
mental analysis origins of the VANESA model mean that the model takes 
advantage of much of the data base developed in the experimental work. 
In the course of developing VANESA, experimental data and analyses from 
a variety of non-nuclear sources were used. 
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I-B. Input to and Use of VAN. SA 

The relationship of the VANESA model to other models used in the 
ASTRS is shown in Fig. 1. 

The key input requirements to the VANESA model are: 

1. chemical composition (identification of all compounds and their mass 
fraction) of the core debris including fission product Inventories 
at the start of core debris/concrete interactions; 

2. . chemical composition of the concrete; 

3. the . temperature of the melt during the core debris/concrete in-
teractions ; 

4. the rate at which molten products of concrete decomposition are 
incorporated into the melt; 

5. rate of CO2 and H2O generation by melt attack on concrete; and 

6. the geometric top surface area of the molten pool during core 
debris/concrete Interactions. 

MARCH CODE and 
CORSOR CODE 

• Ini t ial Malt Mae* and 
Tamparatura 

• Initial Malt Compoaltlon 

CORCON CODE 
• Malt Temperature During intaracllon 
• C0 2 and H ,0 Generation Rataa 
• Matt Burfaca Area 
• Maaa Rata of Conerata Malting 

VANESA MODEL 
• Maaa Rata ol Aaroaol Qanaration 
• Aaroaol Compoaltlon 
• Aaroaol Partlcla Slxa and Oanalty 
• Qaa Flux and Composition 

NAUA or CONTAIN 

Fig. 1. How the VANESA model is used in the accident source term 
reassessment study. 

ORNL—DWG 85-41FS3 ETD 

ACCIDENT ana PLANT 
SPECIFICATIONS 

• Reactor Cavity Qaomatry 

• Conerata Compoaltlon 

# 
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The flrsc of these Input quantities is obtained from the results of ac-
cident analyses with the MARCH and CORSOR models. The second of the 
Input quantities is obtained from specifications of the reactor plant 
under analysis. The remaining input data are obtained from a model of 
core debris/concrete interactions. For the ASTRS the CORCON code (5) 
was used to obtain these data. 

I-C. Output from the VANESA Model 

A detailed listing of the specific output quantities from the VANESA 
model Is provided in Table 1. The most important of these quantities 
for subsequent use in the calculation of a severe accident source term 
are: 

1. aerosol mass generation rate; 

2. chemical composition of the aerosolized mass in terms of fission 
products, concrete constituents, and structural materials; 

3. Initial particle size of the aerosol; 

4. material density of the aerosol; 

Table 1. Output froo the VANESA model 

A. Aaroaol Properties 
1. Density of aerosol material (g/ca3) 
2. Mean aerosol particle alee (pa) 
3. Mass flux of aerosols (g/s) 
4. Aerosol concentration at STP (g/m3) 
5. Aerosol concentration In cavity (g/m3) 

B. Aerosol Composition 
1. Fission Products (mass percent Cs, I, Te, Ru, 3b, Mo, Sr, Ba, U, 

Pu, Ce, La, Nb) 
2 . Concrete Constituents (mass percent Na, K, Al, Si, Cs, r e ) 
3. Fuel and Structural Materials (mass percent Fe, Nl, Cr, Mn, Sn, 

Zr, U> 
C. Kinetics Data 

1. Source of Release (sparging, evsporatlon, mechanical) 
2. Rate limitation (surface area, time, mass transport, or chemical 

kinetics) 
3. Vapor phase speclatlon 

D. Melt Composition 
1. Change caused by aerosol formation 
2. Change caused by aetal oxidation 
3. Change caused by concrete melting 

E. Permanent Caa Charactarlatlcs 
1. Composition (volume percent CO, CO2, H2, H2O, OH, 0, H) 
2. Flux (moles/s) 
3. Superficial velocity (m/s) 
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5. gae flux during core debris/concrete Interactions; and 

6. chemical composition of permanent gases evolved during core de-
bris/concrete Interactions. 

These quantities specify the ex-vessel source term for calculations of 
containment response with the NAUA or CONTAIN code. 

I-D. How the VANESA Model Works 

Observations from core debris/concrete interaction experiments and 
review of data from the welding and ferrous metallurgy industry show 
that aerosols are formed during melt/concrete interactions by the fol-
lowing mechanisms: 

1. evaporation from the melt, 

2. sparging of the melt by gaseous products of concrete decomposition, 

3. reactive vaporization of melt constituents, 

4. mechanical formation when gas bubbles break at the melt surface, and 

5. comminution and entrainment of bulk material ejected Into the stream 
of evolved gases. 

The first four of these mechanisms are considered In the VANESA model. 

Carbon dioxide and water vapor produced by thermal decomposition of 
the concrete are assumed to enter the melt at the melt/concrete Inter-
face. The gases are assumed to instantly come to thermal and chemical 
equilibrium with the metallic phases of the melt. The equilibrium gas 
composition is calculated in a conventional manner assuming that the 
gases behave in an ideal manner (fugacltles of gas species are equal to 
their partial pressures) and that metallic phase of the melt Is an ideal 
solution (activities of the constituents are equal to their mole frac-
tions) of Fe, Cr, Nl, and Zr. The result of the calculation is specla-
tion of the gas phase in terms of H, H2, OH, 0, O2, CO2 and the forma-
tion of an Ideal solution of FeO, Cr203, N10, and Zr02. The condensed 
products of the gas reaction with the melt are instantaneously conducted 
into the oxide melt. 

The gas in the melt is assumed to disintegrate into 2-cm diameter 
bubbles. The bubbles are assumed to have the spherical cap shape. The 
number of bubbles is determined from the gas volume at the melt tempera-
ture and ambient pressure. The bubbles are assumed to migrate through 
the melt at a velocity given by (6): 

V - 0.72 (dg)1/2 
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where 

V • riBe velocity 
d • bubble diameter 
g - gravitational constant 

Fission products and other melt constituents are apportioned be-
tween the metallic and oxidic phases of the melt and are assumed to have 
the chemical form indicated below: 

Metallic Phaae: 

Ag Fe 
Mo Ni 
Ru Cr 
Sn Zr 
Sb Mn 
Te 

Oxidic Phase: 

uo 2 Na20 Csl FeO 
ZrO K2O La203 Cr20 
CaO Cs20 Ce02 NiO 
SiO BaO Np02 MnO 
AI2O3 SrO Pu02 Nb20 

The kinetic processes necessary to achieve equilibrium between the oxide 
and metallic phases are slow. Consequently, this equilibrium is ne-
glected. Only the oxidation products of Fe, Cr, Ni, and Zr are allowed 
to exchange between the two melt phases. 

Equilibrium partial pressures are calculated for the melt constitu-
ents assuming that each vaporizes in a manner unaffected by the other. 
The vapor pressures are assumed to be created by gaseous species that 
form in ternary M-O-H systems where M is the element of Interest. Par-
ticular gas phase chemical species recognized by the model are shown in 
Table 2. There are a few exceptions to the above procedure. Mixed spe-
cies recognized by the model are Csl(g), AgTe(g), SnTe(g), and SbTe(g). 

Treatment of the vaporization process as a series of Isolated, 
ternary M-O-H equilibria is an approximation. Experimental data suggest 
the fluorides, chlorides, sulphides, highly oxidized nixed species such 
as permanganates, and chromates can form during core debris/concrete 
interactions (7). The halldes stem from evolution of HC1 and fluorides 
during concrete decomposition. Evolution rates for these materials are 
not known. These species make up only a few tenths or hundredths of a 
percent of the concrete mass in comparison to 5 to 8Z H2O and 1 to 35% 
CO2 ( 8 ) . 
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Table 2. Elements and vapor species considered 
In the VANESA code 

Element Vapor species 

Hydrogen H, H2, OH, H2O 
Oxygen 0, 02, OH, H2O, CO, C02 
Carbon CO, CO2 

Iron Fe, FeO, FeOH, Fe(0H )2 

Chromium Cr, CrO, Cr02, CrOa, H2Cr0i» 
Nickel Nl, NiO, N10H, Ni(0H)2 
Molybdenum Mo, MoO, M0O2, M0O3, H2Mo0it, 

(M0O3)3 
(Mo03)2, 

Ruthenium Ru, RuO, Ru02, RUO3, RuOi» 

Tin Sn, SnO, SnOH, Sn(0H)2, SnTe 
Antimony Sb, SbOH, Sb(0H)2, Sb2, Sb»», SbTe 
Tellurium Te, TeO, Te02, Te202, H2Te0i» 

Te2, H2Te, SnTe, SbTe, AgTe 
Silver Ag, AgOH, Ag(0H)2, AgTe 
Manganese Mn, MnOH, Mn(0H)2 
Calcium Ca, CaO, CaOH, Ca(0H)2 
Aluminum Al, AlO, AlOH, A120, A I O 2 , A I 2 O 2 , 

A1(0H)2, ALO(OH) 
Sodium Na, N a 2 , NaOH, (NaOH)2, NaO, NaH 
Potassium K, K2, KOH, (KOH)2, KO, KH 
Silicon Si, SiO, SIO2, SiOH, Si(0H)2 , si(OHK 
Uranium U, f ), UO2, UO3, H2UOH 
Zirconium Zr, ZrO, Zr02, ZrOH, Zr(0H)2 
Barium Ba, BaO, BaOH, Ba(0H)2 

Strontium Sr, SrO, SrOH, Sr(0H)2 
Cesium Cs, C s 2 , CsOH, CS2(0H>2, C82O 

CsO, Csl 
Lanthanum La, LaO, LaOH, La(OH)2 

Cerium Ce, CeO, CeOH, Ce(0H)2 

Niobium Nb, NbO, Nb02, NbOH, Nb(OH)2 

Iodine Csl, HI, 12, I 
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The condensed phases are treated as Ideal solutions for the vapori-
zation calculations with the exception of the treatment of Na20 and K2O 
Activity coefficients for Na20 and K2O were derived from literature data 
for the Na£0-810 and ^O-SiO systems. 

Equilibrium partial pressures of the melt constituents are used as 
driving forces for vaporization of these constituents into gas bubbles 
sparging through the melt. Inhibition to the vaporization is assumed to 
be caused by: 

1. available surface area, 

2. mass transport in the condensed phase, 

3. surface vaporization rates, and 

4. transport of vapors within the bubble. 

Surface areas are calculated for the spherical cap bubbles assuming 
they are spheres of equivalent volume. Mass transport coefficients are 
derived from the Balrd correlation for Isolated spherical cap bubbles 
(9): 

D • diffusion coefficient, 
d - equivalent sphere bubble diameter, and 
g • gravitational constant. 

Condensed phase diffusivities are calculated from the Scheibel modifica-
tion of the Wllke-Chang correlation (10). 

V± - molar volume of species 1 
^melt " ®°la r volume of melt 

M - viscosity of the melt (poises) 

Data for Fe in Fe0-S102 melts are used for parametric calibration 
(11). Surface vaporization rates are given by: 

K - 0.97g4'* D 1 ' V d !/•» nl/2,.l/«. 

where 

yv1
1/3 
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where 

Nj • moles of species vaporized 
A - surface area 
a - accommodation coefficient = 1 
t - time 

Mj - molecular weight of species i 
T - absolute temperature 

Pi(eq) - equilibrium partial pressure of species i 
P^ • actual partial pressure of species 1 

Mass transport in the gas phase is calculated from: 

Kg - Dj/d 

where 

Dj - diffusion coefficient of the species i 
d - bubble diameter 
Kg - mass transfer coefficient 

This gas phase mass transport model is very approximate. Gas phase mass 
transport is very fast and has never been found to be rate control-
ling. Gas phase diffusivlties are calculated from (12): 

D _ 0.0606 T 1 - 7 8 (1 + 
1 " P(V i

1/ 3 + 3) 
where 

Mj - molecular weight of species i 
p - absolute pressure 

V^ - molar volume of condensed species 1 

* - ( 1 B V + 2 p H 2
 + 4 4 p C O 2

 + 2 8 p C O ) / ( p H 2 O + P H 2
 + P C0 2

 + PC0> 
The vapor is convected to the melt surface by the gases where it Is 

released and can form aerosols. Vapor could condense on walls and 
structures. Simple calculations suggest that for experiments this could 
deplete the vapor by only small amounts (<10%), and for the reactor ac-
cident conditions, the depletion would be less. 

Aerosols are formed when the gas bubbles break at the melt sur-
face. This has been observed in a variety of contexts Including oxygen 
blows during steel manufacture which are quite analogous to melt/con-
crete interactions (13). The treatment of this aerosol formation pro-
cess is based on studies of Isolated bubbles passing through water 
(14). Each gaa bubble is assumed to generate 140 particles 1 pm in 
diameter having the bulk oxide melt composition. 

The final step in the VANESA calculations is the estimation of the 
mean aerosol size. A mechanistic nucleatlon and condensation model has 
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been planned for the VANESA model, but has not been used In the source 
term study. Instead, an empirical correlation of experimental data has 
been used to estimate a mean size: 

A - concentration of aerosol In the evolved gas (g/m3) 
p • material density of the aerosol particles (g/cra3) 
d - mean diameter of the mass equivalent sphere (urn) 

All of the aerosol particles are assumed to have the average composition 
determined by the vaporization and bubble bursting. 

Assumptions made In the development of the VANESA model are cat-
aloged In Table 3. Along with this list of assumptions are lists of the 
bases for the assumptions and references to the pertinent literature. 

A report describing in some detail the VANESA model, the physical 
phenomena described by the model, and the numerical techniques used to 
carry out these descriptions is now being prepared. VANESA is viewed by 
it's authors as a model rather than a computer code so there are no 
plans now to release it as a stand-alone code. Consequently, no "user's 
manual" Is planned. Rather, the VANESA model will become a subroutine 
in the CORCON or CONTAIN codes. 

A description of the underlying philosophy and rationale for the 
VANESA model has been described in an appendix to the first volume of 
the ASTRS (15). Results of some sensitivity studies with the VANESA 
model are discussed in this appendix. These and further sensitivity 
studies are discussed below. 

Three internal data bases are Included in the VANESA model (see 
Table 4): 

1. free-energies of formation of chemical species recognized by the 

i-E. Summary of Assumptions 

II. DOCUMENTATION OF THE VANESA MODEL 

III. ASSESSMENT OF PRESET OR DEFAULT VALUES 

model 

2. densities of the condensed species recognized by the model, 

3. molecular weights of the species recognized by the model. 
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Table 3. Assumptions In the VANESA model 

Description of 
the physical 
features of 
the model 

Validity or basis 
of the assumption 

or treatment 
Reference 

Stratification of the 
melt into an oxide phase 
and a metallic phase 
Isothermal melt 

Instantaneous thermal and 
chemical equilibration of 
gaseous products of con-
crete decomposition with 
the metallic melt 

Ideal gas properties 
assumed 

Ideal solution approxima-
tion for the metallic 
phase 
5 

Disintegration of gas 
into 2 cm spherical cap 
bubbles 

Observed in all core debris/ 8, 17, 34 
concrete interaction experi-
ments to date 
Violent stirring of the melt 8 
during vigorous aerosol genera-
tion has been observed to keep 
melts nearly Isothermal 
Gas composition data from core 17, 18, 19 
debris/concrete Interaction 
tests indicate that equilibra-
tion occurs after gases have 
passed through about 5 cm of 
melt 
At the pressures and tempera- 20 
tures Involved in core debris 
concrete lnteactlons gas prop-
erties deviate from Ideality 
by much less than 1%. 
Ideal solution behavior of 21 
molten stainless steel has been 
verified by detailed vaporiza-
tion studies. Data are not 
available for the effects of 
zirconium on the thermochemical 
behavior of the melt. 
X-ray Images of melt intracting 8, 17, 22, 
with concrete and melts frozen 23 
during melt/concrete Interac-
tions indicate bubbles are 1-2 
cm in diameter. Shapes are 
either spherical caps or "wobbly 
ellipsoids." Correlations of 
bubble behavior would predict 
this shape. Data for carbon 
monoxide evolution during steel 
making support the concepts of 
the spherical cap shape and 
2 cm diameter. 
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Table 3. (continued) 

Description of 
the physical 
features of 
the model 

Validity or basis 
of the assumption 

or treatment 
Reference 

Velocity of bubbles 
through the melt 

Neglect of Oxide/Metal 
reactions 

Term.';- vapor system 
assumption 

Ideal solution treatment 
of condensed oxide phases 
for vaporizations 

Non-unit activity 
coefficients for NA2O 
and K2O 
Processes that inhibit 
vaporization 

The velocity expression is ap- 6 
proprlate for single bubbles. 
Swarm effects are known to be 
unimportant for gas holdups of 
less than 10%. At higher gas 
holdups bubble velocity Is a 
function of holdup 
Analyses of slag/metal processes 24 
during steel manufacture is the 
basis for this approximation. 
Evidence from exerlmental data 7 
suggests more complex vaporiza-
tion chemistries. Mass balance 
considerations lead to the con-
clusion M-O-H equilibria should 
dominate. 
Chemical theory for simpler 25, 26 
systems involving the same melt 
constituents support this ap-
proximation especially for high 
temperatures. Some experimental 
evidence suggests strong devi-
ations from ideality especially 
as UO2 is oxidized and liquid 
concrete is incorporated in the 
melt. 
Derived from vaporization data 27, 28 
for the NA20-S102 and K20-S102 
systems. 
These processes have been ob- 24, 29 
served to inhibit vaporization 
In non-nuclear contexts. Mass 
transport Inhibition is fre-
quently observed in Mn vapor-
ization from steel melts. Sur-
face vaporization inhibition 
is frequently encountered for 
heavy molecular weight species. 
Gas phase mass transport in-
hibition is observed in 
copper matte roasting. 
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Table 3. (continued) 

Description of 
the physical 
features of 
the model 

Validity or basis 
of the assumption 

or treatment 
Reference 

Condensed phase diffusion 
coefficient correlation 

Condensed phase mass 
transport coefficient 

Unit accommodation coef-
ficient for surface 
vaporization rate 
Neglect of rate limita-
tion due to surface 
chemical 

Gas phase diffusivltles 

Partitioning of fission 
products among the melt 
phases 

The correlation was developed 10, 11 
primarily for organic liquids. 
Coefficient calibration with 
data for Fe in Fe0-S102 may 
compensate for some uncertainty 
in the correlation's applicabil-
ity to high temperature melts. 
The correlation was developed 
for single bubbles in normal 
fluids. Swarm effects are 
poorly known but could provide 
further inhibition. Surface 
contamination is known to af-
fect mass transport. 
Literature data support this 30 
assumption for clean surfaces 
to within a factor of 2. 
The assumption Is based 20 
strictly on the intuitive 
argument that diffusivities 
of H2, H, and H2O are suffi-
ciently high they pose no 
rate limitation. 
Diffusivltles were estimated 12 
from the Andrussow correlation 
for permanent gases or vapors 
formed at low temperatures. 
There are Insufficient data to 
critique its application to 
high temperature gases. The 
assumption has no major impact 
on computed results. 
Experimental studies have 31 
suggested this partitioning 
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Table 3. (continued) 

Description of 
the physical 
features of 
the model 

Validity or basis 
of the assumption 

or treatment 
Reference 

Aerosol formation by 
bubble bursting 

Uniform composition of 
the aerosol 

This mechanism is known to 13, 14 
occur in a variety of contexts. 
Characterization in the model 
stems from studies of Isolated, 
0.55 cm bubbles in water. 
Swarm effects are unknown. 
Size distribution data are ap-
proximated by a single, mono-
disperse size. 
Experimental data indicate a 7 
size dependence in aerosol com-
position. More volatile species 
are concentrated at smaller sizes. 

Table 4. Data bases within VANESA 

Data base Source Typical 
uncertainty 

Free-energies 
of species 
formation 

Liquid phase 
densities 
Molecular 
weights 

JANAF Tables (16) for 
most species 

Mills (32) for vapor 
phase tellurides 
Jackson (34) for esti-
mated vapor phase 
hydroxides 
Estimated from data in 
(35) and (36) 
Calculated 

±1 kcal/mole 
much less for 
permanent gases 

±1-5 kcal/mole 

±5 kcal/mole 

±5% 

<0.1% 
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The last two Internal data bases are fairly non-controversial and not 
prone to errors of any Important consequence. Free-energy data plays 
such an Important role in the calculation made in the VANESA model, it 
deserves close attention. 

Free-energy data for well-characterized species were obtained from 
the JANAF tables (16). The uncertainties in these data for condensed 
species are on the order of ±1 kcal/mole. Data for permanent gases, H2, 
H2O, GO, and C02, are much more accurate. The data for more exotic 
gases are estimates made 1iy the authors of the JANAF tables usually from 
spectroscopic data. Significant systematic errors in these estimates 
would not be expected until temperatures In excess of 3000 K were 
reached. Errors in standard heats of formation and entropies can lead 
to errors on the order of ±5 kcal/mole. 

Data for gas phase tellurldes were taken from a compilation by 
Mills (32). Again, errors of ±5 kcal/mole would not be surprising. 

Data for gas phase hydroxides not well established In the litera-
ture were taken from a series of estimates by Jackson (33). These es-
timates were made by analogy to the respective halides — usually by 
Interpolating in terms of anion electronegativity between the corresond-
lng chlorides and halides. Errors of at least ±5 kcal/mole must be at-
tributed to estimated not supported by other data. Fortunately, at the 
low steam partial pressures encountered In the Interaction of core de-
bris with concrete, vapor phase hydroxides are not especially important 
contributors to the vaporization process. 

Calculations for the ASTRS also used the following, fixed para-
metric values: 

1. gas bubble diameter • 2 cm, 

2. aerosol particles per bubble burst - 140, and 

3. aerosol particle size produced by bubble bursting • 1 ym. 

The gas bubble diameter is consistent with observations from melt/con-
crete interaction tests. This size is also typical of CO bubbles pro-
duced during steel decarburization. 

The number of aerosol particles produced by bubble bursting was 
taken from experiments with isolated, 0.55 cm spherical bubbles (14). 
It is known that the number of aerosol particles produced per bubble 
burst increases with bubble size over the size range of 0.14 to 0.55 
cm. The variation for larger, non-spherical bubbles is not known. Nor 
is it known if swarms of bubbles yield different aerosols than single 
bubbles. Attempts to compare the VANESA predictions of mechanical aer-
osol generation with estimates based on aerosols from carbon boils dur-
ing steelmaklng suggest VANESA underpredicts mechanical aerosol forma-
tion. 
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Experiments with Isolated bubbles In water have shown that a dis-
tribution of aerosol sizes rather than a single size is formed. It is 
not known If melt material properties affect the mechanically formed 
aerosol. Recent, unpublished, experimental results with molten concrete 
suggest that the 1 ym aerosol size assumed for the VANESA model calcula-
tions is not wrong by more than a factor of 2. 

Finally, VANESA calculations for the Accident Source Term Reassess-
ment Study were done with activity coefficients for all condensed 
species save Na20 and K2O set equal to 1. This ideal solution assump-
tion is supported by literature data for constituents of molten stain-
less steel (21). Data are not available for the oxide melt. Data for 
species dissolved in hyperstoichiometric, solid, urania suggest activity 
coefficients greater than 1 should be used (25, 26). For calculations 
of the type done for the ASTRS, releases will vary approximately 
linearly with the activity coefficients. 

IV. PHENOMENA NOT IN THE VANESA MODEL 

Phenomena that are not modeled by VANESA include: 

1. the effect an overlying coolant pool will have on the generation of 
aerosols during core debris/concrete interactions, 

2. effects of temperature gradients in the melt, 

3. the effect of an oxide melt phase denser than the metallic melt 
phase, 

4. mechanistic description of the nucleation and condensation of vapors 
to form aerosols, 

5. rate limitations caused by heterogeneous reaction kinetics, and 

6. effects of chlorides, fluorides, and sulphides on the vaporization 
rates. 

Of these omissions, the first and last are very likely to have the 
greatest effect on thr* ex-vessel source term. An overlying water pool 
could be expected to affect aerosol production by: 

1. cooling the melt so that the melt constituents are less volatile, 

2. forming a crust over the melt that inhibits heat losses from the 
melt and increases the temperature of the melt underlying the crust 
but decrea8ing the ability of vapors to escape the melt, 

3. trapping aerosols that are produced during the core debris/concrete 
interation. 

Unfortunately, data concerning these possibilities are not available. 
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Considerations of vapor species other than elements, oxides, and 
hydroxides would lead to higher release because of higher volatili-
ties. Halides and sulphides have been observed in condensed aerosols 
collected after melt/concrete Interaction tests. It is possible to in-
clude the effects of these species at the cost of vastly Increasing the 
complexity of the code. 

V. VALIDATION OF THE VANESA MODEL TO DATE 

Attempts to validate tnc VANESA model to date fall Into three cat-
egories: 

1. sensitivity of the model predictions to input data and parametric 
values, 

2. comparison of the model predictions to data from non-nuclear 
sources, 

3. comparison of the model predictions to data from core de-
bris/concrete Interactions tests. 

Results of the sensitivity studies indicate that: 

1. the temperature of the melt Is an exceptionally Important input; 
aerosol and fission product release Increase exponentially with melt 
temperature; 

2. gas flow rate through the melt has approximately a linear effect on 
release rate; 

3. the metallic zirconium content of the melt has a strong effect both 
on the aerosol generation rate and the composition of the aerosol; 
and 

4. activity coefficients for the condensed species have an 
approximately linear effect on release. 

The melt temperature and the gas flow through the melt depend, of 
course, on input to the VANESA model from a code that describes core 
debris interactions with concrete. The validity of the VANESA predic-
tions based on this input depends, then, directly on the validity of the 
predictions from the core debris/concrete interaction code. Estimates 
of melt temperature and gas flow were obtained from the CORCON code. 
Data available in the literature suggest CORCON underpredlcts melt tem-
perature (37). Whereas this underprediction has little consequence on 
concrete erosion, it has a very significant effect on aerosol genera-
tion. Gas generation predicted by the CORCON code has been criticized 
^ut any error from this prediction pales in comparison to the potential 
error in the melt temperature. 
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The zirconium content of the melt at the start of the core debris/ 
concrete interactions is anofher input to VANESA. For the ASTRS, this 
input was obtained from MARCH code predictions. The validity of this 
quantity depends on how well the MARCH code models steam oxidation of 
zirconium during early phases of a severe accident. 

Activity coefficients for the condensed melt species are part of 
the VANESA code and have a bearing on the estimates of fission product 
release produced by VANESA. The activity coefficient of a given species 
should approach unity as the temperature of the melt Increases and the 
concentration of the species decreases. For the ASTRS, the activity 
coefficients for all species except Na20 and K2O were set equal to 1. 
Vapor pressure data for constituents of stainless steel support this 
assumption. Data are scarce for evaluating the validity of the assump-
tion for the oxide phase of the melt. What information is available 
causes the assumption to be questioned even for low concentration 
species. Fortunately, the VANESA model is configured so that vaporiza-
tion data from integral release tests can be used to define more re-
alistic activity coefficients for use in future calculations. 

Because the VANESA model is of relatively recent origin, only very 
limited efforts to compare its predictions to vaporization data have 
been carried out. To date, the relative rates of species vaporization 
predicted by VANESA have been compared to data obtained in some non-
nuclear, Integral tests. These results are summarized in Table 5. The 

Table 5. Comparison of VANESA predictions of 
relative release rates to those 

observed In experiments 

A. Solar heating of glass to 2970 K (38): 
- Observed relative release 

K2O « S102 - Ma20 > FeO > CaO > AI2O3 

- Calculated relative release: 
S I O 2 > K2O - Na20 > FeO > CaO > A I 2 O 3 

B. Steel refining (24): 
- Observed relative release: 

Mn > Fe ~ Cr > N 
- Calculated relative release: 

Hi > Fe > Ni > Cr 

C. NSS core debris/concrete interactions test (7): 
- Observed relative release: 

U > La > Ce ~ Nb 
- Calcualted relative release: 

0 > La - Ce > Nb. 
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fact that relative vaporization of species is properly predicted sug-
gests that the activity coefficient assumptions in the VANESA model are 
not grossly incorrect. 

VI. FUTURE VALIDATION EFFORTS 

An active program to validate the VANESA model is underway. The 
work involves comparison of predictions to Integral tests and the con-
duct of separate effects tests to provide particular parametric data. 
The near-term separate effects tests involve the following: 

1. Bubble bursting as a source of aerosols — 
A series of tests will be run with gases sparging through molten 
concrete to determine the number of aerosol particles produced per 
bubble burst and the size distribution of these particles. The 
effects of bubble size and bubble swarms will be examined. 

2. Vaporization rates for selected species — 
Separate effects tests will be run to confirm the models of melt 
chemistry embodied in VANESA and to obtain activity coefficient data 
for species based on their volatilities. Tellurium, barium, and 
molybdenum are the species of first Interest. 

Integral validation of VANESA will be attempted by using results of 
forthcoming Interaction tests. Of particular Interest will be tests at 
the Large-Scale Melt Facility in which prototypic melts weighing about 
200 kg at initial temperatures of about 2600°C will be deposited in con-
crete crucibles. These melts will be doped with fission product 
mocks. The current testing Includes experiments that will validate the 
VANESA prediction that melts with unoxidlzed zirconium generate aerosols 
5 to 10 times more efficiently than fully oxidized melts. 

Experiments are also planned to examine the effect of a layer of 
water coolant on aerosol and fission product release during core de-
bris/concrete interactions. During the summer of 1983, small-scale 
tests of about 45 kg melt sustained at temperature by inductive heating 
will be run. The results of these experiments will be used to design 
tests involving large melts to be run at the Large-Scale Melt Facility. 

VII. SUMMARY EVALUATION OF THE VANESA MODEL 

The VANESA model represents a major stride in the ability to predict 
mechanistically the aerosol generation and fission product release 
associated with core debris/concrete Interactions. The VANESA model Is, 
however, of recent vintage. The model does appear to yield results that 
do not wildly disagree In qualitative ways from observations made In 
experiments. The validation of VANESA is not complete by any means. 
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The predictions of the model can be viewed with greater confidence once: 

1. comparison of model predictions with results of past experiments is 
complete, 

2. separate effects tests have provided parametric data on the bubble 
bursting release mechanism and activity coefficients for the 
vaporization release mechanism. 

3. data and analyses allow Inclusion of the phenomena of an overlying 
water pool in the model, and 

4. the model yields predictions that agree well with data from large-
scale, Integral tests of core debris/concrete interactions. 

Activities are ln-place to achieve these necessary steps for confident 
predictions of the ex-vessel source term with the VANESA model. 
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STATUS OF VALIDATION OF THE OORSOR COMPUTER CODE USED 
FOR THE ACCIDENT SOURCE TERM REASSESSMENT STUDY 

R. A. Lorenz 
Chemical Technology Division 
Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37830 

I. INTRODUCTION 

CORSOR1 is a computer code for calculating the core source term for 
severe light water reactor accidents. CORSOR calculates the release of 
Important fission products from the fuel as well as the release or va-
porization of core structural materials (components of stainless steel, 
Inconel, and control rods) and fuel rod materials (cladding components 
and UO2). These released or vaporized material amounts are converted in 
CORSOR to g/s amounts leaving the top of the core. The amounts of steam 
and hydrogen carrying these released core materials are obtained from 
the MARCH code. 

CORSOR is based on the fission product and structural material re-
lease model used in the technical basis report NUREG-07722 and in the 
emergency planning analysis report ORN1./TM-8275.3 Fission product re-
lease from fuel in the Browns Ferry SASA study, NUREG/CR-2182, V2,1* was 
also calculated using the basic NUREG-0772 model. CORSOR as written was 
selected for the Accident Source Term Reassessment Study (ASTRs) because 
of the simple programming/fast computing combined with satisfactory ex-
perience with the basic release model in the above three studies. 

II. DESCRIPTION OF CORSOR 

II-A. Version Used in the ASTRS 

CORSOR uses the fractional release rate model. Release rates from 
fuel ate given for three temperature ranges in terms of an empirical 
rate coefficient, kj_, defined as the fractional release per minute for 
fission product "i" at a given temperature. Thus, for an approximately 
isothermal time segment, 6t (min), the fraction of the current specific 
fission product inventory that is released in time fit is 

Details of this model are presented in NUREG-0772.2 As in NUREG-0772 
and 0RNL/TM-8275,3 structural and fuel components are also assumed to be 
released in accordance with the fractional rate model. 

The CORSOR program computes the releases as a function of time and 
temperature. The core can be divided into as many as 10 radial and 24 
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axial nodes and calculate as many as 16 separate species. The Initial 
fission product Inventories are obtained from ORIGEN.5 For early runs* 
the fission products were assumed to be uniformly distributed throughout 
the core and 120 core regions were used. 

Temperatures for each node are obtained from MARCH.6 No release is 
assumed to occur from a region if the average temperature over the time 
span is less than 900°C. When 900°C is first reached or exceeded any-
where In a radial region, the fuel rods in that region are assumed to 
rupture and a burst release occurs from the gap spaces and plenums. The 
amount of this burst release is 5% of the cesium, 3% of the noble fis-
sion gases, 1.7% of the iodine, 0.01% of the tellurium and antimony, and 
0.0001% of the barium and strontium. 

As the core heats above 900°C, the release from each node is calcu-
lated as the product of the amount of each species remaining, the re-
lease rate coefficient, and the time interval. The total mass release 
for each species is summed over all nodes for the time interval. The 
total release for each species during the time step is then expressed In 
the units g. The release for each species is later converted to release 
rates for up to twenty time periods. 

There are no adjustments of release rates after the core nodes have 
reached the temperature of 2760°C. Although MARCH calculates tempera-
tures above 2760°C, CORSOR uses this as the maximum. When fuel is cal-
culated by MARCH to slump into the lower plenum, the fuel is assumed to 
be quenched by residual water in FWR simulations. No further release of 
fission products and fuel or structural materials is allowed until the 
bottom of the pressure vessel melts through, dropping the core to the 
concrete basemat. Fission product and other aerosol release from the 
core-concrete interaction is calculated by the VANESA7 code. 

Fully inserted control rod cladding is included as part of the 
fuel/structural material.1 

Deposition of aerosol particles and condensation of vapor species 
in the upper cooler core regions is not accounted for. No division of 
species into solids or vapors Is made. CORSOR is run after the MARCH 
calculation is completed so that there is no feedback to MARCH regarding 
the distribution of fission product decay heat. However, MARCH does in-
clude the WASH-1400 fission product release algorithm to account for the 
loss of fission products as heat sources within the fuel. 

II-B. Release Rate Coefficients Used in CORSOR 

The sources of the release rate coefficients used in CORSOR are 
listed in Table 1. Comparisons of some of these coefficients with the 
data base used in the NUREG-0772 study2 are shown in Figs. 1 and 2. As 
discussed in NUREG-0772, CORSOR release rate coefficients based on these 
data would have an expected accuracy no better than a factor of 10. It 
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Table 1. Sources of release rate coefficients used in CORSOR 

Fission products: 
Kr, Xe, Cs, I, Ag, Sb, Ba, Mo, Sr, Ru, Zr 
Te - "Review of Tellurium Release Rates from LWR fuel 

Accident Conditions" 
Structural materials: 
Fuel (UO2) 
Cladding (Zr and Sn) 
Structure (one release rate for stainless steel, In-
cone 1) 
Control rods: Cladding (part of structure above) 
Ag, In, Cd, Sn (daughter) 
Bi*C, borosillcate glass 
Gd 

- ORNL/TM-8275 

ORNL/TM-8275 
ORNL/TM-8275 
ORNL/TM-8275 

not included 
not included 
not included 

ORNL DWG 83-851 

10' ,"6 

(Q4 min) " 

, -o >4 • 
d 

H T - 2 • 
( 7 min) a 

B W R - 3 
( 2 5 min) 

v DATA SOURCE 

a H8U-11 
* ( 25 min) 

PEACH B O T T O M - 2 
H. B. ROBINSON 
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S - 2 2 7 , 2 2 9 , 2 3 2 

4 . 0 0 M W d / k g in He, 
BARE (5.5 hr) 
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BARE, in He ( 1 - 1 0 min) 
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Fig. 1. Comparison of CORSOR with NUREG-0722 data base for I, Cs, 
Te. 
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ORNL—DWG 85-4154 ETD 

TEMPERATURE CC) 

Fig. 2. Comparisons of CORSOR with NUREG-0772 data base. 

should be noted that the tellurium release rate correlation given in 
Table 1 is a recently recommended replacement for the NUREG-0772 
rate.8 CORSOR used the tellurium release rates from 0RNL/TM-82753 for 
early calculations such as in BMI-2104, Vol. 1, Draft Report,1 but uses 
the recently recommended replacement in the later studies. 

III. VALIDATION STATUS 

III-A. Comparison of CORSOR with Other Core Source Term Models 

As mentioned previously, CORSOR uses the fractional release rate 
model because of Its ease of application and its apparently successful 
use In three previous similar accident analyses. A comparison of the 
characteristics of the CORSOR code with other core source term models Is 
given In Table 2. 



Table 2. Characteristics of various release models 

Code name 
Tine, 

temperature, Fission product release 
U°2 

Control rods Stainless 
steel and 
inconel 

Code name gas flow 
source Xe, Kr, I, Cs, Te Sr , Ba, Ru, Mo, Zr 

U°2 Cladding Ag-In-Cd or B^ C 

Stainless 
steel and 
inconel 

CORSOR MARCH Frac/mln Frac/nin Frac/nin Frac/nin £»i Frac/nin 

NUREG-0772 MARCH Frac/oln Frac/nin Frac/nin Frac/nin None Frac/min 
SASCHA MELSIM Frac/mln Frac/min Frac/min Frac/nin Frac/nin Frac/nin 

Core Jfelt Fraction Fraction Fraction Fraction Fraction -

Browns Ferry 
SASA 

MARCH Frac/nin Frac/mln Vapor Vapor Hone Vapor 

FISREL MARCH Frac/nin Frac/nin Frac/nin Vapor None Vapor 
EPRI/1DC0R PWR heatup Steam oxidation Vapor Vapor Vapor Vapor, 1400*C max Vapor 
FASTGRASS Mechanistic 
ANL-VFP RCB* RCB 
ANS-5.4 BSD* 

^Relative chemical behavior. 
^Equivalent sphere diffusion, or Booth/Ryner/Beck model. 
^Fraction at specified temperatures. 
^No models have included B C or borosilicate glass release. 
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SASCIIA.9"13 The SASCHA fission product/fuel/structural material 
release model is fundamentally the same as used in CORSOR. SASCHA data 
as used by KfK for accident analyses is used mainly at 2400°C, the pre-
sumed melting temperature for the fuel and structural material (corium) 
combination. Most of the COkSOR release rate coefficients are strongly 
Influenced by SASCHA results. As used at KfK, there is no adjustment o£ 
experimental release rates for scale-up or geometry changes as the core 
melts. 

CORE-MELT.111 >15 The CORE-MELT experimental apparatus at ORNL is 
similar to SASCHA in that simulated fission products are used in small 
lengths of simulated fuel bundles. The cluster of rods Is heated induc-
tively in steam to complete melting. The effects of stainless steel and 
control rod alloys are explored along with general release of mate-
rials. The mass of material in the CORE-MELT tests is 4 to 5 times that 
In SASCHA. The chemical atmosphere toward the center of the cluster is 
reducing as evidenced by low Te and Ru release and high Ba and Sr 
release. 

FISREL.16 This British model also uses fractional release rates as 
the basis for fission product release. Details of selection of the re-
lease rate coefficients are presented in ND-R-610(S),17 The release of 
structural materials is treated as vaporization, not by fractional re-
lease rates. In the Cambridge paper,16 vapor pressures of the major com-
ponents of Inconel (grid spacers) were calculated using Raoult's law and 
the vaporization and deposition behavior (in the upper cooler portions 
of the core) were calculated using four different mass transfer models. 
Calculated releases were much lower for these materials than found in 
Appendix B of NUREG-0772.2 FISREL uses MARCH6 for all time-temperature 
behavior. 

IDCOR. An IDCOR-sponsored accident analysis18 uses the Steam Oxi-
dation Model18 for calculating fission product release from the fuel 
matrix. Time, temperature, and gas composition and flow rate are deter-
mined by the PWR Heat-up Code.19 The Steam Oxidation Model for fission 
product release is based on grain growth observations for UO2 sintered 
in steam. Fission product release is related to grain boundary sweeping 
as the grains grow. 

The fractional fission product release rates Initially are higher 
than CORSOR rates but decrease with time at fixed temperature as a re-
sult of decreasing grain growth. For example, at 2 min and 18008C, the 
Steam Oxidation release rate for volatile fission products in ~5 times 
that in NUREG-0772. For fission products such as Ba, Sr, and Ru, it is 
assumed that there is sufficient transport to the fuel surface that gas 
flowing by the fuel Is saturated with vapor according to pressures cal-
culated with the SOLGASMIX-PV20 program. 

SOLGASMIX-PV computer code is used to calculate the species and 
partial pressures of all the released fission products. The potential 
for condensation in the upper cooler core regions is calculated but the 
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extent of formation of aerosol particulates, the deposition of parti-
cles, and the condensation of vapors were not Included In the Cambridge 
paper.18 

As in FISREL, structural materials are released according to their 
calculated vapor pressures and gas flow rate. More than one chemical 
species of an element are Included if determined to be present in sig-
nificant quantity. Saturation is assumed to occur in the hottest core 
nodes. 

FASTGRASS. FASTGRASS21 is described as a mechanistic code that in-
cludes all of the important release mechanisms working simultaneously. 
It was derived primary for fission gas release, but Iodine and cesium 
releases have been added. 

ANL-VFP.22 The ANL volatile fission product release model calcu-
lates release behavior according to the chemistry of the fission prod-
ucts in the UO2 matrix. Iodine, cesium, and molybdenum releases have 
been calculated. Their relative release rates are calculated and com-
pared with the fission gases. Absolute release rates are obtained by 
assuming that the fission gases escape as In NUREG-0772.2 

ANS-5.4.23 This empirical model uses Booth-Rymer-Beck equations 
for diffusional release from equivalent spheres. This is the only model 
that calculates separately the releases of radioactive Isotopes with 
short half-lives, the data base for this code was from fission gas re-
lease, but iodine, cesium, and tellurium releases are Included by modi-
fying the diffusion coefficient. 

III-B. Core Source Term Modeling 

The core source term can be defined for most severe accidents as 
the amount of material carried past the top of the fuel rod plenums. 
All materials, radioactive and nonradioactive, should be accounted for, 
and should Include specification of the physical and chemical forms of 
the transported materials. For purposes of this discussion, the process 
can be divided Into three steps: (1) Initial transport of material into 
the flowing steam-hydrogen atmosphere, (2) proportlonation Into vapor 
and solid aerosol particles, and (3) deposition of vapor and solid par-
ticles In the upper cooler regions of the »core. 

Initial transport to the flowing gas. To keep the process simple, 
we can divide this mass transfer process between two mechanisms. For 
those species that are gaseous at accident temperature (Xe, Kr, I, Cs), 
the controlling mechanism is migration through the UO2 matrix. For spe-
cies initially present In abundant supply at surfaces exposed to the 
flowing gas (components of the Zlrcaloy cladding, control rod cladding, 
and Inconel grid spacers), the controlling release mechanism is probably 
near-saturation of the flowing gas depending on the effective vapor 
pressure of the species. 
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The fractional release rate model2 and the steam oxidation release 
model18 both describe matrix migration controlled releases. The vapori-
zation models,1*'16'18 of course, describe direct vaporization from ex-
posed surfaces, there are undoubtedly situations where both contribute 
simultaneously to the release of core materials, but for the present 
knowledge and accuracy required we can probably make do with the two 
types of release mechanisms. Allowance may have to be made for materi-
als whose surface exposure is limited, or changes when cladding falls 
(UO2 and control rod materials), or when melting and runoff occurs (In-
conel, stainless steel, and silver alloy). A possible exception to the 
above Is Bi+C with which chemical reaction is important in the transport 
process.2<* 

The fractional release rate model is used by CORSOR, NUREG-0772, 
and SASCHA for calculating the release of all core materials. A danger 
of applying the fractional release rate model to structural materials Is 
that with low g s flow rates, for example, saturation of the gas might 
be exceeded. Similarly, with high gas flow rates evaporation might be 
under-estimated. In FISREL the vapor saturation model was used for 
structural materials transport, but mass transfer coefficients were used 
both for evaporation and later condensation in the upper dooler posi-
tions of the core. They found much less mn'erlal leaving the core com-
pared with the same scenario calculated wit NUREG-0772 fractional rate 
release of structural material. 

The vapor saturation model was used for structural material release 
in the Browns Ferry SASA s t u d y . F o r a station blackout accident, ex-
cluding fission products, the model as employed predicted the vaporiza-
tion of only 13.3 kg of the components of stainless steel, Zircaloy-2, 
and UO2. 

Misapplication of the vapor saturation model can also occur. It is 
quite likely that the release of highly volatile components, especially 
if present in small quantity, can be handled better with the fractional 
release rate model. Examples are Mn, Sn (cladding) and Cd, although for 
a molten source this should not be true. 

Very little experimental data are available to compare the two 
models. SASCHA data were reviewed as part of the Browns Ferry SASA 
study.1*»25 It was found that the flowing gas did not saturate with any 
of the melt species, probably a result of poor contact between the gas 
flowing above the crucible which contained the melt in the bottom. The 
data agreed with the concept of a natural convection region existing be-
tween the melt and the flowing gas, with saturation occurring only in 
the boundary layer above the melt. Structural materials have not yet 
been added to the HI fission product release teats at ORNL.2^-29 
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III-C. Comparison of CX?RSOR and Recent Experimental 
Fractional Release Rate Coefficients 

A series of figures follows in which the current CORSOR release 
rate coefficients are compared with pertinent experiment results. Much 
of the data used in the NUREG-0772 data base Is not shown because it ap-
plied to nonaccident environments (inert atmospheres), or used very 
small fuel samples with only trace irradiation. Most of the test 
results shown are from SASCHA simulant fuel tests or the HI series of 
testa in which high burnup commercial fuel was used. 

Several release rate coefficients were usually obtained from each 
SASCHA tests since total element release was available as a function of 
time and temperature. For HI series tests the release rate coefficient 
was calculated using total element release* including amounts released 
during heatup and cooldown, but the time period used in the calculation 
excluded the time Involved in heatup and cooldown. 

All of the figures Include a dashed line representing the recom-
mended change for CORSOR. These suggested changes will be discussed in 
Sect. III-D. Points marked "relative volatility study"'* »25 are the 
average of many different types of fission product release tests but are 
most heavily influenced by older SASCHA tests performed In both steam 
and air. 

Xenon and krypton release. The release of the fission gases at 
high temperatures has been observed to be similar to that of cesium and 
iodine. 2 5 » 3 2 We therefore recommend that the same release rate co--
efficients be used for Xe, Kr, Cs, and I. An Important difference is 
that some of the fission gases accumulate in the plenum and open void 
spaces of a fueT rod during normal operation of the reactor and are re-
leased from the rod at the time of rupture. This "burst" release Is 
included in CORSOR; revisions to the burst release amounts are discussed 
in Sect. III-D. 

Cesium and iodine release. The release rates for cesium and iodine 
calculated from fission product release tests performed at ORNL26"32 are 
shown in Fig. 3. The numbers shown in Fig. 3 with each pair of release 
rates is the number of minutes of test duration. 

One of the problems encountered with any fiasion product release 
correlation is the restriction provided by the cladding. CORSOR (and 
NUREG-0772) release rates are release from fuel and cladding. At temp-
eratures below ~14OO0C, before oxidation results in cladding fragmenta-
tion, the fuel rod can be expected to have only one opening. Differ-
ences in the Initial gap inventory of tests HBU-11 and BWR-330»32 are 
the cause of the deviations from the CORSOR correlation line. Table 3 
summarizes the different operating conditions for the various ORNL 
tests. It appears that the data from short duration tests produce high 
release rates as calculated by the fractional release rate method. 



Table 3A. Operating conditions for ORNL fission product release tests 

Teat 
no. 

Temperature 
(°C) 

Heatup 
rate 
<°C) 

Cooldown 
rate 
(°C) 

Time at 
temperature 

(min) 

Heatup/ 
cooldown 
allowance 

(min) 

Steam flow 
(°C/min STP) 

Inert gas 
flow 

(L/min STP) 

HBU-11 1200 0.16 0.30 10 13 1.32 0.34 (He) 
BWR-3 1200 0.11 0.31 10 17 1.00 0.30 (He) 
HT-1 1325 9.9 12.2 10 0.25 0.72 0.87 (He) 
HT-2 1445 11.1 11.1 7 0.25 0.94 0.87 (He) 
HT-3 1610 6.7 17.0 3 0.38 1.02 0.87 (He) 
HT-4 1400 18.5 11.0 0.33 0.20 0.93 0.79 (He) 
HI-1 1400 0.97 0.60 30 3.8 1.00 0.50 (Ar) 
HI-2 1700 1.04 1.17 20 2.5 0.99 0.33 (Ar) 
HI-3 2000 2.78 1.67 20 1.3 0.30 0.30 (He) 
HI-4 1850 1.93 1.58 20 1.6 



Table 38. Release of Kr, Cs, and In In ORNL fission product release :s 

Release of fission products 
Test 
no. 

Temperature 
C C ) Fuel source 

u a p 
inventory 

(X) 
test 

duration 85Kr Cs I Temperature 
C C ) 

u a p 
inventory 

(X) (min) cr) (Frac/nln) (X) (Frac/min) 

HBU-11 120 0 H. B. Robinson 0.3 23 0.47 3.11 x 10"2 1.35 r 10" 5 4.80 x 10-2 2.09 x 10"2 

BWR-3 1200 Peach Bottom-2 -14 27 1.08* 1.846 6.90 X 10"* 2.986 1.12 x 10~3 

HT-1 1325 H. B. Robinson 0.3 10.25 1.07 0.112 x 2 2.18 % 10-" 0.165 x 2 3.22 x 10"-
KT-2 1445 H. B. Robinson 0.3 7.25 5.0 4.82 x 2 1.40 X 2.35 x 2 6.64 x 10~3 

HT-3 1610 H. B. Robinson 0.3 3.38 8.25 10.95 x 2 7.31 X 10"Z 12.59 x 2 8.58 x 10~2 

HT-4 1400 H. B. Robinson 0.3 0.53 2.8 3.054 x 2 1.19 X 10~1 1.75 x 2 6.72 x 10~2 

HI-1 1400 H. B. Robinson 0.3 33.8 2.83 2.04 6.10 X 10-" 1.75 5.22 x lO"" 
HI-2 1700 H. B. Robinson 0.3 22.5 51.5 50.5 3.13 X 53.0 3.36 x 10~2 
Hl-3 2000 H. B. Robinson 0.3 21.3 59.0 57.7 4.04 X 10~2 35.4 2.05 x lO-* 
HI-4 1850 Peach Bottom-2 -10.0 21.6 31.3** 31.9 1.78 X 10-* 24.65 1.31 x 10"* 

•Excludes ~15l released in Peach Bottom-2 during test BWR.-2. 
**Includes gas released during Irradiation in Peach Bottom-2. 
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ORNL DWG 83-652 

1200 1400 1600 1800 
TEMPERATURE ("C) 

2000 2200 

Fig. 3. Release of cesium and iodine In ORNL steam tests. 

Cesium and iodine release rates for SASCHA tests performed In steam 
are shown in Fig. 4.9-13 The simulant pellets containing Iodine and 
cesium as prepared for SASCHA contain the simulants in relatively open 
voids of the pressed hut unsintered U02 pellets. It la reasonable to 
expect rapid release compared with real fission products formed within 
the pellet grains. 

Results from the PBF severe core damage scoping test differ from 
those from the ORNL HI series teste. As shown in Fig. 3, data from PBF 
steam grab samples indicate that the cesium and iodine fractional re-* 
lease rates were apparently a factor of ICO lower than CORSOR rates in 
the 1730—2080*C range,33 Cesium and Iodine that had plated out on sur-
faces between the fuel assembly and sample collection point would not 
have been measured by the steam samples. A very large release on flush-* 
out of cesium and iodine occurred during quenching and reflooding of the 
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Fig. 4. Release of cesium, iodine, and cadmium in SASCHA steam 
tests. 

test core. A model for this phenomenon must be included for any acci-
dent in which lt may occur. We believe that in all but exceptional 
cases, cesium and iodine dissolved in the reflood water will remain 
there and not escape to the containment atmosphere or escape outside of 
containment. Accident analysts certainly need to be aware of this im-
portant release mechanism, but inclusion of it is not expected to affect 
release from the containment building. Therefore, no special effort 
will be made at this time to Include a reflood model in CORSOR. 

Tellurium release. The release of tellurium in steam tests 'j 
shown in Fig. 5. CORSOR now uses the two-stage tellurium model pre-
sented at the Cambridge meeting.9 The model assumes retention of most 
of the tellurium by the Zlrcaloy cladding until the cladding becomes 
nearly completely oxidized. The tellurium release rate then increases 
to become equal to that for Xe, Kr, I and Cs. 
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Fig. 5. Release of tellurium in steam. 

Release of fission product and control rod silver. SASCHA release 
rates for silver are sb^n in Fig. 6. The releases of both types of 
simulant silver are similar. The release rate of control rod silver de-
creases with time, possibly a result of gradual dilution by or alloying 
with other materials in the core mockup. 

Antimony release. The release of fission product antimony is shown 
in Fig. 7. The agreement of SASCHA test data with CORSOR is good. Re-
sults of the HI series tests (ORNL) suggest lower releases, but the 

activity used to monitor antimony release is too low in these 
tests to assure complete analyses.28-31 Data for SASCHA tests performed 
in air indicate somewhat lower release rates for antimony as shown in 
Fig. 8. 

Barium releases. SASCHA release rates for barium are shown in Fig. 
9. Release rates, when a reducing atmosphere is used, are much higher 
than tfien a steam atmosphere is employed. This is the first fission 
product for which significant release rate change is recommended. 
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Fig. 6. Silver release rates in SASCHA tests with 2 bar steam. 

Molybdenum release. Molybdenum volatility is also strongly af-
fected Sy tKe oxidation potential of the gas flowing over the SASCHA 
melt. A difference of approximately a factor of 100 is shown in Fig. 
10. A significant reduction in the CORSOR release rate is recommended. 

Ruthenium, zirconium, and UO2 release. The relatively little in-
formation known about ruthenium, zirconium, and UO2 release tests is 
shown in Fig. 11. A reduction In the CORSOR release rates Is recom-
mended. No significant change in fission product zirconium is sug-
gested. UO2 release should be treated as a vaporization process with 
provision for reduction of exposed surface area before gross failure of 
the cladding occurs. 

Release of structural materials. SASCHA release ratec for various 
structural and control rod materials are shown in Fig. 12. It is recom-
mended that these materials be treated by the vapor pressure method, but 
interim fractional release rates are suggested to be used until the 
mechanics of vaporization can be worked Into the CORSOR model. 
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Fig. 7. Antimony release rates In steam. 
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Fig. 8. Release rates for antimony in air. 
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Fig. 9. Barium release rates. 
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Fig. 10. Release rates for molybdenum in steam and air. 
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Fig. 11• Release rates for ruthenium and zirconium. 
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Fig. 12. Release r a t e B for various materials In steam. 

III-D. Recommended Revisions of CORSOR Burst Release 
and Fractional Release Bates 

CORSOR begins the release of radioactive material at 900°C with a 
burst of fission products from the ruptured fuel rods as described in 
Sect. II.A. An analysis of a PWR LOCA3<*»35 Indicated that the burst 
release amounts (percent of total core Inventory stable isotopes) 
were ~1.3Z of the fission gases, ~0.02Z of the cesium, and ~0.04Z of the 
iodine. In addition, ~1.5Z30 of the stable fission gases was released 
relatively quickly as the fuel heated to the 1000—1200°C temperature 
range. No such rapid supplemental release of cesium or iodine was ob-
served. The fraction of short half-life isotopes in the open voids that 
are available for burst release is less than that of long half-life and 
stable isotopes.23*34•35 In severe accident analyses the radioactive 
Isotopes of xenon and Iodine that are of interest have relatively short 
half-lives (<8 days), while the important isotopes of krypton and xenon 
are long (>2 years). We should therefore apply an estimated reduction 
factor of 4 for the burst releases of xenon and Iodine to obtain the 
following amounts. 
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xenon burst release - (1.3 + 1.5)/4 - 0.7%, 
krypton burst release • (1.3+ 1.5) - 2.8%, 
cesium burst release - 0.02%, 
Iodine burst release - 0.04/4 - 0.01%. 

The latter two are so small that they can be neglected for severe acci-
dent studies. An additional amount of all fission products Is ejected 
from the rupture opening along with UO2 fuel dust of relatively large 
particle s i z e . T h e amount for full lensth rods has been estimated as 
0.003% of the fuel and fission p r o d u c t s . 3 5 This material was found 
to be In the 5 to 20 urn diam size range. 

Significant reductions are recommended in the release rates for 
fission products Ba, Sr, Mo, and Ru. As mentioned previously, It is 
recommended that all structural materials (components of grid spacers, 
control rod cladding, control rod materials, fuel rod cladding, and UO2 
fuel) be treated as vaporization releases. This will be discussed in 
Sect. III-F. Since some time delay will be Involved in working out the 
detailed mechanics and computer programming of this approach, interim 
fractional release rates for structural components are being suggested. 

It is obvious that we do not have enough data to establish detailed 
release rates for even the Important fission products as a function of 
temperature. Most of the lower temperature release rates used as part 
of the NUREG-0772 data base2 (Figs. 1 and 2) are no longer considered 
acceptable because of atypical test conditions. We therefore recommend 
that a common curve shape be adopted for all species until more informa-
tion is available. 

The dashed line curve plotted In Figs. 3 and 4 is derived from the 
equation: 

k(T) - AeBT , (2) 

where k(T) is the release rate coefficient, fractlon/min of Eq. (1); T 
is °C: and A and B are obtained from Table 4. 

It Is recommended that Eq. (2) be used for the releases of Kr, Xe, 
Cs, and I. For other fission products, direct proportional differences 
from Eq. (2) are recommended as shown In Table 5. In column 3 of this 
table, "I" refers to the release rate of Iodine or to Eq. (2). For each 
particular species, the release rate coefficient can be obtained from 

k(T) - . (3) 

The value of C is obtained from column 3 of Table 5. For example, the 
value of C for barium Is 300. A method for dividing the released fis-
sion products into vapor and aerosol particle fractions and provision 
for depcsltlon in the upper portions of the core is discussed In Sect. 
III-F. 
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Table 4. Coefficients for the 
release-rate constant*2 

Temperature 
<°C) A B 

<1600 6.50 x 10"1° 1.061 x 10-2 
1600 to 2000 3.616 x 10"6 5.22 x 10-3 
2000 2.41 x lO"* 3.12 x 10"3 

aThese coefficients are identical to 
the high rate portion of the tellurium 
release correlation. 

Table 5. Recommended fractional release rates 

Fission 
product 

Structural 
component 

Ratio to 
iodine 
release 

Release rate 
at :4008C 
(frac/mln) 

Cd I x 10 4.3 
Kr, Xe, I, Cs 1.0 0.43 
Ag Ag, In 1/3 0.14 
Sb 1/10 4.3 x 10-2 

Mn 1/20 2.16 x 10-2 

Sn 1/30 1.4 x 10"2 

Ba 1/300 1.4 x 10"3 

Fe, Ni, Cr, Co 1/500 8.6 x lO""* 
Sr, Mo 1/1000 4.3 x ICT* 
Ru U02 1,10,000 4.3 x 10"5 

Zr, Ce Zr 1/30,000 1.4 x 10-5 
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III-E. Interim Fractional Release Rate Method for 
Calculating the Release of Structural, 

and Control Rod Materials 

As mentioned previously, it is recommended that all structural type 
materials which have large exposed surfaces be released as a vaporiza-
tion process. Since this requires a major change in computer program-
ming, interim fractional release rates can be used as listed in Table 
5. In recognition of the fact that some of the core material will melt 
and run off partially from a hot region while the region remains basi-
cally Intact, we suggest using the exposure factors listed in Table 6. 
These apply only to the structural and fuel material releases. The re-
lease rate coefficients are then calculated by 

If desired, It can be assumed that the runoff goes directly to the bot-
tom of the pressure vessel. Inconel, stainless steel, control rod 
Alloy, and Zlrcaloy all run off to some extent. Assuming that they re-
main in place until core collapse would not affect the results of the 
calculation. 

(4) 

Table 6. Exposure factors for structural 
material Interim fractional 

release rates 

Exposure factor **D' 
(fraction of material exposed 

to flowing gas) 
Temperature CO Inconel, 

stainless 
steel 

Control 
rod Zlrcaloy 

alloy cladding 
(PWR) 

U02 

900-1400 
1400-1800 
1800-2400 
>2400 

1.0 
0.5 
0 .3 
0.0 

0.0 
0.2 
0.2 
0.0 

1.0 
1.0 
0 .5 
0.0 

0.01 
0.2 
0 .5 
0.0 

III-F. The Vaporization Model for Structural 
Material Release 

This model assumes that the rate controlling mechanism Is the flow 
rate of gas which becomes nearly saturated with species present with 
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high surface area materials In the hottest core node of each axial re-
gion. The first step requires calculation of the vapor pressure for the 
chemical form of each species at the evaporating surface. Raoult's law 
can be used to account for reduction In pure species vapor pressures as 
a first approximation. SOLGASM1X20 has been used for species and par-
tial pressure calculation.16»18 Wlchner and Spence have also made vapor 
pressure estimates.36 Approximate vapor pressures have been calculated 
for SASCHA melt conditions at 2400°C.*»25 The degree of saturation can 
be estimated based on exposed surface area and separate mass trsnsfer 
calculations. The exposed surface area and partial pressure calcula-
tions should include the effects of alloy formation and runoff when 
melting occurs. 

The vaporized structural materials and releaeed fission products 
from some soli'1, aerosol particles and the remaining vapor will condense 
on surfaces as the gas flows into the upper, usually cooler, portions of 
the core. Tests in the HI series at ORNL suggest that ~60% of the va-
porized material forms into aerosol particles and ~40Z condenses on 
solid surfaces as the vapor/aerosol mixture cools.26*"29 We suggest that 
this same ratio of partlculatea/vapor be applied to be vaporized core 
material and released fission products. Deposition of particles in the 
upper core regions will probably be small and can be either neglected or 
estimated using engineering experience. Condensation of the vapor frac-
tion will be determined by the temperature of the coolest core node at 
the top of each axial region. Again an estimated allowance can be used 
for incomplete mass transfer based on engineering experience with calcu-
lations such as in FISREL.16 

Suggested correction factors are listed in Table 7. Explanations 
of each parameter follow. 

Area factor (D) — This represents an allowance for the fact that 
items such as control rod guide tubes and cladding are widely scattered 
and therefore transfer mass to only a fraction of the steam. 

Saturation factor (E) — This allows for incomplete mass transfer 
to the steam. For accidents with high steam flow rate, the saturation 
factor would be low. As with all of these adjustment parameters, engi-
neering experience is required to select reasonable values. In some 
cases simple correlations with velocity and temperature might be substi-
tuted. 

Melt retention factor (F) — This represents the fraction of mate-
rial retained in the particular node. The amount retained may directly 
affect the species partial pressure If a small quantity alloys with a 
much larger quantity of some other material according to Raoult's law. 
It Is probably satisfactory to assume that the run-off material goes di-
rectly to the bottom of the vessel. 

Aerosol fraction (G) — This is the fraction of the vaporized mate-
rial that becomes permanently (we assume) associated with aerosol parti-
cles. Factors G, H, and J should also apply to released fission 
products. The value 0.6 is recommended for all species. 



Table 7. Core vaporization factors 

Factors 
Temperature 

(°C) Phase Area 
(D) 

Saturation 
(E) 

Melt 
retention 

(F) 

Aerosol 
fraction 
(G) 

Aerosol 
suspension 

(H) 

Vapor 
suspension 

(J) 

0-1. JO S.S. (oxidized) 0.05 1.0 1.0 0.6 0.9 1.2 
Inconel grids 1.0 0.5 1.0 0.6 0.9 1.2 
Zr-4 (Zr, Sn) 1.0 1.0 1.0 0.6 0.9 1.2 
U02 0.05 0.5 1.0 0.6 0.9 1.2 
Ag, In, Cd 0 

1400-1800 Fe, Cr, Ni, Mn, 
(molten Zr, Sn, Ag, In, 
S.S. and Cd 0.25 1.0 0.3 0.6 0.9 1.2 
Inconel) Zr-4 (Zr, Sn) 0.75 1.0 1.0 0.6 0.9 1.2 

U02 0.4 1.0 1.0 0.6 0.9 1.2 
1800-2200 Fe, Cr, Ni, Mn, 
(molten Zr, Sn, Ag, In, 
Zr-4) Cd 1.0 1.0 0.3 0.6 0.9 1.2 

U02 0.8 1.0 1.0 0.6 0.9 1.2 
2200-2400 Fe, Cr, Ni, Mn, 
(molten Zr, Sn, In, Cd, 
corium) U02 1.0 1.0 0.3 0.6 0.9 1.2 
>2400 0 0 0 0 0 0 
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Aerosol suspension fraction (H) — This is the fraction of parti-
cles that remain suspended in the <?as on leaving the top of the core. 

Vapor suspension factor (J) — This is the fraction of vapor spe-
cies remaining in the gas phase compared with the amount that would be 
in equilibrium with the coolest core node near the top of the core in 
each axial region. It is greater than 1.0 since the mass transfer is 
not perfect. The equilibrium vapor pressure for the correct chemical 
form should be u s e d . 2 » 1 6 » 3 ? » 3 9 The vapor pressure equations must be 
Included In CORSOR in order to make this calculation. 

IV. VALIDATION NEEDS AND EXPERIMENTS UNDERWAY OR PLANNED 

IV-A. Fission Product Release Data Needs 

The release rates for fission gas, cesium, and iodine are more ac-
curate than for other fission products since more data are available. 
Their high release rates usually result In >90% release from the core 
during meltdown type accidents. Refinement would probably not change 
the total core release significantly for these severe accidents. 

Release data for fission products Te, Sb, Ba, Sr, Mo, and Ru are 
definitely needed. All of these exhibit sensitivity to the oxygen po-
tential of the environment or to the extent of oxidation of the Zlrcaloy 
cladding. The vaporization of UO2 also appears to be sensitive to the 
oxidizing conditions. The volatility of Ba and Sr may depend on the 
partial pressure of H20. These effects need to be considered In 
planning and conducting the tests. 

IV-B. Structural Material Release Data Needs 

More structural material, fuel rod, and control rod release data 
are needed. At the present the only data available are from SASCHA. 
PBF33 and HI26"29 series tests have not yet included both structure and 
control rod materials. No data are available for BtC in a complete ac-
cident environment. 

IV-C. Fission Product Release Model Improvements 

A probable improvement in the fractional rate release model would 
be inclusion of a provision for decreasing the release rate with time at 
a given temperature. This would not affect those accidents in which the 
temperature changes continuously. Little information is available to 
evaluate this possible improvement. 
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Inclusion of a liquefaction release expression should also be con-
sidered. The ORNL HI tests with high burnup fuel do not show enhanced 
release when clad melting occurs. The PBF severe damage scoping test 
with low burnup fuel did show an increased release at the time of clad 
melting.33*39 More information is needed about this effect. 

A quench release model Is needed for those accidents in which rapid 
cooling occurs. Both the PBF severe damage scoping t*»t and the TMI-2 
accident had (or probably experienced) a large quenching release when 
cold water contracted the hot fuel. A large fraction of the quench re-
lease may be trapped in the quenching water and thus *&.>* not be avail-
able for release to the environs. 

A leach release model should be included for those accidents in 
which water eventually circulates through the overheated core. TMI-2 
should provide much information about this mechanism. 

IV-D. Structural Release Model Improvements 

The vaporization release model as suggested above applies only to 
accidents with positive upward flow of steam and hydrogen. Some varia-
tion must be developed for those accidents in which steam flow Is very 
low or for which leakage from the core Is at the bottom (the Browns 
Ferry scram discharge volume leak accident, for example).'t0» 

Further study of species partial pressures, mass transfer effic-
iency, vapor-to-sollds partitioning, and the effect of melting and other 
geometry changes Is needed. Experimental verification of the vaporiza-
tion model is lacking. Vaporization from a molten pool or rubble bed 
was studied for the Browns Ferry station blackout accident.1**25 This 
resulted In a natural couvectlon correlation. 

IV-E. Experiments Underway or Planned 

Hi-series tests at ORNL continue In the temperature range 1700-
2000°C with plans to reach 2400°C. Discussions are in progress to alter 
the original work plant to permit earlier testing with stainless steel 
clad silver alloy and other structure-type materials. None have been 
included In tests to date. Increasing effort is being made to obtain 
more complete information regarding Te, Sb, Ba, Sr, Mo, Ku, UOz, and 
Pu02 releases. SASCHA simulant pellets will be used In some future 
tests. 

Core-aelt tests continue at ORNL. Additional analyses is required 
before the release data can be converted to temperature dependent re-
lease rates. 
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The PBF severe fuel damage tests are in progress. They are much 
larger scale tests than any other and are very realistic regarding In-
clusion of core materials such as grid spacers and control rods. 

The KfK SASCHA tests are now devoted to the effect of corium-
concrete reactions on fission product release. No further corlum-only 
tests are planned. 

V. SUMMARY STATEMENTS 

1. The fractional rate release model as used In CORSOR appears satis-
factory for the calculation of fission product release from fuel and 
cladding. As the experimental data base ar.d our theoretical knowl-
edge are expanded, more comprehensive models may be beneficial. 

2. Significant reductions in release rates for fission products Ba, Sr, 
Mo, and Ru are recommended. Minor changes are suggested for other 
fission products In order to use a uniform mathematical format. 

3. A partition of the released fission products into 60% as aerosol 
solids and 40% vapor along with simple provisions for particle depo-
sition and vapor condensation in the cool portions of the core is 
suggested. 

4. A vaporization model for structural materials (stainless steel and 
Inconel), fuel rod cladding and UO2, and control rod silver alloy Is 
proposed. A simple method of accounting for the effects of exposed 
surface area, degree of saturation, phase changes„ partitioning be-
tween aerosol particles and vapor fractions, deposition of particles 
and condensation of vapor in the cool upper portions of the core is 
suggested. Fraction release rates of these materials are recom-
mended for use until the vaporization model can be implemented. 

5. Additional data needs are for the release of fission products, Te, 
Sb, Ba, Sr, Mo, and Ru. The release rates for these species are 
sensitive to the composition of the atmosphere and/or the extent of 
oxidation of the Zlrcaloy cladding. 

6. Verflcatlon of the vaporization release of structural material com-
ponents is impossible because of lack of Inclusion of these materi-
als in the more realistic experiments. 
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I. INTRODUCTION AND DISCUSSION 

A. What the Code Does 

The MERGE code Is used to predict temperatures and hydraulic condi-
tions within the reactor coolant system (RCS) of an LWR in the time 
period following core uncovery and prior to meltthrough of the lower 
head of the reactor pressure vessel. The conditions predicted by MERGE 
are used in the TRAP-MELT code for the analysis of fission product re-
tention and transport in the reactor coolant system. 

The MERGE code (1) provides the Interface between the MARCH 2 (2) 
and TRAP-MELT (3) codes for the calculation of the radioactivity release 
in the event of a core melt. Specifically, the MERGE code accepts con-
ditions exiting the core predicted by the MARCH 2 code, performs hy-
draulic and heat transfer analyses for connected subvolumes of the reac-
tor coolant system and supplies the fluid dynamic variables and the 
structure temperatures to the TRAP-MELT code. 

B. What Phenomena are Addressed 

MERGE performs two types of analyses: fluid dynamic and heat 
transfer. The fluid dynamic analysis considers the transport of a mix-
ture of super-heated steam and hydrogen. Mass and energy are conserved 
in the analysis. 

In the heat transfer analysis, heat is transferred between the gas 
and structures within each control volume. Forced convection (laminar 
or turbulent), natural convection (laminar or turbulent) and thermal 
radiation are considered as heat transfer mechanisms. Conduction within 
the solid structures is considered only as an equivalent resistance to 
heat transfer In a lumped parameter approximation. 

C. How It Works 

MERGE is an interface code which utilizes data generated by MARCH 2 
(2) to calculate thermal-hydraulic data for Input to TRAP-MELT (3). The 
code employs MARCH output parameters to perform a gas-to-structures heat 
transfer analysis for control volumes In the core exit gas flow path and 
converts Its calculations Into a form acceptable as input to TRAP-
MELT. A MARCH output data file containing the parameters necessary for 
the heat transfer analysis is attached to the MERGE code. This file can 
contain MARCH data at several thousand timesteps with each tlmestep 
identified by a timestep index. The TRAP-MELT code, however, presently 
accepts only a maximum of 20 times at which parameters change. 

The analyses performed by the MERGE code can be broken into three 
major sections. First, a fluid dynamics analysis Is performed to pre-
dict gas flow rates, gas temperatures, gas compositions, gas enthalpies, 
and partial pressures within the reactor coolant system. Second, a heat 
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transfer analysis based on reaults of the fluid dynamics analysis I s 
performed to obtain heat transfer coefficients which are used to deter-
mine temperatures of structures within control volumes of the RCS. 
Third, an optional fission product heating analysis based on results of 
a TRAP-MELT analysis using MERGE calculations* is performed to Include 
structural heating caused by fission products which are airborne In the 
control volumes or deposited on structures within the control volumes. 

Fluid Dynamics Analysis 

The approach used In solving for the hydraulic conditions In each 
volume Involves an explicit finite difference solution to the flow equa-
tions. Conditions within each volume are obtained by moving consecu-
tively from volume to volume downstream of the core. In each case, the 
glvens for a particular volume are the initial gas temperature, mass, 
ratio of hydrogen to steam, and the mass flow rate. For each volume, 
the unknown variable Is the flow rate out of the volume. The equations 
that must be solved are conservation of mass and conservation of 
energy. It is also assumed that the hydrogen and steam In a volume have 
the same temperature and that each obeys an appropriate equation of 
state. Conservation of momentum is not imposed since lt is assumed that 
at a particular tlmestep, all volumes have the total pressure predicted 
by the MARCH code. These equations can then be solved lteratively by 
varying the outlet flow until the total pressure is equal to the input 
MARCH pressure while satisfying the conservation equations and the equa-
tions of state. In practice, this approach was found to be time con-
suming. Instead, an approximate method Is used in MERGE to estimate the 
flow out of the volume assuming that the gases act as an Ideal gas over 
the timestep. This allows an analytic solution for the flow out of the. 
volume given by: 

n CnPV„ 
H
 H > n - l A t ( V l + 4 6 0 W - - V 1 + Mtotn(46° CQ- V - < W - V V n 
n - (hn + 460 Cq - Cj) AT 

where 

WQ • flow out of volume n, 
WQ * - flow out of volume n-1, 

H - total enthalpy of gases in volume n at beginning of time-
step 

hjj - specific enthalpy of gases in volume n, 
hn_j - specific enthalpy of gases in volume n-1, 

M t o t n - total mass of gases in volume n, 
At • timestep, 

*The calculations would result from a previous MURGE analysis using 
no fission product heating. 
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P - pressure, 
Pq - pressure of gases In volume n at beginning of timestep, 
V • gas volume In control volume n, 
Q - heat transferred between volume gas and wall, 

and It Is assumed that 

hn - C0T + Cx 

where 

T - Temperature In F, and 
Co, Ci » coefficients recalculated at each timestep based on the 

equations of state for steam and hydrogen. 

Given the estimated value for the outflow, the gases are then required 
to satisfy realistic equations of state for steam and hydrogen. The re-
sult of the approximation Is to yield a slightly different value of the 
pressure at the end of the timestep than the MARCH calculated value. 
Because of the crudeness of the one-volume solution that led to the 
MARCH calculated pressure, this discrepancy is considered minor. 

It should be noted that this subroutine also regulates control 
volume flow throughout by dividing the MARCH timestep Into sublntervals 
In order to prevent the total evacuation of the mass in a volume within 
a timestep. Initially, the sublnterval timesteps are determined by 
first examining each control volume to obtain the one having the least 
gas volume; second, treating the mixture exiting the top of the core as 
an Ideal gas to determine an approximate volumetric flow rate; and 
third, subdividing the MARCH tlmestep until the volumetric flow rate 
times the sublnterval time is less than or equal to 5 percent of the 
volume having the least gas volum®- Subsequent sublnterval timesteps 
are determined by first calculat che change In mass of hydrogen and 
steam in each control volume In core exit gas flow path; second, 
calculating the change in total energy In each control volume; and 
third, subdividing the MARCH timestep until either the mass change or 
total energy change per sublnterval timestep of each volume Is less than 
or equal to a user-specified maximum. Furthermore, the heat transfer 
analysis is completed for each control volume over the MARCH timestep, 
and thus all sublntervals, before proceeding to the analysis for the 
next control volume at the same MARCH timestep. 

The Newton-Raphson (A) method of iteration is then employed to 
solve for control volume steam temperature, pressure, and enthalpy. The 
following three simultaneous equations are used: 

HST - (HH - H2M*HH2)/STMM , 
Ref (5) 

T - f(PSTM, HST) , and 
Ref (6) 

v - f(PSTM, HST) 
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where 

HST - specific enthalpy of steam in the control volume, BTU/lbm, 
T - temperature of steam in the control volume, F, 
v • specific volume of steam In the control volume, ft3/lbm, 

PSTM - partial pressure of steam in the control volumes, psla, 
HH2 - specific enthalpy of hydrogen in the control volume, 

BTU/lbra, 
HH - total enthalpy of the steam-hydrogen mixture in the 

control volume, BTU, 
H2M - mas8 of hydrogen In the control volume, lbm, and 
STMM • mass of steam in the control volv.Q, lbm. 

The method uses initial guesses of steam temperature, pressure, and 
enthalpy to calculate new values of each. This iterative process con-
tinues until values are found to satisfy the three equations. 

Heat Transfer Analysis 

Once solutionb the simultaneous equations have been found, a 
heat balance between che gas and etch structure within the control vol-
ute is performed. The heat is transferred from the steam-hydrogen mix-
ture exiting the top of the core to each control volume through an In-
ternally calculated heat transfer coefficient. 

In determining the heat transfer coefficient between the gas and 
structure, the Reynolds number Is first calculated and, depending on 
whether the flow is in the laminar or turbulent regime, the coefficient 
is calculated as: 

Laminar 
k 

h - - 2 . Nu. , BTU/hr/ft2/F, and Ref. 7 c d a 

Turbulent 

G0.8 h c 0.0144 Cpm , BTU/hr/ft2/F , Ref. 8 

where 

kjj, - thermal conductivity of the gas mixture, BTU/hr/ft2/F, 
0.0666(d/L)RedPr 

Nuj - 3.66 + - r-rr , (Reference 7) d 1 + 0.04[(d/L)RedPr]2/3 
d - hydraulic diameter, ft, 

Cpm ™ specific heat of the gas mixture, BTU/lb/F, 
G - mass velocity, lb/hr/ft2, 
L - the characteristic length of the control volume, ft, 

Re^ - the Reynolds number based on the hydraulic diameter, and 
Pr - Prandtl number. 
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A natural convection coefficient Is also calculated depending on 
the Raylelgh number regime: 

0.25 for X < 1Q9 
hc - 0.59 £ x ' , Btu/hr/ft/F , and Ref. 8 

k - 0# 33 for X > 109 
h - 0 . 1 0 - X , Btu/hr/ft^/F , Ref. 8 
c L ~ 

where 

k • thermal conductivity of the gas mixture, BTU/hr/ft2/F, 
L • length, ft, and 
JC « Raylelgh number. 

The larger of the natural and forced convection coefficients Is used In 
the analysis. 

The first control volume above the core also receives radiation 
heat transfer from the top of the core. The inlet: gas temperature for 
this volume Is the gas temperature exiting the top of the core. For 
other volumes, the inlet temperature Is the gas temperature at the out-
put of the previous volume. 

Fission Product Decay Heat Analysis 

The fission product decay heat source term Is calculated In the 
MERGE code by using the American Nuclear Society (ANS) standard decay 
power curve (9). To determine the distribution of the decay heat among 
the fission products, the reactor core was assumed to be composed of 
equal amounts of fuel with burnups of 11,000, 22,000, and 33,000 
MWd/MT. The ORIGIN (10) code was then used to calculate the decay heat 
emitted by the fission products In each of the eight WASH-1400 (11) fis-
sion product groups at various times after reactor shutdown. The re-
sults are expressed as percentages of the total for tabular Input to 
MERGE. 

D. What Assumptions are Necessary? 

The following are the major assumptions used in the MERGE code: 

1. Flow Is one-dimensional within each control volume. The code is not 
restricted to the use of a single control volume for each component 
of the primary system, but can use combinations of series and/or 
parallel flow paths to model the system. In the latter case, how-
ever, flow split fractions must be input into the code. 
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2. Conservation of momentum is Ignored. In MERGE, the exit flow rate 
Is calculated from the mixture energy equation by assuming an Ideal 
gas behavior for the steam-hydrogen mixture. The equation is solved 
explicitly with the old values of hydrogen mass concentration and 
specific enthalpies. The system or control volume pressure 
corresponding to the new exit flow rate Is calculated and can be 
compared with the MARCH-calculated pressure. Alternatively, 
Iteration could be performed until the MERGE pressure is suffi-
ciently close to that of MARCH; the latter capability is not in the 
current version of the code. 

3. The correction factor applied to the convective heat transfer coef-
ficient is assumed to be valid for both thin and thick structures. 
However, for a thick structure (AX >4 in.), the assumption should be 
verified by comparing the results with a distributed parameter 
model. 

4. The emlsslvity and absorptivity values of steam at 1 atm are applied 
at high pressure (~2500 psi); more complete representation of these 
parameters is desirable. 

E. What Are The Inputs? 

Geometric data describing the control volumes, structure masses, 
structure surface areas, and characteristic dimensions for heat transfer 
analysis, flow connections, and flow factors are required for each acci-
dent sequence. Additional Inputs to MERGE are time-dependent results of 
the MARCH 2 code, specifically: reactor coolant system pressure, core 
outlet steam flow rate, core outlet hydrogen flow rate, and core outlet 
temperature. 

P. What Is the Output? 

The output of the MERGE code Includes both printed and stored data 
at user-specified Intervals. The results of MERCS calculations, along 
with several MARCH parameters are printed in tabular form for each MARCH 
timestep. Printed output also Includes the control volume flow matrix, 
control volume geometry, and initial conditions. 

The essential output of MERGE consists of numerically-averaged re-
cords of control volume temperature (gas and structures), pressures, and 
mass flow rates over time for each control volume. 
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II. DOCUMENTATION 

A. Status and Quality of User's Manual And Test Problems 

The Initial MERGE User's Manual (1) was primarily prepared for in-
ternal documentation rather than external distribution. A revised ver-
sion has recently been completed (12). A description of the underlying 
equations and assumptions is provided but this description is not In the 
detail that would be desired by an independent code user. A test prob-
lem is Included in the User's Guide. An independent code user would 
prefer a variety of sample Problems described In greater detail. 

B. Changeb or Improvements to Published Version of Code 

The MERGE code was written for use in the Source Term Reassessment 
Study. A current description of the code has recently been completed 
(12). 

C. Description of Any Required but Unpublished Codes (in order to 
run this code) 

The MARCH 2 code (2) has to be run first. 

D. Bibliography of Code References, Changes to References, Data Base, 
and Other Relevant Reports 

See references In Section VIII. 

III. NECESSARY VARIATIONS IN CODE FOR REQUIRED CALCULATIONS 

No variations in the code are required for the source term analy-
ses. 

IV. DOCUMENTATION OF CODE QUALITY ASSURANCE AND PEER REVIEW 

Internal quality assurance for the MERGE code was provided by an 
independent one-over-one review of the coding and documentation. Exter-
nal reviews were undertaken by the UKAEA (13) and by Brookhaven National 
Laboratory subsequent to the lst>ae of Volume 1 of BMI-2104 (14). 
Changes were made to the code in response to suggestions by the 
reviewers which are reflected in analyses performed for the later vol-
umes of the report. 



328 

V. CODE VALIDATION TO DATE 

A. Experimental Validation 

No comparisons have been made between MERGE and experimental re-
sults for Integral thermal-hydraulic experiments. Although there are 
extensive integral data for blowdown conditions, there are currently few 
data characteristic of core meltdown conditions In the reactor coolant 
system (e.g., the PBF severe fuel damage experiments) and these data are 
not very representative of the prototype. Many of the separate phe-
nomena analyzed in MERGE do have an empirical basis, however. The heat 
transfer correlations used in MERGE are supported by extensive experi-
mentation (see Section II.D.) The thermalhydraulic modeling assumptions 
can be evaluated by comparison with the results of more detailed analy-
ses. Some tests of this type are described In the next section. 

B. Analytical Validation 

The NRC is currency undertaking two activities that will help to 
evaluate the validity of modeling assumptions in the MERGE code. The 
magnitude of multidimensional flow effects in a PWR upper plenum are 
being studied at Los Alamos National Laboratory using the TRAC code and 
at Pacific Northwest Laboratories using the COBRA code. 

C. Assessment of Preset or Default Values 

Not applicable. 

VI. SCHEDULE OF VALIDATION EFFORTS 

The Independent analyses being performed with the TRAC and COBRA 
codes are the only code valuation efforts currently planned for MERGE. 
If these analyses indicate that some of the modeling assumptions in 
MERGE introduce significant error In the analysis, it is possible that 
alternative computer codes could be adopted for the analysis of RCS 
thermal-hydrualics in the future. Until these decisions are made, a 
formal validation plan for the MERGE code will not be developed. 

VII. SUMMARY APPRAISAL OF CODE 

A. Assumptions Required 

The principal assumptions in the MERGE code are that the flow is 
one-dlmenslonal, pressure differentials are small, and structures are 
thin. The user must provide the flow matrix as input. 
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B. Inputs Required 

MARCH 2 output for system pressure and core outlet conditions and 
RCS geometric data are required as inputs to the MERGE code. 

u. Flow Path of Computing Routines 

A flow chart of the MERGE code is shown in Figure 1. 

D. Outputs of Code 

Flow rate and temperature (fluid and wall) in each control volume 
are the main outputs of MERGE. 

E. Assessment of Code Validity for Use in BMI-2104 

The magnitudes of errors introduced by the simplifying approxima-
tions in the MERGE code are unquantlfled at this time. The comparison 
calculations being performed with TRAC and COBRA should provide some in-
sights into the adequacy or validity of the MERGE code by mid-1984. The 
prediction of thermal-hydraulic behavior can have a major Impact on 
estimated retention factors for fission products within the RCS. It 
should be recognized, however, that the uncertainties In RCS thermal-
hydraulic conditions are due as much to uncertainties in the melting be-
havior of the core as predicted by the MARCH 2 code as they are due to 
the analysis of flow and heat transfer In the RCS. Although efforts are 
being made by the NRC to develop improved methods of analysis for core 
meltdown analysis, some aspects of core melting behavior may never be 
completely predictable. The uncertainties in these analyses must there-
fore be reflacted as uncertainties in source term behavior. 

In Volume 1 of BMI-2104, it was recognized that feedback from the 
decay heat associated with deposited fission products could have a sig-
nificant effect on RCS thermal-hydraulics. The current version of MERGE 
can only account for this feedback by being run iteratlvely with TRAP-
MELT. 
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ORNL—DWG 85-4154 ETD 

Fig. 1. Flow diagram of the MERGE code. 
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I. INTRODUCTION 

The true measure of validation of any computer program would re-
quire a quantification of the uncertainties in the calculated key output 
parameters. Such quantification would have to properly account for such 
things as variances and biases In the input, in internal pre-flxed par-
ameters, In Internal correlations, Imperfect modeling, finite difference 
approximations, imprer-»io n-r 'cations of the code, and results of in-
tegral experiments. I of validation would require consider-
able time and effort ai> isldered to be outside of the scope of 
the present document. 

The objectives of this document, then, are to provide a subjective 
assessment of the status of validation of the TRAP-MELT computer code 
and to serve as a resource that could be used later in a broad uncer-
tainty analysis. In this respect, then, this document identifies key 
parameters, the available data bases, and the potential Important in-
fluencing elements. It is hoped that enough Information and descriptive 
analyses are Included to allow the reader to arrive at a subjective 
opinion as to the state of validation of TRAP-MELT as used in the Acci-
dent Source Term Reassessment Study (ASTRS) to predict the effects of 
the reactor coolant system on the accident source term. 
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II. DESCRIPTION OP TRAP-MELT 

II .A. Version Used In the ASTRS 

The TRAP-MELT code is used In the ASTRS to calculate the transport 
and deposition of vapors and aerosols within the reactor coolant sys-
tem. The approach used in TRAP-MELT Is to model the RCS as an arbitrary 
number of interconnected (by flow) control volumes, each of which is 
treated aa being "well-mixed" (that is, uniform In terms of flow, tem-
perature, pressure, carrier gaa composition, vapor and aerosol concen-
trations, and transport rate coefficients). 

TRAP-MELT relies on input in the form of tables (values vs time) of 
the following parameters for each control volume: 

PARAMETER 

Mass flow rate of carrier fluid 
Carrier fluid temperature 
Carrier fluid pressure 
Surface temperature 
Source rates for vapors and 
aerosols 

Along with the above input, usually developed from other codes, the fol-
lowing additional user supplied input is required. 

1. Geometry of each control volume — length along flow path, 
equivalent diameter, cross-sectional flow area, surface area available 
for gravitational settling of aerosols, and the vertical dimensions of 
the control volume — and specification of flow connections among the 
control volumes; 

2. Information Indicating which fission product chemical forms 
will be followed in the calculations; 

3. Characterization of the aerosol particles Input as 8ources into 
each control volume — specification of the source particle geometric 
mean radius (r_) and standard deviation (o ) for an assumed log-normal 
size distribution, the particle shape factors (x and Y) and the 
effective source particle density (Pp). 

The bulk of the general property data needed by TRAP-MELT is in-
ternally coded and Is not part of the user-supplied input. These in-
ternally-coded data are as follow: 

1. The carrier fluid Is treated as if It Is all steam. Internal 
properties Included for steam as functions of temperature and pressure 
are 

CODE USED IN ASTRS 
TO DEVELOP T-M INPUT 

MERGE 
MERGE 
MERGE 
MERGE 
MARCH/CORSOR 
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—• density 
— viscosity 
— diffusion coefficient 

2. For each fission product species being transported in the car-
rier fluid, TRAP-MELT requires the following properties as functions of 
temperature 

— equilibrium vapor concentration 
— coefficient of diffusion 

To determine the transport and deposition of vapor and particulate 
species in the RCS, the TRAP-MELT code included the following phenomena 
for the ASTR study: 

1. Bulk convective transport of material among control volumes by 
the carrier fluid; 

2. Irreversible sorption of vapor species CsOH and Te onto RCS 
wall surfaces; 

3. Condensation of vapor species onto and evaporation from aero-
sols and RCS surfaces; 

4. Agglomeration of aerosols as a result of relative motions in-
duced by Brownian movement, turbulence, and gravitational settling; 

5. Deposition of aerosols onto RCS surfaces via gravitational set-
tling, laminar and turbulent diffusion, turbulent lnertlal deposition, 
and thermophoresls. 

The principal outputs calculated by TRAP-MELT are the mass flows of 
each species (Csl, CsOH, Te, and aerosol), as functions of time, that 
leave the RCS and enter the containment, and a characterization of the 
exiting aerosol size distribution. By the nature of the mass transport 
calculations made to arrive at these principal outputs, TRAP-MELT also 
is able to provide the following additional detailed output at any given 
specified time: 

1. Cumulative masses resulting from each deposition mechanism on 
each control volume surface; 

2. Quantity of material remaining airborne and the airborne size 
distributions In each control volume; 

3. Fluid data and deposition velocities In each control volume. 

To help the reader grasp the overall interactions of the various 
mechanisms and phenomenological models In TRAP-MELT, a simplified "in-
fluence diagram" Is shown in Figure 1. 
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Fig. 1. Aerosol/vapor phenomena modeled In TRAP-MELT. 

II.B. Differences from Latest Documented Version 

Reference (1) is the latest documented version of the TRAP-MELT 
code. The version used In the ASTR study differs significantly from the 
documented version; the differences between the version used in the ASTR 
study and the documented version are as follows: 

1. The addition of internal data bases and property data for new 
fission product species — Csl, CsOH, and Te; 

2. Replacement of aerosol models that were based on those in the 
HAARM-3 code with those used in the QUICK code (2). The QUICK models 
use a discretlzed aerosol size distribution rather than the log-normal 
assumption used in HAARM-3. 

3. As part of Including the QUICK aerosol models, models for grav-
itational settling and gravitational agglomeration are now Included In 
TRAP-MELT. 
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III. TRAP-MELT VALIDATION STATUS 

III.A. Key Parameters from the ASTR Study 

To discuss the validation of TRAP-MELT with respect to the ASTR 
study, it is important to identify those key parameters in the study for 
which the code calculations must be valid. These parameters fall into 
two groups. 

1. Thermal-hydraulic, geometric, and materials species generation 
rate parameters, including: 

— Carrier fluid pressures and temperatures 
— Surface temperatures 
— Wall thermal gradients 
— Flows, 'Reynold's and Grashof's number 
— Geometric dimensions and materials 
— Aerosol and fission product release rates from the core 

Many of these parameters are input to TRAP-MELT, and are based on 
MARCH, MERGE, and CORSOR code calculations. Some of the parameters, 
like the Reynolds and Grashof numbers and thermal gradients, are calcul-
ated internal to TRAP-MELT. Geometric factors are input to TRAP-MELT 
based on estimates of RCS geometries for the specific reactor plants. 
Of particular importance for the ASTR study are the geometric factors 
associated with the upper plenum regions for both PWR and BWR plants; In 
both types of plant there are significant amounts of Internal structure 
onto which aerosols and fission products can deposit. 

2. Aerosol characteristics calculated Internal to TRAP-MELT; in 
particular, aerosol concentrations and aerosol sizes. The aerosol phy-
sics models in TRAP-MELT must be valid for the range of aerosol condi-
tions expected to be produced. The unique aspect of conditions calcu-
lated in the ASTR study is that local aerosol concentrations in excess 
of 1 kg/m3 have been calculated to exist in parts of the RCS. At pres-
ent , little experimental evidence exists for aerosol behavior in this 
high-concentration regime; this will be discussed in more detail In 
other parts of this report. 

III.B. Material Property Input and Preset Parameters 

Some of the input requirements and internally preset parameters, 
related to material properties, that are in TRAP-MELT are presented be-
low. 

A. For volatile fission product species 12, Csl, CsOH, and Te, 
TRAP-MELT calculates the equilibrium concentrations Internally as 
functions of temperature using the following algorithms: 
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1. 12 equilibrium vapor concentration data, C; 

a. For T <387 K: 

P2L0G - - 3578/T + 17.72 - 2.51 log (T) 

P1LN - 2.303 (P2L0G) 

(MV) * (P/1330 - 759.88) 
+ (759.88) (82.057) (T) 

PI - EXP (PlLN)/(759.88) 

VMOLES - PI/(82.057) (T) 

(Note: log signifies logarithm to the base 10.) 

and 

C - MW (VMOLES) in g/cm3 

where, for l2» 

MV - 51.52, MW - 253.81 

T in K, P in dynes/cm2 

b. For T >387 K 

P2L0G - - 3205/T + 23.56 - 5.18 log (T) 

Other equations are like those in (la). 

2. C8l equilibrium vapor concentration data, C: 

a. For T <894 K: 

P2L0G - - 10420/T + 19.7 - 3.07 log (T) 

Other equations are like those for (la), except 

MV - 64.04, W - 259.81 
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b. For T >894 K 

P2L0G - - 9678/T + 20.35 - 3.52 log (T) 

Other equations are like those for (2a). 

3. CsOH equilibrium vapor concentration data, C: 

P2 - 9.92 - 6700/T 

P2 - [760/1.013(10 )] (10P2L0G), 

If P2 >76,000, P2 - 76,000. 

P2 - LOG (P2) 

Other equations are like those for (la), except 

MV - 45.32, MW - 149.91 

4. Te equilibrium vapor concentration data, C: 

a. For T <723 K: 

P2LOG - - 9320/T + 19.85 - 2.71 log (T) 

Other equations are like those for (la), except 

MV - 22.46, MW - 127.6 

b. For T >723 K 

P2L0G - - 7980/T + 22.58 - 4.32 log (T) 

Other equations are like those for (4a). 

B. For aerosols: 
1. Source size characteristics: r - 0.05 ym, a - 1.7 used in ASTR 

study. 8 8 

2. Shape factors x and y. set equal to 1. 
3. Effective agglomerate density, p : set equal to 10 g/cm3 

4. Ratio of gas to particle thermal: conductivity, k_/k_: get equal to 
0.01 * ^ 
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C. Steam properties: 

1. Dynamic viscosity, u8: 

U8 - U.851 <10-5)(T)1°.5 ^ g/cfli_aec 

(1.0 + 680.1/T) 

2. Superheated steam density, p8: 

pfl - l/[-8.8 + 4.6151 (106)(T/P)], g/cm3 

P in dynes/cm2, T in K 

3. Steam mean free path, A : 8 

i 1 oj M °'5 „ X8 " U 2 4 p^ "g^ ' C ° 

M - steam molecular weight 
Ry - universal gas constant 

III.C. Assumptions in TRAP-MELT 

In TRAP-MELT, as in most codes, there are assumptions and approxi-
mations made that could be important relative to the overall validity of 
the code for specific applications. Some of the more Important code 
assumptions are discussed below, 

III.C.1 Well-Mixed Control Volume Assumption 

The TRAP-MELT code assumes that, within each of the control 
volumes used to model the RCS in the ASTR study, the conditions are 
well-mixed. The assumption of a well-mixed control volume Implies that 
the amount of vapor and/or aerosol deposition within the control volume 
is "small" - in the sense that the amount of material entering the 
volume as a function of time would be roughly equal to the amount of ma-
terial exiting the volume as a function of time. For any of the RCS 
control volumes where the amount of material deposition is large, the 
well-mixed assumption could be violated. Violation of the well-mixed 
assumption probably means that the vapor and aerosol deposition in that 
volume is being under-estimated. 

III.C.2 One-Dimensional Fx,-./ Assumption 

In the RCS, and in particular In the upper plenum of the primary 
vessel, TRAP-MELT Is applied in such a way that the transport between 
control volumes is treated as if it were unl-directional, one-dimen-
sional flow with the flow rates given by the net steam production rates 
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as calculated by MARCH/MERGE. However, for a number of the sequences 
analyzed, thermal driving forces are calculated to be large enough to 
produce natural convection currents that are much stronger than the 
steam evolution rates from the core. Such natural convection should en-
hance material transport among connected flow volumes, and so enhance 
the mixing between control volumes. In essence, then, the conditions 
expected to exist for concentrations of aerosols and vapors may actually 
be in closer agreement with the "well-mixed" assumption than one would 
be led to believe by the MARCH/MERGE-developed input flows between con-
trol volumes. 

MERGE and TRAP-MELT both account for enhanced heat and mass trans-
port coefficients resulting from natural convection. However, in the 
BMI-2104 application, the enhanced mixing that would result from the re-
circulatory flow is not accounted for. TRAP-MELT, as presently formu-
lated with an internal matrix expressing the flow connections between 
any two control volumes, appears to have the capability for two-
directional exchanges between any two control volumes and therefore 
could simulate the enhanced mixing if the actual flow patterns were 
available for input. MERGE, however, does not possess this "two-way" 
flow exchange capability, and hence, would not be able to develop con-
sistent thermal hydraulics input for TRAP-MELT. 

III.C.3 Carrier Fluid 

TRAP-MELT utilizes internal properties for a carrier fluid that is 
assumed to be pure steam. Hydrogen and fission gases can also make up a 
portion of the carrier gas. The influence of hydrogen, for example, on 
the calculated carrier gas properties can be substantial. By way of 
example, the kinematic viscosity of hydrogen at 700 K is about five 
times greater than that of steam at 700 K. For situations where hydro-
gen was the main component of the flow gas, this difference in kinematic 
viscosities would mean that calculated Reynolds numbers would be In 
error by roughly a factor of 5, and calculated Grashof numbers would be 
in error by roughly a factor of 25. In addition, because of the use of 
an inappropriate density, the calculated volumetric flows based on the 
mass of steam generated are likely to be substantially lower than 
actual. This could significantly influence the residence times. 

III.C.4 Assumptions on Aerosol Characteristics 

The aerosols calculated to be released from the core (using the 
CORSOR code) will consist of a number of components — for example, mix-
tures of materials like tin, cadmium, silver, barium, and others. In 
TRAP-MELT, the main assumption made relative to the aerosol mixture Is 
that lt can be characterized as a single homogeneous aerosol. 

The aerosol properties needed in TRAP-MELT are the effective ag-
glomerate density p^, the gas-to-particle thermal conductivity ratio 
kg/kp, and the aerosol shape factors x and Y* Some comments related to 
values used In the ASTR study for these parameters follow: 
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1. The value of agglomerate density used In the ASTR calculations 
is pp - 10 g/cm3. This value la probably too high, by as much as a fac-
tor of 2, if one looks only at the densities of the individual materials 
that are expected to be aerosols. If, in addition, the fact that the 
agglomerates may not be In a close-packed configuration is considered, 
the mixture density used may really be high by as much as an order of 
magnitude. This could influence calculated aerosol settling rates, 
since these rates are proportional to the agglomerate density. 

2. The value of g a B - t o - p a r t i c l e thermal conductivity ratio used In 
the ASTR study is kg/kp • 0.01. However, simple hand calculations indi-
cate that this value could easily be incorrect by an order of magnitude, 
depending on the assumptions made in making the estlmste. Estimates of 
thermophoretic deposition velocities can be very sensitive to the value 
of kg/kp assumed (as discussed in Sect. III.D.7). 

3. Aerosol shape factors were assumed to be equal to 1 in the ASTR 
study; that is, the aerosols were assumed to be spherical. Whether or 
not the aerosol agglomerates will "ball up" is not presently clear. 
Based on experiments performed at ORNL (3), aerosols produced in a sat-
urated steam environment will tend to form spherical agglomerates due to 
condensation of steam onto them. However, in the reactor pressure ves-
sel steam condensation of steam is not generally expected to occur, and 
it is presently not known if condensation of fission product vapors onto 
agglomerated aerosols will cause them to become spherical. 

We presently feel that the assumption that a mixture of aerosols 
can be characterized by a homogeneous aerosol of uniform properties is 
probably reasonable if appropriate estimates of the mixed aerosol prop-
erties can be made. At present, however, it Is not clear that the 
values assumed for the mixed aerosol properties are appropriate, and un-
certainties in these can lead to large uncertainties In calculated aero-
sol deposition. 

III.C.5 Solution Technique Assumptions 

The solution technique used in TRAP-MELT assumes that the important 
mechanisms can be broken into three classes according to the relative 
values of the time constants associated with the processes: 

1. "First-order" mechanisms (Including things like vapor sorption 
and aerosol deposition by thermophoresis) which have relatively long 
time constants. These are the phenomena assumed to be governed by the 
following transport-deposition "master equation:" 

^ - S + MC at 
where 

C - concentration vector of species in each state and volume 
S " source rate vector for each state and volume 
M • transport matrix between all states and volumes 
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2. Condensation and evaporation processes. These have shorter 
time constants than the first-order processes, and are treated In par-
allel to them. The equations used in TRAP-MELT to model vapor condensa-
tion and evaporation are presented in Sect. III.D.3. 

3. Particle agglomeration processes, Which also have short time 
constants. These are also treated in parallel to the first-order pro-
cesses. 

The approach presently used to solve these three sets of equations 
is aB follows: 

1. The first-order mechanism equation, or "master equation," is 
solved over some pre-determlned time step. The rate coefficients, M, 
are assumed to be constant over the time step even though they are func-
tions of aerosol size for those transport processes involving aerosols. 

2. In addition, the full aerosol dynamics equations, which include 
aerosol source rates, agglomeration mechanisms, depletion terms, and 
aerosol leak rates, are solved over the master equation time step to 
give the change in the aerosol characteristics. Since agglomeration is 
often a very fast process, a large number of time steps is generally 
needed to solve the aerosol dynamics equations over the full master time 
step. This calculation results in new aerosol size characteristics as 
well as a new concentration that may not necessarily agree with the con-
centration calculated by the "master" equation. Such disagreement could 
occur from the shorter time steps utilized in the aerosol equation which 
allows Incorporation of new size distributions more frequently. 

3. The airborne concentration predicted by the master equation 
solution is compared to that predicted by the aerosol dynamics equation 
solution. The aerosol concentration predicted by the master equation 
solution is retained as the new concentration and the difference in mass 
is added back into the distribution as calculated by the aerosol dynamic 
equation resulting in a slightly modified mean size. 

4. In parallel to the calculations discussed above, the equations 
for vapor condensation and evaporation (mechanisms which are not in-
cluded in either of the above equations) are solved. At the end of the 
master equation time step, the distribution of vapor in the gas phase, 
on the wall surfaces, and on aerosol particles is modified due to the 
calculated condensation/evaporation behavior. In particular, the aer-
osol size distribution is once again modified to account for condensa-
tion onto or evaporation from particles. 

5. All of the above is done for each control volume, and Is then 
continued for subsequent time steps. 

Finite difference solutions to complex integro-dlfferential equa-
tions are common In the technical literature in which variable coeffi-
cients are held constant over short time intervals to allow calculation 
of the changes in the dependent variables. Often either the time steps 
are made systematically smaller or iterations are made to minimize any 
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resultant errors. The solution technique discussed here for TRAP-MELT 
Is essentially equivalent to this except three separate time steps are 
utilized. The only problem we see with thlB Is that neither a system-
atic variation in these time steps nor an iteration process seems to 
have been made to evaluate any potential numerical errors. 

1II.D. Phenomenologlcal Models 

This section will discuss the internal phenomenologlcal models and 
the supporting data bases. 

III.D.l Convectlve Mass Transport Between Control Volumes 

The mass flow from one control volume to another is determined us-
ing the relation: 

M - CQ 

where 

M - species mass flow rate between volumes (g/sec) 
C - mean concentration of the species in the control volume (g/m3) 
Q - carrier fluid volumetric flow rate (m3/sec) 

However, the value of Q is an input into TRAP-MELT. For BKI-2104, this 
Input was developed from the steam production rates predicted by MARCH 
using the relation, 

Q - M s / p s , 

where pg is determined from correlations related to temperatures and 
pressures. Thus the convective exchange of matter between control 
volumes In the ASTRS is driven by the Input values for the steam produc-
tion rates. However, the exchange of material between control volumes 
used to describe the upper plenum regions should be driven by the strong 
natural convection flows which seem to be much greater than the steam 
flows in many cases. Consideration must also be given to the non-
unidirectional nature of the natural convection flow patterns (see Sect. 
III-C.2, "One-Dimensional Flow Assumptions"). While this capability 
appears to exist in T-M, it was not used in the HMI-2104 and MERGE does 
not possess the two directional capability. 

III.D.2 Thermal Hydraulic and Mass Transfer Modeling 

Thermal hydraulic modeling in TRAP-MELT is very important, because 
a number of the key deposition mechanisms modeled in the code rely on 
Internal thermal-hydraulic calculations to determine parameters impor-
tant to deposition. Models that rely on thermal-hydraulic calculations 
include, among others, those for vapor condensation onto walls and aer-
osol deposition onto walls by thermophoresIs. 
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In Che development of TRAP-MELT, lt was acknowledged that forced-
flow conditions might not always exist In the RCS; that Is, that natural 
convection flow might be dominant under some conditions. To account for 
the influence of natural convection, TRAP-MELT calculates an "effective" 
Reynolds number using the following formulation: 

Reef - (Gr/70)1/2 for Gr >107 

Gr - g (AT) D 3 / ( V 2 T ) 

where 

ReQ£ • effective Reynolds number 
Gr - Grashof number 
g • gravitational acceleration 
D - control-volume hydraulic diameter 
AT - gas-wall temperature difference 
T - gas temperature 
v - kinematic viscosity of steam 

When the effective flow Re Is greater than the Re calculated using the 
Input steam production rates, then the effective Re is used to calculate 
condensation mass transft coefficients and thermal gradients used In 
thermophoresis calculations. 

No reference could be identified to document the basis for the cor-
relation used to calculate the above effective Reynolds number. How-
ever, the practice of using an "effective" Reynolds number is well 
founded theoretically and is accepted as legitimate. One possible 
problem here is that the particular correlation utilized is believed (by 
Inspection) to be applicable for vertical surfaces In non-recirculstory 
flow fields. 

The correlation used in TRAP-MELT to calculate an effective bound-
ary layer thickness, which is then used to calculate an effective wall 
thermal gradient for thermophoresis calculations, is 

Nu 0.021 Re0'8 

k 6 
where 

Nu - Nusselt number 
Re - Reynolds number 
k - gas thermal conductivity 
h • k/6 - heat-transfer coefficient 
6 - boundary-layer thickness 
D • control-volume hydraulic diameter 

This is a heat-transfer correlation for turbulent flow conditions with 
the Prandtl number set equal to unity (which may not always be a good 
approximation In the RCS). In addition, the correlation is for fully-
developed flow conditions, which may not exist through much of the upper 
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planum. If, for example, flow Reynolds numbers varied > 100 and 
1000, then the "entrance length" for fully-develo^d fl .ie upper 
plenum would vary from 6 to 60 hydraulic diameters dM* dam of the 
lower end of the upper plenum. Assuming a representative upper plenum 
hydraulic diameter of 10.4 cm (4 Inches), at these assumed Reynolds 
numbers fully-developed flow would not occur within 60 to 600 cm (2 to 
20 feet) of the lower end of the upper plenum. Nusselt: numbers calcu-
lated for fully-developed flow conditions are typically less than those 
occurring In the flow entrance region. Effective wall heat transfer 
coefficients would be under-estimated by a factor of three or more by 
assuming fully-developed flow. 

The correlation that is used In TRAP-MELT to model condensation 
mass transfer to wall surfaces is: 

Sh s It D/D - 0.023 Re0'83 8c0*33 
w g 

where 

Sh - Sherwood number 
Sc - Schmidt number 
Re - Reynolds number 
k__ - condensation mass transfer coefficient (cm/s) 
D - hydraulic diameter (cm) 

Dg - vapor diffusion coefficient (cm2/s) 

This is a correlation for turbulent, fully-developed flow conditions, 
and so the same criticisms relevant to the calculation of Nusselt number 
apply. 

III.0.3 Condensation of Vapor onto and Evaporation from Aerosol* 
and RCS Surfaces 

The condensation/evaporation of Csl, CsOH, and Te onto/from par-
ticle and wall surfaces is modeled in TRAP-MELT using the following 
formulations (1): 

(C - C8) V N 8 w' dt 

dt 
dM 
— £ - <A k > (C - C ) dt p p s p 

- A k (C — C ) w w s w 

< V P > (C - C*) s p 

where 
M g c - — - concentration of the nuclide vapor in atean a v 

Ms - total mase of the nuclide vapor in steam 
V - volume of the control volume 
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total mass of nuclide vapor condensed on walls 
total mass of nuclide vapor condensed on aerosol particles 

Ctf - equilibrium vapor concentration of the nuclide ac the tem-
perature of the wall surfaces (assumed Independent of pres-
sure) 

C - equilibrium vapor concentration of the nuclide at the tem-
p perature of the steam (assumed independent of pressure and 

particle surface curvature) 
Aw - area of wall surfaces 
Ap - surface area of aerosol particle 

- mass transfer coefficient for nuclide transfer between steam 
and wall surface-steam Interface 

kp - mass transfer coefficient for nuclide transfer between steam 
and particle surface-steam interface 

< > • indicates appropriate averaging over all particle sizes. 

The correlations used for and kp are: 

k,, as defined in Sect. III.D.2, and 

Dg -vapor diffusion coefficient 

r -particle radius . 

Possible Inaccuracies related to the formulations used in TRAP-MELT for 
condensation/evaporation include the following: 

1. The correlation for ky is applicable to well-developed turbu-
lent flow conditions only; turbulent flow does not exist in the RCS for 
all accident sequences. 

2. No account is taken for the possible Influence of non-condens-
lble gases on vapor condensation. Also, no account Is taken for vapor 
equilibrium pressure differences due to particle surface effects or due 
to multi-species vapor solutions. Including these effects would tend to 
lead to reductions in calculated vapor condensation rates. 

3. The mass transport coefficients used are for steady-state 
transport in fully-developed flow regimes. For most sequences the flow 
can be characterized as being "quasi-steady" for the majority of time up 
to pressure vessel rupture. However, as discussed in Sect. III-D.2, 
fully-developed flow conditions are not likely to exist in the upper 
plenum for most accident sequences; Including this effect would tend to 
increase the calculated vapor condensation rates. 

where 

4. The correlation for kp is strictly applicable for molecular 
diffusion. Turbulence can enhance such transport but this enhancement 
decreases with decreasing particle size. 
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III.D.4 Vapor "Sorption" onto Wall Surfaces 

TRAP-MELT assumes that vapor sorption onto walls can be modeled 
using a "deposition velocity" model that can be expressed as: 

~ - - V - M 3t d V 

where 

M - mass of vapor species airborne in control volume 
Vj - vapor species deposition velocity (cm/s) 
A » control volume surface area 
V « volume of "control volume" 

It is assumed in TRAP-MELT that all "sorption" onto surfaces is irrever-
sible. In the ASTR study, Irreversible sorption onto aerosol particles 
is not accounted for. The deposition velocities internally coded In 
TRAP-MELT for 12, Csl, CsOH, and Te are given below: 

Species Vj (cm/s) 

12 9(10-8) e8 1 0°/R T 

Csl 0 
CsOH 0.01 
Te 1.0 

The deposition velocity model for sorption as used in TRAP-MELT for the 
ASTRS is empirical. Modeling sorption using deposition velocities can 
hide complex mechanisms that might be occurring in the sorption process 
such as transport In the vapor phase, sorption/desorption at the sur-
face, chemical reactions with the surface materials, and diffusion into 
the bulk of the surface or through a surface layer. Using vapor deposi-
tion velocity models would be appropriate if the system conditions are 
such that surface reactions are rate-limiting (that is, that they domin-
ate the transport mechanisms), if surface saturation effects do not 
occur, and if the empirical values are obtained under these conditions 
using appropriate materials, species, temperatures, and maas loadings. 
This is generally a very difficult assignment. 

Some comments related to the accuracy of the values of deposition 
velocities used in the ASTR study are presented below: 

1. It should first be noted that even though 12 deposition 
velocities are built into TRAP-MELT, they were not important for the 
ASTRS because none of the iodine in the RCS was assumed to be 12. The 
correlation used for 12 deposition velocity Is based on the data from 
Genco et al (4). These tests were performed at temperatures between 150 
and 5509C, and the agreement of the correlation with the data in that 
temperature range Is reasonable. Based on more recent measurements by 
BCL (5), the correlation is in error by about a factor of two at temper-
ature levels like those presently expected in the upper plenum region. 
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2. The deposition velocity used for Csl Is zero (i.e. the Csl is 
not expected to irreversibly adsorb). Data contained in a Battelle re-
port (5) Indicates Csl deposition velocities less than 0.001 were mea-
sured for the temperature range relevant to the RCS; these are small 
values and provide justification for the assumption of no Csl deposition 
by sorption. 

3. The deposition velocities used for CsOH and Te In the ASTR 
study were based on "Phase 1" deposition velocity measurements made for 
these species at Sandla Laboratories. Discussions with Sandla staff in-
volved in the work (6) Indicate that the level of confidence one should 
have In these measurements is an order of magnitude, because the Phase 1 
experiments were performed simply to get some "scoplng-type" results. 
The "Phase 2" experiments now being performed at Sandla will be per-
formed over a range of temperatures (this was not done for the Phase 1 
experiments), and the data to be obtained from those tests is expected 
to be more accurate. The Sandia test program is described In more de-
tail in Sect. IV-C of this report. 

The modeling of CsOH and Te sorption onto surfaces in the ASTRS by 
TRAP-MELT is limited by the fact that there is a very sparse data base 
available. The present efforts at Sandla, and also the effort starting 
at ORNL (see Sect. IV-E) have the best likelihood of producing data that 
will permit better estimation of sorption processes for more species 
over a wider range of temperatures. 

III.D.5 Aerosol Agglomeration 

In TRAP-MELT, aerosol particles are calculated to agglomerate as a 
result of relative motion induced by Brownlan movement, by gravitational 
settling, and by turbulence. The models for particle agglomeration used 
in TRAP-MELT are identical to those used In the QUICK code (2). 

The agglomeration models used In TRAP-MELT are applied in the ASTRS 
study to local aerosol mass concentrations as high as 4000 g/m3. Only a 
few experiments have been performed where aerosol concentrations have 
reached levels even as high as 100-200 g/m3. Comparisons of the QUICK 
code with the recent ABC0VE AB5 experiment (7) at concentration greater 
than 100 g/m3 indicate that the agglomeration models used in QUICK are 
valid for calculating mean sizes to within a factor of 2. However, 
values of aerosol shape factors different than 1 were required In these 
dry sodium-fire-generated aerosol experiments. 

Although there are presently no experimental results available on 
aerosol agglomeration at the high aerosol number densities that are pro-
jected to exist In the RCS for some accident sequences, there is ample 
evidence that the agglomeration models are valid at lower aerosol number 
densities. The physics of the agglomeration processes are such that it 
is reasonable to expect that the models will also be valid at the higher 
number densities calculated Cor the ASTR study. 
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III.D.6 Aerosol Deposition by Gravitational Settling 

The gravitational settling model used in TRAP-MELT assumes that the 
Instantaneous rate of settling of aerosols of a given size, r, is di-
rectly proportional to the airborne concentration of that size: 

Sr " V s C i 
where 

Sr - settling rate for particles of radius r (g/s) 
Vr - effective settling velocity for particles of size r (cm/s) 
Cf - average airborne concentration for particles of size r (g/cm3) 
A - effective settling area (cm2) 

As part of the "well-mixed'' assumption, it is further assumed that the 
removal of particles from a control volume by settling affects the air-
borne concentration uniformly throughout the full control volume. Ac-
cordingly, the above model translates into 

3C V C A r r r s 
at 

where 

grav 

3C_/3t - contribution due to gravitational settling of particles 
grav of size r to the instantaneous change in airborne con-

centration 
V " volume of control volume 

The total change in airborne concentration of mass Is obtained by sum-
ming the contributions over all size classes. 

Since in many of the RCS control volumes there is a net up-flow, 
TRAP-MELT attempts to account for settling against up-flow using.an ef-
fective particle settling velocity: 

Vr - Vg - u , u < v 8 

Vr - 0 , u >vfl 

where 

Vr " effective settling speed 
Vg - Stokes settling speed 
U • steam velocity 

Particle settling speeds due to gravity are calculated in TRAP-MELT 
using Stokes'8 law: 
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V B " I ( P p r 2 C / M ) ' 

where 

V8 - Stokes settling speed 
C - Cunningham slip factor 
P„ " agglomerate density, 
fj - steam dynamic viscosity 

There is ample evidence that the general approach for gravitational set-
tling is valid in experiments in closed vessels, under well-mixed condi-
tions, and at aerosol concentrations in the range of 100 g/m3(7, 8). 
However, there are no experiments at the high concentrations projected 
for the RCS or where there is a net directed convective flow. There is 
some evidence that at high concentrations particles no longer move inde-
pendently of each other according to Stokes's law, but Instead move to-
gether as a group (cloud settling). This behavior is often cited as 
being a possible reason for believing that the aerosol models for gravi-
tational settling etc. in TRAP-MELT may not be valid. He do not believe 
that this effect, even if present, would influence the validity of the 
settling model in a chamber. 

The concept of the gravitational settling model is that the par-
ticles effectively settle only through a small "boundary layer" near the 
settling surfaces, and that the concentration in that boundary layer Is 
effectively the bulk average concentration. As the basic concept is one 
of settling across a small boundary layer, then it is an inappropriate 
application of the model to use a net settling velocity against a di-
rected flow. Such a net velocity could be used In determining the net 
convective mass transport between control volumes with the appropriate 
value for the flow velocity being the vector sum of the forced and nat-
ural convection values. ' 

Therefore, our judgment is that the application of the gravita-
tional settling model in TRAP-MELT for the ASTRS is generally appropri-
ate but that there are two minor criticisms: 

1. A net settling velocity given by the difference between the 
Stokes velocity and the vertical component of the directed flow should 
not be used, and 

2. Material settled out in the core region was assumed to be per-
manently removed from the system. 

III.D.7 Aerosol Deposition by Thermophoresis 

In the ASTR study, thermophoresis was determined to be a signifi-
cant mechanism for aerosol deposition in the upper plenum regions. Re-
moval of mass In a control volume by thermophoresls is given by the ex-
pression: 
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• - V — C 
3t thermo d' t h V 

where 

C - airborne aerosol mass concentration 
vd,th - thermophoretic deposition velocity (cm/s) 

The model used In TRAP-MELT for the thermophoretic deposition velocity 
is based on Brock's (9) theoretical expression: 

Vd,th - - 2 Cs V ¥ C T 
VT 

1 (k /k + O Kn) y „ * g P t 
1 + 3 C Kn (1 + 2 k /k + 2C_ Kn) m N g' p t 

where 

'd,th 
cs 
Cm 
Ct 
Kn 

re 

V f c 

T 
C 
v 

thermophoretic deposition velocity (cm/s) 
thermal slip coefficient; value of 0.75 used 
momentum accommodation coefficient, value of 1.0 used (2) 
thermal accommodation coefficient, value of 2.49 used (2) 
particle Knudsen number « X/yr (2) 
mean free path, 8 

effective particle radius 
particle collision shape factor 
gas-to-particle thermal conductivity ratio 
gas-wall thermal gradient 
gas temperature 
Cunningham slip factor 
steam kinematic viscosity 

This expression was developed for estimating thermophoresis under 
"transition region" conditions — that is, for particle Knudsen numbers 
roughly less than 1. Por the situations in the ASTR study, because the 
particles tend to form large agglomerates, particle Knudsen numbers are 
in the transition or in the continuum regime, so application of the 
Brock formulation is reasonable. 

A number of studies have been performed relative to thermophoresis, 
and only a few are referenced here (10, 11). Most Investigators con-
sider the Brock formulation to be the best available. In general, the 
agreement between experimental results and calculations done using the 
Brock equation is within a factor of 2. Uncertainties in the Brock 
equation relative to conditions for the ASTR study include the follow-
ing: 
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1. Calculations are very sensitive for large particles (when 
Knudsen numbers are small) to the value of gaa-to-partlcle thermal con-
ductivity assumed. In the limit of small Knudsen numbers, the form of 
the function V in the Brock equation reduces to (2): 

* Kn+o " 1 + 2 V k p " 2 + V k g 

The gas-to-particle thermal conductivity ratio kg/kp Is set to a value 
of 0.01 in the ASTR Btudy. Uncertainties in this estimate of kg/kp for 
mixed aerosols can have a major influence on the calculated thermo-
phoretic deposition. 

2. The values used for accommodation coefficients can have an in-
fluence on the calculated deposition. Talbot et al. (10) used the fol-
lowing values in their study: 

C - 1.17, C - 1.14, C„ - 2.18 8 m t 
Talbot claims that these values are based on more-refined kinetic-theory 
analyses. Values of calculated deposition velocities using the accommo-
dation coefficients quoted by Talbot are, for a reasonable range of 
Knudsen numbers and thermal conductivity ratios, roughly 40% higher than 
those calculated using the Brock values. 

In addition to uncertainties in the Brock equation for deposition 
velocity, there are uncertainties in the methods used to calculate the 
thermal gradients that go into the Brock equation; the thermal gradient 
71 is calculated as follows: 

1. VT is defined as AT/6. 

2. The temperature difference AT Is calculated from MERGE code in-
put; 

3. The boundary layer thickness 6 is calculated Internally within 
TRAP-MELT using the relation (Sect. III.D.2): 

6 - D/Nu - D/(0.021 Re0'8) 

As discussed in Sect. III.0.2, this formulation for the boundary-layer 
thickness may not be appropriate because of natural convection or may 
not be consistent with the correlation used In MERGE to arrive at the 
original AT. 

In summary, uncertainties in the application of the Brock equation 
are probably greater than a factor of 2. In addition, uncertainties In 
the calculated thermal gradients, which must be input to the Brock equa-
tion so that thermophoretlc velocities can be calculated, are also prob-
ably greater than a factor of 2. 
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III.D.8 Aerosol Deposition Due to Turbulent Flow 

In a similar manner to that for settling and thermophoresls, the 
change in aerosol concentration due to turbulent flow deposition is cal-
culated in TRAP-MELT using the relation: 

- V A 3t Vd,tu V C 

where 
vd,tu " turbulent deposition velocity. 

Two separate correlations are used to model turbulent flow deposition in 
TRAP-MELT. The first of these is used to model particle deposition due 
to diffusion from turbulent flow; this is applicable to small particles, 
in the range of 0.1 microns diameter. The theoretical deposition veloc-
ity expression, developed by Davies (12) is: 

Sc-2'3 

14.5 I m <* + *>2 + — tan-1 ^ ^ 6 1 - * + 42 /3 /3 6 / 3 

« - ScV/2.9 
0 + - (f/2)V* U 

Vd,tu - V+ U + 

where 

Sc - Schmidt number - v/D_ 
v - steam kinematic viscosity 

D - steam diffusion coefficient 
f - friction factor - 0.0014 + 0.125 Re"0'32 

Rg - Reynolds number - UD/v 
D - hydraulic diameter 
U ~ steam velocity 
U + - steam friction velocity 

For larger particles, an expression for particle deposition due to im-
paction from turbulent flow is used; this correlation is used to model 
inertial deposition and also the transition regime between inertlal dep-
osition and deposition due to diffusion from turbulent flow. This is 
based on an empirical correlation developed by Liu and Agarwal and modi-
fied by Lee (13): 

V. . - V.U, d,tu + + 
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Where 

U+ - (f/2) V 2 U 
V+ - 6<1(P») T 2 + a d O - 8 ) Re; T < 0.1 
V+ - 0.1; T > 0.1 
T - "particle relaxation time" - (2r2p C)/9y 

T. - TU 2/v P 
+ + 
r - particle radius 
p - particle density 
C - Cunningham slip factor 
y - steam dynamic viscosity 

These correlations are limited to well-developed steady flow with depo-
sition on surfaces oriented parallel to the direction of flow. A recent 
Battelle report (13) presents comparisons of these correlations with ex-
perimental data. The comparisons suggest that: 

1. For "dimensionles8 particle relaxation times" (values of T+ in-
crease as particle sizes and gas flow velocities Increase) less than 
about 1, the two correlations agree with the experimental data within a 
factor of 2. 

2. For values of t + greater than 1, the Lee correlation agrees 
quite well with the experimental data. 

III.D.9 Aerosol Deposition Due to Laminar Flow 

The influence of aerosol deposition due to laminar flow Is modeled 
in TRAP-MELT using the relation: 

^d,lam " laminar flow deposition velocity 

Aerosol deposition from laminar flow for any particle size can be cal-
culated accurately. An expression developed by Gormley and Kennedy (14) 
for the fractional number of particles deposited in flows In circular 
pipes Is: 

. _ v A 
3t d,lam V C 

where 

N 
N - 0.8191 e -7.3l4h + 0.0975 e -44.6h + 0.0325 e -il4h for 
o 

h > 0.0156 

N 
N. - 1 - 4.07h

2/3 + 2.4h + 0.446h4/3 for 
o 

h < 0.0156 
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where 

N - number of particles that reach the end of the pipe of length L 
Nq - number of particles that enter the pipe (distributed uniformly 

over the cross section) 
h - LD/2va2 
a - pipe radius 

A fictitious deposition velocity for an equivalent, completely mixed 
Bystem can be derived from these expressions as follows: 

Letting n be the concentration of particles in the completely mixed 
volume and nQ the concentration of particles entering the volume, the 
deposition velocity, v^, across a boundary layer is defined by the ex-
pression 

dn A - m — v _ n dt d V 
where 

A • surface area 
V - volume. 

For conditions in which the deposition velocity, vi, is small compared 
to the bulk flow average velocity, v (i.e., vd/v «l), then 

A L 2 L n - n - -v, rr — n - -v, n o d V v d a v 
or 

n N o . a o . a V • — — I — V • — " 1 —— V . d,lam n 2L N 2L 

III.E. Missing Phenomena 

In TRAP-MELT, as In most codes, there nay be phenomena that have 
been left out; or Implied assumptions and approximations due to the par-
ticular application that could be Important to the overall assessment of 
the validity of the code for given applications. Some items that could 
possibly fit Into this category are discussed below. 

III.E.l Fission Products as Heat Sources 

TRAP-MELT does not presently Include the effects of deposited fis-
sion products as local heat sources. In the PWR portion of the ASTR 
study, it was estimated that "deposition of one-half of the core's in-
ventory of I, Cs, and Te would Impart sufficient decay heat to cause a 
uniform temperature Increase rate of about 800°C/h in a 25,000 kg mass 
of steel." This phenomenon could have a major Influence on the thermal 
hydraulics in the RCS, the rates of deposition onto surfaces, and the 
rates at which vapors might be re-evolved from the surfaces. 
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XXX.E.2 Two-Dlmenalonal Thermal Hydraullca 

The control volume formalism used In TRAP-MELT does not lend Itself 
easily to the treatment of the 2-dlmenslonal recirculating flow patterns 
that are estimated to exist in the primary reactor vessel. 

III.E.3 Resuspenslon of Deposited Aerosols 

There are presently no provisions in TRAP-MELT for modelling homog-
eneous nucleatlon of aerosols from the vapor state. For conditions of 
re-vaporization of volatile species from RCS surfaces, it may be impor-
tant to include such models. 

III.E.4 Chemical Reactions of Deposited Materials with Surfaces 

The chemical forms of the fission product sources Input into TRAP-
MELT are assumed to no change. If the chemical form of the deposited 
materials changed due to interactions with surface materials, the 
deposited fission products could either be more or less volatile In 
terms of their potential for re-evolutlon from the surface. 

III.E.5 Aerosol Impaction 

Because of the nature of the flow patterns and geometry of the up-
per-plenum regions (especially in BWRs) It would appear that Inertlal 
direct impaction of aerosols onto the surfaces could be a significant 
aerosol removal mechanism not presently modeled in TRAP-MELT. 

Ill.F. Integral Tests 

No reported validation experiments for TRAP-MELT hav«j been identi-
fied that Include the entire set of phenomena at scales and conditions 
approximating those of the ASTR study. There have been experiments in 
which a number of the aerosol processes — agglomeration, gravitational 
settling, thermophoresis, and diffusive plateout — have occurred 
simultaneously. These experiments are discussed in the NAUA validation 
section of this report (15). However, even these have not been con-
ducted at the high aerosol concentrations and with the directed flow 
patterns projected for the ASTR study. 

III.6. Quality Assurance 

The version of the TRAP-MELT code that is being used in the ASTR 
study has not been released for use and evaluation by other laboratories 
involved in severe accident assessment — although it is expected to be 
released soon to a number of laboratories. Because of this, the follow-
ing things can be said relative to QA for the TRAP-MELT code: 
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1. There have been no formal peer reviews of the TRAP-MELT code 
itself. 

2. At present there are no known comparisons with similar codes. 
In terms of aerosol behavior, there have been comparisons of the QUICK 
code with other aerosol coden (15). 

3. There have been no comparisons to analytical solutions for 
cases where both convective flow between control volumes and vapor and 
aerosol deposition are occurring. 

4. In terms of conservation laws, the internal coding of TRAP-MELT 
is such that mass Is required to be conserved. 

In summary, the quality assurance level for the TRAP-MELT code Is 
not presently very high. This is largely due to the fact that the code 
is still somewhat in the developmental stage. Release of the code to 
other laboratories for their use will help to Increase the level of code 
quality assurance. 
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IV. VALIDATION NEEDS AND EXPERIMENTS UNDERWAY OR PLANNED 

The additional validation needs for TRAP-MELT are judged to be as 
follow: 

1. Integral experiments with characteristic sources — species, 
mixtures, and quantities (high aerosol number densities). 

2. Large-scale experiments to evaluate aerosol and vapor transport 
under conditions where 3-D effects in the upper plenum are present. 

3. Small-scale experiments to provide additional information on 
fission product species interactions with surfaces — involving deposi-
tion velocity and chemical transformation measurements — over a broad 
range of temperatures. 

4. Small-scale experiments under upper plenum conditions to evalu-
ate: 

— aerosol plateout/settling in a flowing system 
— conditions needed for aerosol resuspenslon 
— potential for fission product vapor sorption onto aerosols (ad-

sorption isotherms and kinetics) 

A discussion of experiments underway or planned to help meet these 
validation needs is described below. Only those programs thst are 
either partially funded or are under consideration by the NRC are dis-
cussed here. 

IV.A. Power Burst Facility (PBF) Severe Fuel Damage (SFD) 
Phase-2 Tests 

The PBF SFD Phase-2 experiments have been under discussion as a 
possible extension of the Phase-l experiments performed at the Idaho 
National Engineering Laboratory. The main objectives of the expanded 
experiments would possibly Include the following: 

1. To perform realistic integral tests to define the chemical com-
positions and amounts of materials that evolve from fuel under condi-
tions expected to be produced in LWR core-melt accidents; 

2. To perform experiments related to vapor and aerosol transport 
through the upper plenum in LWR core-melt accidents, and to obtain suf-
ficient transport, deposition, and thermal-hydraulic data from these 
tests so that comparisons of test results with predictions from TRAP-
MELT calculations can be made. 

The important characteristic of these experiments relative to TRAP-
MELT validation, and relative to other RCS transport efforts, is that 
the experiments would be performed in-pile and under conditions directly 
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simulating those expected for key LWR accident sequences. Because of 
this, the experiments could have the following value: 

1. Because the tests would be done with real fuel in the appropri-
ate thermo-physlcal environment, there is greater assurance that the 
release rates of fission products and structural/control rod materials 
from the fuel bundle would be similar to that which could occur in a 
real accident. 

i 
2. Because the release of vapors and aerosols from the fuel bundle 

would be Into the appropriate environment, the chemical and physical in-
teractions occurring between materials as they move through the upper 
plenum and deposit onto surfsces would be similar to What would occur In 
core-melt accidents. Determination of the amounts and chemical forms of 
materials deposited onto surfaces and transported through the upper 
plenum would provide direct data for comparison with TRAP-MELT code pre-
dictions. 

The planned experiments are proposed to be performed at the PBF re-
actor site located In Idaho Falls. The fuel assembly for the tests 
would consist of 28 fuel rods and 4 control rods mounted in s 6 x 6 
array (12.6 mm pitch) without the corner rods Included. The fuel rods 
are roughly 1 meter long and were pre-lrradlated In the Belgian BR-3 
reactor to a burnup of about 35,000 MWd/t, which is typical of PWR power 
levels. Short-time preconditioning at power in the PBF will allow re-
building of the Inventory of short-lived Isotopes. The control rod 
material to be used for PWR-type tests will be an Ag-In-Cd mixture. The 
fuel will be contained in a zircaloy-llned thorla crucible. 

The proposed expansion of the PBF test series consists of two ex-
periments to be PWR simulations of the expected TMLB and V sequence 
accident conditions. 

IV-B. Marvlken Aerosol Transport Tests 

The Msrvlken Aerosol Transport Test (ATT) Project is an interna-
tionally-funded effort supported by the NRC, EPRI, Sweden, and a number 
of foreign countries. The primary objective of the project is (16) "to 
create a data base on overheated core materials within typical LWR pri-
mary systems for risk-dominant scenarios." A secondary objective is "to 
provide a large scale demonstration of the behavior of aerosols in pri-
mary systems." The Important characteristics of the proposed experi-
ments, relative to TRAP-MELT validation, are: 

1. They are essentially full-acale experiments. At this scale, lt 
should be possible to produce the interactions between forced flow and 
natural convection flow expected, based on ASTR calculations. 

2. The complex geometries of the PWR and BWR upper plenums will be 
simulated. 
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3. The tests will be performed at high aerosol concentrations with 
aerosols that simulate those expected to be released from the core. In-
teractions between structural aerosols and fission product vapors that 
might adsorb or condense onto them should occur. 

The experiments will be performed at the Marviken test facility In 
Sweden. The basic arrangement of the components of the ATT test facil-
ity Include a reactor vessel tank, a vapor/aerosol generator, a pressur-
lzer, a relief tank, and associated piping. The reactor vessel is a 
tank of 164 m3 internal volume. Internals to the reactor vessel will be 
interchangeable so that upper plenum structures representative of both 
PWRs and BWRa can be simulated. The other two large tanks in the system 
represent a full-scale pressurizer and relief tank. Vapor and aerosol 
characteristics and transport behavior in each of the three volumes will 
be measured in the tests. 

Materials will be vaporized In the experiments using either a group 
of small plasma arc heaters or one large plasma arc heater; total power 
input required for these devices will probably be In the range of 3-5 
MW. The materials to be vaporized are grouped Into so-called "fisslum" 
and "corium" mixtures. The fisslum mixture will consist of simulants 
for volatile fission products in primarily the iodine, cesium, and tel-
lurium groups; present plans are to vaporize up to 100 kg of this mix-
ture in the tests. The corium mixture consists of structural and con-
trol rod type materials — Including things like Fe, Cr, Ag, and Cd 
metals. Present plans are to vaporize up to 455 kg of this mixture in 
the experiments. 

The proposed test matrix consists of 1 shakedown test to be done 
for flow calibration, 6 experiments to be performed using the funds 
presently available, and 2 additional tests to be performed if con-
tingency funds are not spent. The tests will be performed over a range 
of transients possible In PWR and BWR severe accidents. The first three 
tests will be flsslum-only tests; with the first two done by direct In-
jection of fis8ium into the pressurizer, and the third done by vapor-
izing fisslum and injecting it into the reactor vessel. Tests 4 through 
6 will be conducted by simultaneously vaporlzng fisslum and corium mix-
tures in the reactor vessel. 

IV.C. Sandia High-Temperature Fission Product Chemistry and 
Transport Experiments 

This program is funded by the NRC and has the following overall ob-
jectives (6): 

1. To define thermodynamic data and chemical reaction character-
istics of fission products of interest; 

2. To examine the chemistry and transport of fission products in 
typical steam and hydrogen environments; and 
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3. To compare observed behavior of the fission products with pre-
dictions made by purely thermodynamic calculations. 

These experiments are important to TRAP-MELT validation for two 
reasons. First, values of fission product vapor deposition velocities 
used in TRAP-MELT are obtained from the results of these experiments. 
Second, results from these tests will provide data on the relative im-
portance of the vari ous chemical reactions that could occur within the 
RCS; this data will determine the important reactions and reaction pro-
ducts that should be modeled within TRAP-MELT. 

Three different types of experiments are performed in the Sandla 
test program: 

1. Experiments are performed In the Fission Product Reaction Fa-
cility. The purpose of these tests is to study the chemistry resulting 
from the reaction of single and multiple fission product species with 
structural materials in a steam/hydrogen environment at temperatures up 
to 1100°C. This facility provides reaction residence times from seconds 
to as long as several hours to allow chemical and physical reactions to 
occur among the materials. 

2. A second set of experiments utilizes a microbalance set-up; 
these tests are done largely to study the kinetics of vapor-wall reac-
tions . 

3. A third type of experiment uses a transpiration apparatus; 
these experiments are performed to study vapor-vapor reactions (although 
some vapor-wall reactions have been studied here too). 

Some of the material reactions studied in the Sandla tests per-
formed to date include 

1. TELLURIUM with 

— 304 Stainless Steel 
— Oxidized 304 Stainless Steel 
— Inconel 600 
— Oxidized Inconvl 00 
— Silver 
— Zlrcaloy 
— Tin 

2. CESIUM HYDROXIDE, CESIUM IODIDE with 

— 304 Stainless Steel; Various Conditions 
— Inconel 
— Silver 
— Boron Carbide 
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3. BORON CARBIDE with 

— Steam/Hydrogen 
— CBOH/Steam/Hydrogen 
— Csl/Steam/Hydrogen 

4. MISCELLANEOUS REACTIONS: 

— CsOH with HI or I 
— Csl with 02 

The experiments of most immediate application to TRAP-MELT valida-
tion are those where estimates of deposition velocities are made for Te 
and CsOH. As discussed in Sect. III.D.4, the preliminary or "Phaae-1M 
experiments produced results that could be in error by as much as an 
order of magnitude. In particular, Phase-1 experiments with tellurium 
were done in an argon gas, rather than a steam, environment. One of the 
goals of the "Phase-2" experiments will be to produce more accurate dep-
osition velocity estimates, particularly for tellurium* Present plans 
are to complete Improved deposition velocity measurements performed at 
one temperature and to expand the deposition velocity data base over a 
range of temperatures between 600 and 1000°C. 

IV.D. ORNL TRAP-MELT Validation Tests 

The ORNL TRAP-MELT Validation Test Program, which Is funded by the 
NRC, was Initiated in April 1982. The overall objective of this project 
is to perform small-scale experiments related to deposition and trans-
port of aerosols and fission products In the reactor primary vessel 
under simulated LWR core-melt accident conditions. The test results 
will provide part of the data base for validation of the models in TRAP-
MELT. The most important characteristic of these experiments, relative 
to TRAP-MELT validation, is that they are small-scale, simple geometry 
tests. Because of this, results from the tests should be somewhat 
easier to interpret than those from experiments performed In more com-
plex geometries or performed ln-pile. Comparisons of measured results 
should be quite instructive, and understanding the results from these 
tests should be useful in terms of being able to understand the results 
from the more complex MARVIKEN experiments. 

The tests to be performed in this program are mostly related to 
aerosol deposition and transport in the LWR primary vessel. Three dif-
ferent types of tests will be perfori^d as described below: 

IV.D.l Aerosol Transport Tests 

The objective of these tests is to investigate aerosol deposition 
and transport under upper plenum conditions for a range of possible 
core-melt accident conditions. Test results will largely be used to 
validate the models for aerosol agglomeration, thermophoretic deposi-
tion, and settling for possible upper plenum flow conditions. In the 
experiments, aerosols are generated in a 10-in. diameter, 9-ft long 
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vertical pipe using a plasma torch aerosol generator. Measurements are 
made of pipe wall thermal gradients, aerosol plateout and settling in 
the pipe, aerosol leakage out of the pipe, and the aerosol mass concen-
tration in the pipe. Ten aerosol transport tests are planned; test 
parameters include aerosol residence times in the pipe (10 to 100 s), 
aerosol material (zinc or iron oxide), pipe wall temperaturea (varied to 
vary the wall thermal gradients), and gas type flowing through the pipe 
(argon or argon plus superheated steam). Later tests may add internal 
surface area for settling and impaction along with condenslble species. 

IV.D.2 Aerosol Resuspenslon Tests 

The objective of these tests Is to investigate aerosol resuspenslon 
phenomena that might occur in the reactor pressure vessel under core-
melt accident conditions but the data should be useful for containment 
application also. At present, TRAP-MELT does not include a model for 
resuspension; these experimental results will be used as a basis for 
developing a resuspenslon correlation that could be Included in TRAP-
MELT. In the experiments, aerosols will be generated with the plasma 
torch and deposited onto collection foils; the mass of aerosols resus-
pended from the collection foils, as a function of flow conditions 
(Reynolds numbers) past the foil surface, will be measured. The present 
design of the resuspension test section will allow air flows of up to 
200 SCFM through a 3-in. diameter pipe to be attained; this is equiv-
alent to maximum plug flow velocities of 21 m/s, or maximum Reynolds 
numbers of 60,000, through the pipe. Eight aerosol resuspension experi-
ments are planned. Parameters to be varied in the experiments Include 
deposited aerosol material (zinc or iron oxide), amount of aerosol de-
posited onto collection foils (calculations Indicate that these loadings 
could be in the range of 0.01 to 0.1 g/cm for accident conditions), and 
flow gas (argon or argon plus steam). 

IV.D.3 Fission Product Transport Tests 

The objective of these tests is to investigate the reactor vessel 
transport of fission product species liberated under a range of core-
melt accident conditions. These differ from the aeroaol transport tests 
in that a mixture of materials will be liberated from a simulated fuel 
bundle. The core-melt aerosols and fission-product species will be gen-
erated using a core-melt Induction furnace heating technique developed 
In the NRC Aerosol Release and Transport Program (17). Using the fur-
nace, 1-kg simulated fuel bundles will be heated to temperatures in the 
range of 2400°C, and the aerosols and vapors produced will move through 
and deposit in a small-scale upper-plenum simulator located above the 
bundle. Measurements of the amounts and types of materials deposited in 
the simulator and transported out will be made. Six fission product 
transport tests are planned. Parameters to be varied include the fuel 
bundle composition (PWR or BWR material mixes), initial upper plenum 
structure temperatures, and flow residence times. 
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The present project schedule calls for all 24 experiments to be 
completed in 1985. 

IV.E. Fission Product Interaction With Aerosols Tests 

The ORML Fission Product Interaction With Aerosols Program (18) is 
"to provide experimental data on the sorptive capacity of aerosols for 
key fission products." A secondary objective is to provide sorption 
rate data. These experiments are Important to validation of TRAP-MELT 
models with respect to the competition between structural surfaces and 
aerosol surfaces for sorption of fission product vapors. They are the 
first experiments to be performed using the key aerosol and fission 
product vapor materials that could be released from the core in core-
melt accidents; the test results produced would form a data base that 
could be used to validate or Improve the modeling of vapor-aerosol 
Interactions in TRAP-MKLT. 

Two different types of experiments are planned in this program; 
these are described below. 

IV.E.1 Static Tests 

The sorption/de8orptlon of radioisotope vapors onto and off aerosol 
samples will be monitored by gamma ray spectroscopy in the static 
tests. The aerosol samples will either consist of deposits on a sub-
strate or of loose piles of collected aerosols dumped into a sample 
chamber. 

The experimental apparatus will initially be set up to use CsOH and 
Csl vapors. The first function of the tests will be to quickly screen 
the aerosol candidates. So far, seven aerosol candidates — silver, 
manganese oxide, chromium oxide, iron, iron oxide, tin oxide, and 
nickel — have been chosen. The sorption/deaorption behavior of these 
seven aerosols will be investigated In detail for temperatures ranging 
from 700 to 1000°C, for both CsOH and Csl, and in the presence of an 
inert gas and an inert gas-steam mixture. 

After completion of the CsOH and Csl vapor tests, the apparatus 
will be modified for use with Te vapor. Te would then be used in 
screening tests and for detailed sorption/deaorption tests in the same 
manner as the tests with CsOH and Csl vapors, 

IV.E.2 Dynamic Tests 

In the dynamic tests, a mixture of radloactlvely-tagged suspended 
aerosol and radioisotopic vapor will flow — using an argon or argon-
steam mixture as a carrier gas — through a tube maintained at a high 
(700 to 1000°C) temperature. The materials exiting the tube can be di-
verted to capture a sample of the aerosol for in situ monitoring by 
gamma ray spectroscopy. The exit sample will be analyzed to determine 
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the quantity of aerosol, the quantity of vapor associated with the aer-
osol, and the free vapor concentration. In addition, the flow tube can 
be surveyed at the end of the experiment to give the amount of aerosol 
and vapor deposited In It. Test results, then, will provide data on the 
quantity of vapor sorbed on a suspended aerosol for a given time of mix-
ing plus the relative sorption on the tube wall. 

The aerosol generator to be usud will be based on a commercial 
plasma spray system. Selection of aerosol materials, temperatures, 
times of mixing, and concentrations will depend on the results from the 
static tests. Each aerosol will be first tested with CsOH and Csl 
vapors; the system will then be modified for tests with Te vapor. 

The present program schedule calls for the static tests to be com-
pleted in August 1985, and for the dynamic tests to end in November 
1985. 
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V. SUMMARY STATEMENTS 

In the ASTR study, the most Important processes In determining the 
vapor and aerosol retention In the RCS for various accident sequences 
include (not necessarily in order of importance): 

— vapor condensation/evaporation onto aerosols and wall surfaces 
— vapor sorption onto wall surfaces 
— aerosol agglomeration 
— aerosol deposition by settling 
— aerosol deposition by thermophoresis 
— turbulent deposition of aerosols 

The TRAP-MELT code models the transport, deposition, and interac-
tions of vapors and aerosols as they flow through the RCS for varioua 
accident sequences relevant to PHRs and BWRs. The following summary 
statements are made about the level of validation of the TRAP-MELT code: 

1. The purely aerosol models used In IRAP-MELT have a good level 
of validation based on single-component aerosol tests performed under 
well-mixed aerosol conditions (15). These models have not yet been com-
pared with experiments performed under conditions where mixtures of 
aerosols are generated at high concentrations, and under the thermal-
hydraulic conditions associated with the reactor vessel upper-plenum and 
the rest of the RCS. Experiments of this type are planned. 

2. The values for "deposition velocities" used in TRAP-MELT to 
calculate vapor sorption onto surfaces need a more complete data base 
(tests done over a range of temperatures) for Csl, CsOH, and Te. 
Experiments are planned and being performed to produce this data base. 

3. We believe that the major shortcomings in the application of 
MERGE and TRAP-MELT to the ASTRS lies in the essentially one-directional 
nature of the flow between control volumes, and in the non-unified 
treatment of thermal hydraulics and aerosol/fission product transport as 
heat sources within the primary reactor vessel. 

4. We believe there are processes not now treated in TRAP-MELT 
that could make a significant difference In the calculated results. 
These processes are: self-heating of deposited fission products that 
might lead to fission product re-evolutlon from surfaces, surface chem-
ical reactions that might lead to more volatile species, aerosol deposi-
tion by impaction, aerosol resuspension, and homogeneous nucleatlon. 

5. Other items that need further assessment Include the following: 

— TRAP-MELT uses internal thermal hydraulic/mass transfer cor-
relations that are for turbulent, well-developed steady-flow condi-
tions. In addition, It appears that the internal model used to assess 
the strength of natural convection (and to calculate an effective Rey-
nolds number) does not properly reflect the confined geometry In the 
reactor vessel; 
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— the values used for the mixed aerosol effective density, shape 
factors, and gas-to-particle effective density are speculative; 

— the use of a net velocity (Stokes-convectlve) would not be 
appropriate for gravitational settling; 

— the properties for the carrier fluid are for steam only; 

6. The extent of error possibly resulting from the finite differ-
ence approach used in TRAP-MELT has not been assessed. 

7. TRAP-MELT has been used sufficiently at Battelle-Columbus Labs 
that major coding/numerical problems are not likely. However, there has 
not been a formal peer review of the code. 

In summary, then, we believe that although TRAP-MELT Is lacking in 
formal validation, the experimental programs in place appear to be well-
suited to meeting most of the validation needs identified. We believe 
that the biggest code short-coming — related to unifying the thermal-
hydraulics and transport models — will require modifications to the 
modeling approach as opposed to Innovative application of the models as 
they are now formulated. 
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1. INTRODUCTION 

NAUA-ModA (NAch Unfall Atmosphere » post-accident atmosphere) is a 
computer code for calculating the behavior of aerosols In closed volumes 
which contain condensing steam atmospheres. The code was designed and 
developed for application in the field of aerosol behavior within con-
tainment during core-melt accidents In light water reactors. The con-
tainment thermodynamics, source terms for aerosol and steam, and con-
tainment leakage are required Input functions for the code. 

NAUA was used in the Accident Source Term Reassessment (ASTR) study 
baslcslly for two reasons: (1) the code was developed specifically for 
treating aerosols in steam environments, and (2) it was conveniently 
available at the time of the study. 
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2. DESCRIPTION OF THE NAUA-Mod4 CODE 

2.1 Introductory Remarks 

Much of the material in this section is taken verbatim or adapted 
from an unpublished code manual, which is the latest documentation of 
the code.1 

The basic physical models in NAUA-Mod4 are the same as in most of 
the advanced aerosol behavior models for closed containers.2 The code 
treats particle sizes by dividing the distribution into monodlsperse 
size groups. The following simplifying assumptions are made: 

— Particles are homogeneously distributed in a control volume except 
for the boundary layers at the walls. 

— Within one particle size class no difference in particle composi-
tion is allowed. 

— Particle properties are functions of only the particle size and of 
the particle density which may change due to varying particle com-
position (water content). 

— Shape factors (generally set to 1.0) and boundary layer thickness 
are assumed independent of parLicle size. 

Internal mixing of species within a size class is assumed to be quickly 
achieved by coagulation. The spatial homogeneity in the control volume 
Is generally considered to be accomplished by natural convection. 
Within a control volume the code calculates effectB due to the following 
processes: 

— Removal Processes 
• gravitational settling 
• diffuslonal plateout 

— Interaction Processes 
• Brownian coagulation 
• gravitational coagulation 
• steam condensation onto particles 

— Transport processes 
• aerosol sources 
• leakages 

These are generally considered as the dominant processes affecting 
behavior in containment. Thermophoresis Is not Included in the NAUA-
Mod4. Other features added to the code for use in the BMI-2104 study 
are discussed in Sect. 2.10 of this chapter. 
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2.2 Equations for the Varloue Processes 

2.2.1 Removal processes 

The aerosol removal model in stirred conditions is well known.3 
The change in differential number concentration dn(r) per time interval 
dt by deposition onto a surface is 

SLijili - -n(r) u(r) £ (1) 

where V is the volume in which the aerosol Is contained, and A the area 
onto which the deposition occurs. The "deposition velocity" u(r) can be 
expressed in terms of a "mobility" B(r) by the relation, 

u(r) - F • B(r) , (2) 

in which u(r) is the velocity which a particle of radius r and mobility 
B(r) attains under the Influence of an acting force F. 

For a spherical particle, ri(r) Is given by Stokes' law 

B(r) - — (3) 6 n ti r ' 
with ri being the viscosity of the carrier gas and C(r) the empirical 
Cunningham correction factor to Stokes law to make it apply to noncon-
tlnulm conditions. The empirical equation 

C(r) - 1 + 1.246 • Kn + 0.42 • Kn • exp [ - ( ^ p ) ] (4) 

is used in the model (Kn » Knudsen number, the ratio of gas molecules 
mean free path to particle radius).1* 

In NAUA-Mod4, the size parameter r is the volume equivalent radius, 
which for normal applications is equal to the Stokes* radius. The vol-
ume equivalent particle radius is the radius of a sphere with the same 
volume as the given particle; the Stokes radius is the radius of a 
sphere with the same density and rate of settling. For spherical parti-
cles, these radii are equal. 

For gravitational settling (fallout, the steady state settling ve-
locity is obtained by substituting the gravitational force for F in Eq. 
(2) 

2 peffg 
ufl(r) - 9

6 " • r2 • C(r) (5) 

with g the gravitational coi rant a t p the effective density of the 
particle. Use of "effectiv -ensii " is a fundamental aspect of NAUA 
for calculating aerosol beha - in :eam. All particles are treated as 
porous spheres with this efft ve density, enabling all form factors to 
be set equal to unity. 
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For gravitational settling, the surface area A In Eq. (1) is the 
horizontal projection of all upward facing surfaces in the volume V. 

For diffusional deposition (plateout) the equation 

„ - p<r> /Al 
d 

is used. D(r) is the diffusion coefficient, 

D(r) - kT » B(r) (7) 

with k the Boltzmann constant and T the absolute temperature. 

5. is the diffusional boundary layer across which the particle con-
centration drops to zero with a constant gradient. NAUA-Mod4 uses <S, as 
a constant input parameter. 

2.2.2 Interaction processes 

Interaction processes are very Important to the behavior of highly 
concentrated aerosols because they are responsible for the nonlinear be-
havior of aerosol removal. The calculation of these interaction proces-
ses consumes most of the computation time. The interaction mechanisms 
considered in NAUA-Mod4 are Brownlan coagulation, gravitational coagula-
tion, and steam condensation onto particles. 

Brownlan coagulation. The collision frequency K^ due to Brownian 
motion Is given by 

M 1 ! - *2> - 4 kT • (rx + r2) [ B ^ ) + B(r2)] (8) 
r and r, are the radii of the two spherical particles involved in the 
coagulation process. The result of the process Is the disappearance of 
the two particles and the creation of a new one with a mass and volume 
equal to the sum of the masses and volumes of the two original parti-
cles. Regarding the new particle as also spherical, one obtains the 
following conservation rules for the individual coagulation process: 

m3 - mj + m 2 

v 3 " vi + v 2 ( 9 ) 

r3 . r 3 + r 3 
3 1 2 

where the subscript 3 denotes the new particle. 

Gravitational coagulation. The collision frequency KL due to 
gravitational coagulation is given by 

Kg(ri. r2) - * • c • ( r i + r 2) 2 • ju^rx) - ua(r2)| (10) 
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To estimate the value of the collision efficiency e, NAUA-ModA uses the 
following size dependent expression given by Pruppacher and Klett:5 

\2 
ri < r2 ( H ) ri + r2. 

rather than a constant value, which might not represent the situation 
correctly over the whole real time period of a calculated case. (Refer-
ence 1 incorrectly ascribes this equation to a 1951 paper by Fuchs.) 

Steam condensation. Steam condensation onto particles is a very 
fast molecular process. It may enhance the removal of particles through 
generation of large, fast-settling, droplets. 

An approach to modeling condensation on particles might be to ex-
tend Eq. (8) and (10) down to molecular size values, but this would re-
quire excessive computing time. Therefore, a simpler but yet precise 
enough description of the process had to be found. An iterative process 
of analytical studies and experimental investigations led to the fol-
lowing model. 

The change in radius of a particle due to condensation or evapora-
tion of steam can be described by Mason's equation:6 

dr Srat " e x p ^ / ( p ^ Q 1 
r if " Lp / \ — r ~ R T — ( 1 2 ) 

with 

MDP9 

S R A T - steam saturation ratio 
o • surface tension of water 
M - molecular weight of water 
Pw - specific density of water 
R - universal gas constant 

TR - temperature ot the droplet 
K - temperature of the gas phase 
L - latent heat of water 
k « thermal conductivity of steam 

P - steam saturation pressure 
D - coefficient of diffusion of water vapor in air. 

It is assumed that the ideal gas law holdB and that Tr ~ TM. 
o, pw, L, K and Ps have to be taken as functions of temperature Tffl. 

This equation was originally derived for thermal equilibrium condi-
tions in normal atmospheres. An experimental project at KfK was set up 
to measure possible deviations from Eq. (12) in a simulated accident 
atmosphere with realistic pressures, temperatures and aerosols; the re-
sults of these experiments indicated that the equation can be used with-
out any corrections.7 Since concentration changes, and consequently the 
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particle size changes are both rapid and large, a separate, much finer, 
time integration scheme has to be used for evaluating Eq. (12). If the 
condensation process were calculated too coarsely (e.g., by using the 
time steps with which the other aerosol processes are calculated), over-
shooting and unstable oscillations about the saturation limit could 
occur. Consequently the condensation routines consume much computation 
time and the code contains control parameters to suppress them whenever 
not needed. In this connection, we note that a recent modification of 
NAUA-Mod4 embodies numerical calculation improvements which reduce code 
running time in some cases.8 

2.2.3 Transport processes 

Since the NAUA code is designed for containment, specification is 
required for aerosol sources and volumetric leakage rates from contain-
ment. Sources and leakage are accounted for as volume sources and sinks 
with no depletion along the transport paths. 

The aerosol source is specified as input data. Arbitrary time 
functions for the input mass flow rates, size distribution parameters, 
particle densities and nuclide composition are acceptable. 

The leakage is also specified as an arbitrary time function. The 
removal of aerosols from the containment volume by leakage Is assumed to 
be independent of particle size. 

If all the mathematical expressions for the different physical pro-
cesses discussed are combined, the complete model equation can be ob-
tained as an integro-differential equation which can only be solved 
numerically. To facilitate this solution, the particle size distribu-
tion expressed by n(r) is approximated by a number of monodisperse frac-
tions (a kind of histogram). By this manipulation the integro-differen-
tial equation can be transformed into a system of coupled first order 
differential equations:9 

2.3 The Model Equation 

8n(r., t) 
3t S ( V ° " [ aD( rk) + a S ( rk ) + ' n ( V ° ( 1 3 ) 

n(r , t) . n(r., t) 
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£oc k - 1, ...., N 
Here, 

n(r^, t) is th« number concentration of particles of class k at 
time t; 
SCr^, t) is the source of particles of class k at time t in 
particles/unit volume per unit time; 

' al/rk^ a r e t*ie s e P a r a t l ° n coefficients of particles 
of class k for dlffusional deposition, settling, and leakage, re-
spectively; 
K(r^, r^) is the coagulation probability between particles of size 
rA and rk; 

6 i k is Kronecker's delta (- 0, i 4 k; - 1, i - k) 
lr 

is the interpolation coefficient for the coagulation calcula-
tions ; 
V^ is the volume growth rate of particles due to 6team condensa-
tion ; and 
V^ is the volume of the particles. 
The third and fourth terms of Equation 13 account Lor agglomeration 

of particles. The third term, beginning with 

accounts for the removal of particles from size class r due to their 
collisions and agglomeration with all size classes including the r clasB 
Itself (which is accounted for by the -1/2 term). The fourth term 
accounts for the addition of particles to isize class r^ due to agglom-
eration of smaller size classes. The 1/2 is there because in summing up 
agglomeration for all size classes up to k you count those that end up 
in k twice. 

Such an equation system can be treated much more easily and is 
numerically more stable than the original integro-differential equation, 
as was found by experience.10 Apportioning procedures are used to dis-
tribute newly-formed particles between t'ue two particle size classes 
nearest to the new particles in such a way as to conserve mass and to 
conserve number densities (i.e., when a particle is apportioned between 
two adjacent size bins, the sum of the fractions placed into the two 
bins is equal to 1). 

A particular problem is the composition of the particles made up of 
a nonvolatile solid fraction and a volatile liquid fraction. On the one 
hand it is not possible to assume homogenous mixing over the whole par-
ticle size distribution because the condensation and evaporation rates 
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[Eq, (12)] are strongly dependent on the particle size. On the other 
hand, the Introduction of a second dimension describing the different 
composition of the particles in addition to their size is too time-
consuming and therefore not practical. The composition of the particles 
in terms of aerosol material mass and water mass is, therefore, averaged 
in each size class but varies from size class to size class. The varia-
tion of the composition is calculated taking into account the influence 
of the coagulation of differently composed particles, sources of new 
particles, and the condensation of water on the particles. Fortunately 
it can be shown9 that the sedimentation of the solid fraction (carrying 
the radioactivity) is underestimated by this simplification and Is 
therefore justified. 

2.4 Solution Technique 

The system represented by Eq. (13) is solved by the Euler-Cauchy 
method which is a standard numerical technique. To ensure the numerical 
stability, the time step is calculated by the code itself. 

This method is used for the main part of the equation controlling 
the coagulation and the depletion processes. The condensation process, 
however, is much faster and more sensitive to numerical instabilities. 
Therefore, it is integrated in a separate routine where the time step is 
adjusted, iteratively if necessary, to ensure compliance with a stabil-
ity criterion. 

2.5 The Shape Factor Assumption 
and the Effective Density 

One result of the experimental investigation7 performed in steam 
atmospheres in conjunction with the development of the code was observa-
tion of the spherlflcation process. It was determined that the parti-
cles in condensation-evaporation processes were compressed to approxi-
mately spherical shape. This same effect was also noted with U3O8 
aerosol at ORNL in 1968 during studies on filtration of aerosols11 and 
more recently in aerosol behavior tests in steam at the Nuclear Safety 
Pilot Plant (NSPP).12 Therefore, it was assumed in the code that all 
shape dependent factors could be taken as 1. Three shape factors are 
built into the program to allow the code to be adapted to possible fu-
ture problems of other kinds. These are 

— the dynamic shape factor x to be inserted in the denominator of 
Eq. (3) 

— the coagulation shape factor Y multiplied into Eq. (8) 
— the condensation shape factor fm, Which is a modifying factor in 

the exponential in Eq. (12). 

Setting these shape factors to unity requires the use of a density 
correction for porous agglomerates of solid particles in Eq. (5), which 
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A8 used in calculating gravitational settling and gravitational coagula-
tion. This is most conveniently done by using an effective density p£ff 
instead of the material density p. For UO2 aerosols, a ratio of 

Peff/P - 0.47 

was measured for the spherical particles in the KfK experiments.7 
Therefore, unless special values are given, a density reduction of 50% 
is recommended for all insoluble particle materials. This effective 
density is the density input parameter for the NAIIA code. In the case 
of soluble particles in steam atmospheres however, the material density 
may be used for the input density and the NAUA code subsequently ac-
counts for the density of water condensed onto particles during the cal-
culation. 

2.6 Input Data Requirements 

The input data consists of the following items 

— job title, 
— vessel volume, horizontal projected surface area, and total surface 

area, 
— shape factors (recommended as 1.0), 
— diffusional deposition boundary layer thickness, 
— lower and upper particle size limits, number of particle classes, 

and cutoff value for number of particles in a class, 
— starting time, total problem time, allowed CPU time, and numerical 

ac«_- "acy parameter, 
— flags indicating whether this calculation is a restart, a subse-

quent compartment calculation, and whether gravitational agglomera-
tion or leakage is to be included, 

— a flag to indicate whether steam condensation on the particles is 
to be included, 

— time limits for two steam condensation periods, 
— printout and plot data set controls, 
— number of release periods for"the particle source, 
— names, source rates, tabular or bimodal distribution characteris-

tics of up to 50 particle types ("nuclides") released in each 
period, 

— containment temperature-time tabulation, 
— steam source-time tabulation, and 
— leakage rate-time tabulation. 

Additionally, job control cards are required to identify restart 
and plot data sets. 

For the ASTR study, the NAUA code was exercised under the following 
conditions of aerosol concentration, temperature and pressure, steam 
rate, aerosol types and sizes and containment dimensions:13 



388 

Aerosol sizes 
Containment volume 

Aerosol concentration 
Temperature 
Pressure 
Steam rates 
Types of aerosols 

0-70 g / m 3 
Up to 500 °C 
0.1-0.4 MPa 
105 g / B 

Solid in moist atmosphere, but not 
including soluble aerosols 
2.5 x 10~3-50.0 pm 
103-109 m3 

Table 1 lists the input data and supporting data bases used in the ASTR 
study for both PWR and BWR accident sequences. 

The code first lists a summary of the input data. Following this a 
brief output listing is given (at time intervals determined by input) 
consisting of the following items: 

— Suspended mass concentration, g/cm3 
— settled mass, g/cm3 
— cumulative diffusional deposition, g/cm2 
— total airborne mass, g 
— cumulative leaked mass, g 

(The above quantities are listed for condensed water, dry particles, and 
by nuclide.) 

— suspended concentration, particles/cm3 
— average radius, microns 
— average density per particle, g/cm3 
— leakage rate, g/s 
— containment temperature, °C 
— saturation ratio 
— cumulative aerosol source, g 

There then follows a tabulation of the particle size distribution 
in which the mass concentration and number concentration of solid mass 
are listed by particle radius with the mass fraction of solid and water 
identified. 

The code includes built-in function statements for water vapor 
saturation concentration, viscosity and mean free path of air-steam mix-
tures, water surface tension, density and heat of vaporization, and the 
thermal conductivity of air all expressed as functions of temperature. 
(In the case of the mean free path, the formula involves the viscosity 
and water vapor concentrations which are in turn temperature functions.) 

2.7 Quantities Calculated as Output 

2.8 Built-in Physical Properties Functions 
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Table 1. NAUA physical data Input and supporting data bases 
as used in ASTR study13' 

Input typical of W R analyses 

Parameter Symbol Value used Dimension Data base reference 

Compartment volume VOL 0.50970 &Hlfl cm3 Surry PWR data 
Floor area of compartment FSED 0.12540 E+08 cm? Surry PWR data 
Total surface area of the PDIPF 0.21930 B+09 cm2 Surry PWR data 
compartment 

Mobility shape factor FORM 1.0 NAUA assumption 
Coagulation shape factor FORMC 1.0 NAUA assumption 
Condensation shape factor FORMKO 1.0 NAUA assumption 
Diffuslonal boundary layer DELD 0.01 cm Ref. 
Lower particle size limit RMIN 0.25 E-6 cm Sef. 1 
Upper particle size limit PMAX 0.5 E-2 cm Ref. 1 
Number of size classes KMAX 21 
Mean geometric radius RG Calculated cm TRAP-MELT or VANESA 
Logarithmic variance SIGL Calculated TRAP-MELT or VANESA 
Particle density RH01 Calculated TRAP-MELT or VANESA 
Tables of steam source, Calculated g/cm3 MARCH code 
temperature, leakage 

Input typical of BWR analyses 

Parameter Drywell Wet well Reactor building Data base reference 

VOL 0.450 E+10 0.336 E+10 0.6796 E+ll Peach Bottom 
FSED 0.998 E+8 0.311 E+9 0.3902 E+8 BWR data 
FDIFF 0.1910 E+10 0.483 E+9 0.2592 E+9 BWR data 

(Other Input similar to that for PWR studies) 

aThe notation E±XX signifies 10±XX. 

^Engineering judgement. 
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2.9 Code Constraints 

Only physical processes are calculated. Chemical effects, such as 
iodine chemistry, are not included. 

The code does not include thermophoretlc effects. Diffusional 
deposition is treated in the sense of a movement to the surfaces due to 
a difference in aerosol concentration. The user controls this rate only 
through input of the value of the diffusional boundary layer thick-
ness. In the origiurl version (Mod4) of the code, there is no inclusion 
of aerosol deposition due to Stefan flow effects induced by condensing 
water vapor (diffusiophoresis). (However, during the ASTR study, a 
temporary modification was made to the code to account for diffusio-
phoresis. See Sect. 2.10 below.) 

A particular problem faced by the user is the fact that the code 
requires input values for the quantity of steam available for condensa-
tion onto the aerosol particles alone. The water condensing on system 
surfaces is not part of the calculation. That is, the code input steam 
values are to be the excess steam 'over wall condensation) that would go 
into the atmosphere to increase the supersaturatlon if the particles 
were not there for the steam to condense onto. The rate of particle 
growth due to condensation, as calculated by Mason's equation [Eq. (12)} 
is dependent on the steam saturation ratio which is in turn dependent on 
this input steam source. It is worthwhile ncting in this connection 
that the experimental studies reported in Ref. 7, which arc the basis 
for the NAUA model, did not include wall condensation of steam; it was 
intentionally prevented by the experimental technique. These issues of 
condensation and diffusiophoresis are being considered by the code au-
thors for future code improvements.1 5 

While different sources of particles may be introduced into the 
calculation with arbitrary selection of size distribution characteris-
tics, the process modeled by the code is one of homogenous co-agglomera-
tion. Thus, no distinction is made between particular species, say a 
U,0 particle or an Fe 0 particle, or to how they would interact with 
one another at various stages of injection into the containment. That 
is, with the exception of the water as a separate constituent, NAUA is a 
single component code. 

2.10 Features Added to the NAUA Code for the 
Accidents Source Term Reassessment Study 

The NAUA code was modified during the study to take account of 
spray removal and diffusiophoresis. The spray removal feature is 
described in Ref. 16. 

The removal mechanism of aerosol particles due to sprcying that was 
added is as follows: 
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•§£• - e it Rj N <Vg - vg) n . (14) 

where n is the aerosol particle concentration, e is the collision effi-
ciency, Vg and v_ arc setting velocities of the spraying drop and aero-
sol particles, respective!-' ^ is the radius of the spraying drop and N 
is the water drop concent 'on. It is well known that due to hydro-
dynamic interactions between vhe water drop and the particles, only a 
small fraction of the particles within the volume intercepted by die 
projected cross-section of the water drop are removed by spray-
ing. In order to account Tor the hydrodynamic effects, the inertial 
impaction and interception -hanisms of aerosol particles were included 
in the collection efficiency, e, in Eq. (14) as modeled by: 

1 + 0.75 ln(2 Stk) 
Stk - 1.214 

_2 1-5 (r/R.)2 h 4 — (15) 
(1 + r/R d) V 3 

where Stk is the Stokes number for aerosol particles based on a charac-
teristic length of water drop radius Rj and r is the particle radius. 
More specifically, 

Stk = 2Vg pr2/9Rdn 

where p is the particle density and ri is the viscosity of the contain-
ment atmosphere. Equation (15) has recently been revised as follows:13 

Stk2 1 , 5 ( r / V * 2/3 " " + + 3.5 Pe ' (16) 
(Stk - 0.35)2 / R 1/3 

a 
The Peclet number, Pe, is defined here as 

Pe - 2VgRd/D (17) 

where D is the diffusion constant for an aerosol particle. The origins 
of the terms in Eq. (16) are discussed in References 17-19. 

The diffusiophoresls model added is based on the volume rate of 
condensation of steam.13 If this quantity is Q, then a rate constant 
for particle removal may be defined as Q/V where V is the containment 
volume under consideration. (A similar approach has been described by 
Dunbar20 in connection with the AEROSIM code.) This neglects the "dif-
fusiophoretic" retardation of the transport of the particles to the sur-
face that results from the buildup of noncondensable gases near the 
surface. 
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3. LEVEL OF VERIFICATION 

The code has been used by various institutions as a result of a 
workshop.1 There have been no systematic peer reviews. The code re-
ports a material balance which indicates satisfactory mass ronserva-
tion. Comparisons of runs i'1 single precision with double precision 
show differences of <J% at the end of the run indicating that numerical 
round-off errors should be small. Instabilities may occur if the ac-
curacy parameter for time integration, EPS, is greater than 0.2. 
Finally, some unpublished comparisons with the analytical solutions of 
Scott (J. Atm. Sci. 23, pp. 54-65) and with the PARDISEKO IIIB code have 
been made by the NAUA code authors,21 The significance of this is that, 
with the exception of the steam condensation terms in NAUA, PARDISEKO 
IIIB and NAUA essentially employ identical aerosol physics modeling and, 
hence, a comparison of the calculated results gives some assurance that 
the internal calculational procedures have not introduced errors. 

Vi 
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4. STATUS OF VALIDATION 

The specific validation of the NAUA-Mod4 code In the sense of a 
comparison between code results and experiment is that documented in 
Ref. 7 (in German) along with comparisons of the code with the NSPP re-
sults at ORNL and the ABCOVE program results at HEDL. An earlier ver-
sion of some of the material of Ref. 7 is to be found in Ref. 22. These 
experiments, conducted in a 3 m3 vessel, were designed to examine only 
the behavior of steam condensing onto aerosols at various levels of 
steam supersaturation. The temperature of the vessel walls was thermo-
statically controlled and supersaturation could be induced in the steam 
atmosphere by adlabatlc contraction of a bellows within the vessel. An 
arc vaporization generator was used to produce UO^ aerosols. Other 
aerosols studied were platinum oxide and sodiur nitrate. Optical 
methods were used for determining aerosol particle u^ameters and concen-
trations. Water vapor content was determined by calculation from the 
measured vessel pressure and temperature and knowledge of 100% satura-
tion conditions during a particular run. 

The main objectives of the experiments were to test the validity of 
Mason's equation (Eq. 12) and to determine the appropriate form factor 
function Fm for use in Mason's equation in the form 

r(dr/dt) - A ^ S - exp Fm B ^ r ) (18) 

Ai and Bi are thermodynamic functions and S is the saturation ratio. 
Fm, the "form factor function," was expected to have a value, fm, for r 
• rg (the radius of the dry condensation "nucleus,") and to asymptoti-
cally approach 1 as r » rQ. The original formulation of NAUA used the 
arbitrary expression, 

Fm " 1 + <fm " U e*P t-2<r " r 0 ) / r 0 ] ( 1 9 ) 

However, after considering the experimental results, the authors of the 
code concluded that it would be acceptable to set Fm - 1 and use an ef-
fective particle density instead. That Is, the model in NAUA-Mod4 as-
sumes that the aerosol particles are all waterlogged spheres with an 
effective density peff which is believed to be easier to determine ex-
perimentally. 

Comparisons between theory and experiment consisted of comparisons 
of meabured and calculated droplet concentrations and droplet diameters 
(Fig. 1) and of suspended droplet mass concentration vs Lime (Fig. 2). 

Figure 1 illustrates a comparison of measured and calculated drop-
let sizes and suspended particle number concentration plotted vs expan-
sion in the KfK experiments that used a platinum oxide aerosol in a 
steam environment. This is typical of agreement obtained in several 
other experiments. The drop diameter was obtained by a laser light 
transmission measurement technique. The expansion period lasted between 
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ORNL-DWG 84-6026 ETD 

Fig. 1. Comparison of measured and calculated droplet diameters, d, 
and particle concentrations, cn as functions of the expansion in Plati-
num Oxide-Steam Aerosol Experiment No. 48. 

Fig. 2. Comparison of measured and calculated mass concentrations 
vs tima for U02-Steam Aerosol Experiment No. 112. 
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10 and 25 s. Figure 2 shows a comparison of suspended mass concentra-
tion as a function of time for a uranium oxide experiment. The horizon-
tal uncertainty bars are intended to reflect an uncertainty in the 
determination of the starting time at which the saturation ratio first 
exceeds unity. Again, similar comparisons were obtained in other 
uranium oxide experiments. The significance of the C- curve in Fig. 1 
is that the number density of particles was essentially constant over 
the test time period. This indicates that there was negligible agglom-
eration and that negligible removal had occurred and that the change in 
d was indeed the result of only steam condensation. The test is there-
fore a valid separate effects experiment for the steam condensation 
model alone. Figure 2 presents the results for the second major depen-
dent variable in the experiment (i.e. mass concentration of aerosol 
material). The increase in airborne "particulate" mass is due to con-
densation of water vapor onto the aerosols. 

We believe the following general points can be made on the subject 
of the code's validity. NAUA-Mod4 was developed to describe aerosol be-
havior in LWR core-melt accidents and lt is capable of performing the 
calculations required in Ref. 16 for such accidents. The code is based 
on classic equations for aerosol processes, well documented in many 
other codes. The theory is augmented by the analysis of steam condensa-
tion on the particles using experimentally validated models as outlined 
above. As has already been pointed out, the experimental work, did not 
Include the effects of steam condensing onto the walls of the vessel or 
of agglomeration and dynamic removal processes. One check by the 
authors of NAUA against an NSPP run that Involved condensation has been 
reported.23 The experiment was NSPP experiment No. 401 (Ref. 24) in 
which a U 0 aerosol was cener&ted in a steam environment. The code in 
its original form (without dlffuslophoresls) was found to underestimate 
aerosol removal In the test, but an improved agreement was found by in-
cluding calculation of a removal rate proportional to the steam con-
densation rate to account for diffusiophoresls as is done in ASTRS. 

Although the discussion so far has been limited to the specific 
validation of the NAUA code with special emphasis on the steam condensa-
tion model, lt should be recognized that other basic aerosol behavior 
mechanisms included in the NAUA code such as agglomeration, settling and 
diffusional plateout are largely the same as those used in most existing 
aerosol behavior models.2 These basic mechanisms are well established 
theoreticalny. Further, validity of these mechanisms and applicability 
of the model to nuclear reactor safety analysis have been tested in the 
past using the results of various dry aerosol tests conducted at ORNL 
and HEDL. 

The NSPP experiments have confirmed that aerosols of U 0 , Fe 0 
and those resulting from nucleatlon of vaporized concrete do indeed 
clump into spherical-like shapes in saturated steam environments. 
Actual shape factors or effective densities for these have not yet been 
established. For the code to describe the dynamic aerosol behavior 
(transient airborne concentration and size distribution) for tests with 
aerosols in dry environments (relative humidity < 202), relatively large 
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shape factors are required. Even in saturated environments, lt appears 
that the nonsoluble components of concrete aerosols may require shape 
factor corrections. The results of the mixture experiments give pre-
liminary indications that a multi-apecies treatment may be required to 
adequately describe the behavior. 
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5. VALIDATION NEEDS AND EXPERIMENTS 
UNDERWAY OR PLANNED 

5.1 Introduction 

Experimental validation efforts are believed to be needed in sev-
eral areas: 

1. Data are needed concerning the influence of steam flux to the 
wall upon the removal of aerosol particles to validate the diffuslo-
phoresis models. 

2. ''he hypothesis of the code concerning aerosol material inde-
pendence except through effective material density needs to be tested 
against experimental data with materials in addition to those used in 
Ref. 7, which were U0„, Pt0v, and NaNO_. Z * 3 

3. The NAUA-Mod4 code assumption of homogeneous aerosol coagglom-
eratlon must be checked against the data obtained in large-scale experi-
ments such as those performed in the NSPP.25 These tests have involved 
not only U3O8 aerosols but aerosols of iron powder, concrete powder and 
mixtures thereof, all in condensing steam atmospheres. 

5.2 Planned tests in the NSPP 

A precise listing of these tests is not attempted since the 
sequence and nature of future tests are still under development at the 
time of this report. It can be said that tests are planned for aerosols 
of U3O8 and Pe203, and concrete and two- and three-component mixtures 
thereof in steam. These tests will be supplemented by dry aerosol 
tests. 

5.3 The DEMONA Program 

Finally, we cite the DEMONA test series described in Ref. 23. This 
is intended to be "a large scale test series in the model containment 
facility at Battelle Frankfurt. This containment is a 1:4 linearly re-
duced model of the Biblis B reactor containment. It is thus large 
enough to be used for realistic integral experiments demonstrating the 
effectiveness of natural aerosol removal processes. The limited number 
of tests will be conducted using a basic (LWR accident) scenario with 
single variations in aerosol source, steam rates and geometric complex-
ity. Special attention will be paid to aerosol generation techniques 
and to aerosol measuring instrumentation. At the same time the tests 
will be compared to the calculations with the thermodynamic containment 
response codes that are used in conjunction with the NAUA code." 
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6. SUMMARY STATEMENTS 

NAUA-Mod4 Is a conveniently available, operational code that Is 
capable of calculating the dynamic aerosol behavior including the pro-
cess of steam condensation onto aerosol particles. As such, it affords 
a means to obtain the calculations required for the ASTR study. The 
underlying theory of aerosol coagulation processes is well-
established. The decisions by the code authors to as"""- "<i>Mt"n 
sphericity, to use the Mason equation to predict particle to 
steam condensation from an atmosphere of known levels of sui ca-
tion, and to dispense with the use of form factors In favor of an effec-
tive density are based on results from what is judged to be a well con-
ducted series of experiments. 

Nevertheless, NAUA should not be considered as a fully validated 
code. The limitations of the tests of Ref. 7 suggest further studies 
along the following line: 

1. The KfK test series covered only single component aerosols in 
steam, and that for just three materials: UO2, Pto„, and NaN03 (as a 
representative soluble aerosol). The results led to the conclusion that 
the only material-specific distinction which the user need make between, 
say, U3O3 and Fe203 is the value assumed for effective density. This 
conclusion needs to be checked with studies on other aerosol materials. 

2. The code assumes that multicomponent aerosols will interact in 
a homogeneous way In a steam environment regardless of what the compo-
nents are, or when or how they are introduced into the containment. 
Some of the NSPP data for aeroool mixtures in steam should be useful in 
checking the validity of this hypothesis. The coagglomeratlon process 
should be examined for various mixtures of U3O8, Fe203, fission pro-
duct", and core-concrete aerosols in steam. 

3. The KfK tests deliberately excluded steam condensation on the 
vessel walls in order to simplify the interpretation of the observa-
tions. The code in its original form1 had no provision for dlffusio-
phoretic effects (Stefan flow) Induced by the flux of steam toward the 
wall. Only by assuming an aerosol deposition rate proportional to the 
steam condensation rate on the walls has It been possible to reconcile 
NAUA predictions with the results from the NSFF experiments to which it 
has been applied.23 A dlffuslophoresls model was added to the code for 
the ASTR study. More extensive studies of aerosol behavior under wall-
condensation conditions are needed and are underway In the NSPP and will 
be conducted on a larger scale in the DEMONA project. 

4. The primary need is seen to be for direct measurements of the 
shape factors f and x *s functions of particle equivalent sphere diam-
eter for alngle component and mixed aeroaols In different relative 
humidity environments (humidity less than saturation). 
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3. There Is still a need for direct separate effects measurements 
of the collision efficiency, e, as a function of colliding particle 
sizes. 

6. Overall integral validation is still needed to assure that the 
"O'l" Hequately deort'hes the global behavioi of aerosols with the im-

v -m- • it uwously occurring under conditions that ade-
iiimenf-. conditions. 
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TABLE OF NOTATION 

A area 
A^, B1 thermodynamic functions In Mason's eqaation 

B(r) mobility of a particle of radius r 
C Cunningham correction factor 
D diffusion constant 
F force on a particle 
Fm form factor function 

K(r^, r^) coagulation probability between particles of size r^ and 
rk 

K ^ t p r2) Brownian collision frequency between particles of radius, 
rj and r2 

Kg(rlt r2) collision frequency between particles of radius r^ and r2 
due to gravitational coagulation 

Kn Knudsen number, the ratio of gas molecule mean free path 
to particle radius 

L latent heat of vaporization of water 
M molecular weight of water 
N water drop concentration 
P. steam saturation pressure 

9 

Pe Peclet number 
Q Volume rate of steam condensation 
R universal gas constant 
R^ radius of a spray drop 

SCr^, t) source rate of particles of class k at time t 
S r a C steam saturation ratio, partial pressure of steam/satura-

tion pressure 
Stk Stokes' number 
T absolute temperature 
Tr temperature of water droplet surface 
T temperature of gas phase 

volume 
Vg settling velocity of a spray drop 
V^ volume of particles in class size k 

V volume growth rate of class k particles due to steam con-
densation 
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fm condensation shape factor 
g gravitational acceleration 
k Boltzmann's constant 
m particle mass 

n(r) number concentration of aerosol particles of radius r 
r particle radius 
r0 radius of a dry condensation nucleus 
t time 
u particle velocity 
Uj velocity of diffusional deposition 
ufl settling velocity 
v particle velocity 
Vg settling velocity of a spray drop 

Greek Symbols 

X dynamic shape factor 
Y coagulation shape factor 

°D diffusional deposition separation coefficient for class k 
particles 

«g(rk) settling separation coefficient for class k particles 
fĴ j interpolation coefficient for the coagulation calculation 

al/rk) settling separation coefficient for class k particles 
6. diffusional boundary layer thickness d 
6lfc Kronecker's 6 («Slk - 0 if ijtk; 6 - 1 if i-k) 
e collision efficiency 
ti viscosity of carrier gas 
k thermal conductivity of steam 
p material density 

effective density of a particle 
Pw density of water 
o surface tension of water 
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XX. STATUS OF VALIDATION OF THE 0RIGEN2 CODE 

R. P. Wlchner 

Introduction 

A recent report by A. G. Croff of ORNL (1) provides a fairly com-
plete description of the 0RIGEN2 code. AIBO Included In this report are 
the required data Inputs, the range of available outputs, some histor-
ical material on the evolution of ORIGEN, as well as the current status 
of verification. Much of this report on the validation status of 
0RIGEN2 is taken directly from Croff's reports.1*2 

One should note at the outset that the main original purpose of 
ORIGEN was to characterize waste streams for disposal and reprocessing 
studies; therefore, the main focus has been on decay power simulation. 
Since actlnlde levels are also Important in this regard, recent improve-
ments to the code have been in this area. The use of ORIGEN and 0RIGEN2 
for LWR accident consequence analyses was not an original motivation for 
the development of this code, and is a newer application. Consequently, 
some of the current uses of the code have not been envisioned by the 
code developers. 

Relationship of ORIGEN2 to the Source Term Project 

0RIGEN2 is used to predict fission product, actlnide, and activa-
tion product inventories in the reactor core both prior to shutdown and 
at any specified series of decay times following shutdown. 

This Information is used for a number of purposes: 

1. to predict nuclide levels in fuel test specimens used in fission 
product release experiments; 

2. to predict nuclide levels in the core at the time of assumed acci-
dent initiations for accident sequence studies. 

Since 0RIGEN2 is a one point code, core-wide inventory prediction 
requires that 0RIGEN2 be run for each refueling zone, inputting suitable 
fuel zone operational parameters for each case. Core-wide inventories 
are obtained by summing the fuel zone runs. 

Nuclide inventories as a function of fuel zone and decay time are 
required in accident evaluations not only for fission product transport 
modeling, but also for heat source inputs for thermal-hydraulics calcu-
lations. Typically, there are large heat source level variations within 
the core Which have significant thermal hydraulics Impact following 
shutdown. 



408 

Functional Description 

0RIGEN2 is a flexible reactor physics code that provides various 
nuclear material characteristics in easily comprehensible form, and in a 
variety of useful engineering units, while employing a relatively un-
sophisticated neutronlcs calculation. The output is capable of dis-
playing great detail concerning the contribution of each individual 
nuclide to the overall totals for each engineering unit (character-
istic). The nuclides contained in the 0RIGEN2 data bases have been 
divided into three segments: 130 actlnides, 850 fission products, and 
720 activation products (a total of 1700 nuclides). These segments are 
formed by aggregating the 1300 unique nuclides (300 stable) In the data 
bases since some nuclides appear in more than one segment. 

0RIGEN2, which is written entirely in the FORTRAN language, was de-
veloped for and is maintained on large IBM computers such as the 360, 
370, and 3033 series. However, it has also been implemented on the 
UNIVAC, CDC 7000 series, CRAY computers, and possibly others of which 
the author is unaware. The computer requirements are variable, depend-
ing on the size of the problem being analyzed; however, the largest 
problem normally considered by 0RIGF.N2 will require ~20,000 decimal 
words of core storage plus the typical complement of peripheral 
devices. A minimum case will require about one-third of the core stor-
age of the maximum case. If core storage is a constraint, the size of 
the exe utable element can be reduced somewhat by making internal ad-
justments to 0RIGEN2, which will not severely limit the user's flex-
ibility. 

The principal use of ORIGEN2 is to calculate the radionuclide com-
position and other related properties of nuclear materials. The charac-
teristics that can be computed by 0RIGEN2 are listed in Table 1. Most 
of these can be presented on a fractional basis so that the total char-
acteristic for all nuclides in a given segment is 1.0 (exceptions are 
the neutrons, photons, and elemental isotoplc compositions). The ma-
terials most commonly characterized include spent reactor fuels, radio-
active wastes [principally high-level waste (HLW)], recovered elements 
(e.g., uranium, plutonlum), uranium ore and mill tailings, and gaseous 
effluent streams (e.g., noble gases). However, materials such as water 
samples from the Three Mile Island Nuclear Power Station, Unit 2, ir-
radiated research reactor targets, process streams in an HTGR fuel re-
fabrication plant, and fallout from nuclear weapons have also been char-
acterized. 

Input Structure 

The principal input information required for 0RIGEN2 is listed in 
Table 2. Two general categories are given in this table: 

a. Basic input Information. This data category consists of the indi-
cated physics parameters and nuclide compositions. As indicated, 
for certain reactor type8 including PWRs and BWRs this data group is 
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Table 1. Nuclear natarlal characteristic* 
coaputad by 0R10EN2 

Paraaatar Unlta* 

Maaa 
fractional laotople com^ «ItIon 
(aach alaaant) 

Radioactivity 
Tharaal powar 
Toxicity) 

Radloactlva and chaalcal 
lngaatlon 

Radloactlva Inhalation 

Nautronlci 
Nautron abaorptlon rata 
Vlaalon rata 

Nautron aalaalont 
Spontanaoua (laalon 
Alpha,n 

Photon aalaalon: 
Nuabar of photo'.a 
In 18 anargy groupa 

Total haat 

g, g-atoa 

at. fraction, wt. fraction 

CI, oCl 
W of racovarabla anargy (no nautrlnoa) 

as of mtar to dlluta to "accaptabla 
lavala" 

• 3 of air to dlluta to "accaptabla 
lavala" 

nautrona/a 
flaalona/a 

nautrona/a 

phoCona/*, MaV of photona/W of 
raactor powar 

U, MaV/a 

4M.1 of thaaa can ba calculatad on a fractional aa wall aa an abao-
luta baala axcapt fractional laotoplc coapoaltlon, nautron aalaalon, and 
photon aalaalon. 

Tabla 2. ORIGEN2 Input Data 

»aalc Inputaa 

Mautron croaa-aactlona ((n,f), (n,2n), (n,3o), (n.t), (n,p), (n,a)) 

Plaalon ylalda for principal actlnldaa; aaaa aa function of lncldant 
nautron anargy 

Dacay data (half-llvaa, branching ratloa, anargy ralaaaa par dlalntlgratlon 

Photon anargy par dlalntlgratlon In 18 anargy groupa 

Nautron production rataa (flaalona, apootanaoua flatIon*, and (a,n) 
raactlona) 

Input aatarlal micllda coapoaltlon 

Uaar-8paclflad Inputa 

Raactor typa 

Pual typa 

Irradiation hlatory 

Raqulrad output tablaa 

^abaddad for POTa and BWRa and aoaa othar raactor typaa. 
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embedded la the code and does not have to be user-supplied. The 
basic sources for this information are listed In the bibliography 
provided in Ref. 1. 

b. User-specified Inputs. This constitutes the information required to 
Ee submitted to the code operator. Frequently, an accurate 
description of the irradiation history (defined as power level as a 
function of time) causes come difficulty. 

The input structure for 0RIGEN2 has been substantially changed as 
compared with that for ORIGEN. The 0RIGEN2 input was designed for maxi-
mum flexibility with respect to simulating the situation being analyzed, 
while also being straightforward and simple to prepare. The method em-
ployed, in effect, has reduced the overall 0RIGEN2 problem to a number 
of specific operations such as "read a data base," "input a composi-
tion," "output results," etc. Each of these is invoked by a single 
input card describing the type of operation and giving various parame-
ters which define the details of the operation. Using these operations 
(there are currently 32), one can essentially define the flowsheet of 
the case to be analyzed no matter how complex it becomes. 0R1GEN2 exe-
cutes these operational commands sequentially as they are encountered in 
the input stream. The storage of Intermediate and final nuclear mater-
ial compositions in 0RIGEN2 Is Indexed, and the user has detailed con-
trol over these compositions to the extent that they can be added 
together, multiplied by a constant, written to an output device, or 
"reprocessed" into multiple streams that can then be stored, printed, 
and/or further manipulated. The straightforward nature of the input 
results from the sequential execution of the Input operational 
commands. The simplicity of the Input results from the one-operation-
per-card attribute and the free-format feature. 

In general, a single decay and photon data base will suffice for 
virtually all cases that would ever be considered. However, this does 
not hold true for the cross-section data since the effective cross sec-
tions of all nuclides, particularly the actlnldes, are generally strong 
functions of the type of reactor being considered and the concentrations 
of the nuclides. These effects can only be accounted for by sophisti-
cated reactor physics codes, and it is by means of these codes that the 
cross sections supplied internally within ORIGEN2 were produced. 

Determination of the composition of the input nuclear material can 
be one of the most vexing problems faced by the user. Although the con-
centrations of the major actlnlde nuclides (e.g.,235»23BU, 239-242^) 
are generally well known, trace constituents are often parents of 
nuclides that are Important In out-of-reactor situations. For example, 
the ll,C that is present In the spent fuel results from nitrogen 
impurities (ranging from essentially 0 to 100 ppm) In the fresh fuel. 
As a part of the information generated during the updating of the 
0RIGEN2 reactor models, detailed (but generic) compositions of both the 
fresh fuel and the fresh fuel assembly structural materials are given 
for each reactor type. 
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The irradiation Is almost always accomplished by using a series of 
operations since a single operation results In unacceptably large numer-
ical errors in the algorithms employed in 0RIGEN2. A typical irradia-
tion would require five to eight operations, although more can be used 
if the compositions at the intermediate burnups are of interest. 

The post-irradlatlon radioactive decay of the spent fuel is a 
rather trivial calculation, usually involving a single decay step. The 
reprocessing of the spent fuel to yield the HIM composition is also very 
simple If the user knows the processing recoveries (or losses) of the 
elements in the spent fuel. 0RIGEN2 contains default values of these 
parameters, and provisions have been made for the user to substitute 
other values If desired. 

The decay of the HLW is very similar to the Irradiation of the fuel 
described above. It Is necessary that multiple time steps be taken to 
prevent unacceptably large errors. However, this is not normally a 
problem when decaying radioactive materials since the objective is 
usually to obtain the time-dependent behavior of some characteristic and 
a number of intermediate time steps will be used anyway. 

The final step In the calculation is to specify the charactrlstlcs 
desired in the output and call for the output to be generated. The in-
ternal storage of 0RIGEN2 contains the nuclide composition of each ma-
terial at each time step, in units of g-atoms, In a large array. The 
output operation multiplies the g-atoms of each nuclide by a factor 
which converts units to the desired characteristic (e.g., watts) for 
each time step and prints the result. The nuclide values are then 
totaled to obtain element totals. One of the primary functions of the 
decay and photon data bases Is to supply the data necessary to generate 
the nucllde-dependent conversion factors (e.g., decay heat per decay). 

Description of Calculatlonal Methods 

A detailed mathematical description of these methods is available 
In Ref. (2). 

Most of the calculations carried out by 0RIGEN2 are essentially 
trivial, involving reading and storing data bases, converting units from 
g-atoms to other characteristic units, and writing the results to output 
devices. The method employed to solve the nuclide buildup equations is 
as follows: 

In general, the rate at which the amount of nuclide changes as a 
function of time (- dXj/dt) is described by a nonhomogeneous, first-
order ordinary differential equation as follows: 

dX * * 
d T - £ V J * > + • £ f i k V k - < xi + • v w v 1 - 1 - - " • 
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where: 

X^ - atom density of nuclide 
N - number of nuclides 

- fraction of radioactive disintegrations by other nuclides 
3 which lead to formation of'species _i 
A. - radioactive decay constant 
§ " position- and energy-averaged neutron flux 

f^k « fraction of neutron absorptions by other nuclides which lead 
to formation of species 

0. • spectrum-averaged neutron absorption cross section of nuclide 
Jl 

ri - continuous removal rate of nuclide from the system 
F^ - continuous feed rate of nuclide i_ 

Since JN nuclides are being considered, there are jJ equations of the same 
general form, one for each nuclide* Solution (integration) of this set 
of simultaneous differential equations by 0RIGEN2 yields the amounts of 
each nuclide (- X^) present at the end of each tinu step (Integration 
Interval). 

Calculation of Plux and Power 

The user specifies an initial composition of the material to be 
Irradiated (e.g., fresh UO2), the flux or power that it is to produce 
(for Irradiation calculations only), and the length of the time step 
over which the flux, power, or radioactive decay is applicable. The 
composition of the material at the end of the irradiation step is then 
calculated in three general steps: 

1. The transition matrix parameters that are time-step dependent are 
set. 

2. The neutron flux Is calculated from the power (or vice-versa) and 
the transition matrix is adjusted accordingly. 

3. The nuclide composition at the end of the time step Is calculated 
using a complementary set of mathematical techniques. 

Solution of the Simultaneous Equations 

The final step in the calculatlonal procedure is to solve the sys-
tem of simultaneous differential equations represented by the coeffi-
cients in the transition matrix. The method employed by 0RIGEN2 is a 
composite of three solution methods, the centerpiece of which is the 
matrix exponential technique for solving differential equations. 
However, computational problems are encountered when the exponential 
technique is applied to a matrix with widely separated eigenvalues, 
which Is certainly the case for 0RIGEN2 since the coefficients in the 
matrix range from half-lives of seconds to billions of years. This dif-
ficulty is circumvented by employing asymptotic versions of the analyti-
cal soulutlons to the nuclide buildup and depletion equations. This 
procedure is described in Refs. (1) and (2). 
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Input Data Bases 

Three principal types of input data bases are required by the 
0RIGEN2 computer code: radioactive decay, photon production, and cross 
section. Each of these data bases is divided into three segments, as 
described earlier in the functional description of 0RIGEN2. Only one or 
two of the segments may be required In a given case if they include the 
nuclides of Interest. The following paragraphs describe the function 
and content of each data base and the sources of the data. 

Radioactive Decay Data Base 

The decay data base (3) is required for all 0RIGEN2 calculations. 
It supplies the following information: 

1. the list of nuclides to be considered; 
2. the decay half-lives and the decay branching fractions for beta 

(negatron) decay to ground and excited states, positron plus 
electron capture decay to ground and excited states, internal 
transitions, alpha decay, spontaneous fission decay, and delayed 
neutron (beta plus neutron) decay; 

3. the recoverable heat per decay for each radioactive parent; 
4. the lsotoplc compositions of naturally occurring elements; and 
5. the radionuclide Maximum Permissible Concentration (MPC) values 

from Appendix B, Table II of Part 20, Title 10 o£ the Code of 
Federal Regulations (4). 

Cross-Section Data Bases 

The function of the cross-section data bases is to supply ORIGEN2 
with cross sections and fission product yields. The types of cross sec-
tions normally included are (n,gamma) to ground and excited states, 
(n,2n) to ground and excited states, (n,3n) and (n,fission) for the 
actinides, and (n,p) and (n,alpha) for the activation products and fis-
sion products. 

There are a large number of possible cross-section data bases for 
the 0RIGEN2 computer code since the one-group cross sections are highly 
reactor-type and fuel-type specific. The types of reactors for which 
cross-section libraries are now available are as follows (5-9): 

1. uranium and uranium/plutonium cycle PWRs and BWRs; 
2. alternative fuel cycle (thorium-based fuels: extended bumup) PWRs; 
3. once-through CANDU reactors; 
4. U-Pu cycle LMFBRs; 
5. thorium cycle UfFBRs; 
6. Fast Flux Test Facility; and 
7. Clinch River Breeder Reactor. 

Calculation of the one-group cross sections Is a complex process that is 
specific to the reactor type being considered and must be performed by 
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sophisticated reactor physics codes external to 0RIGEN2, In general, 
such calculations Involve generation of multiple-energy-group (27 to 127 
energy groups) cross-section data bases (10). These are then weighted 
with an approximate neutron spectrum, resulting In a few-group cross-
section data base that accounts for self-shielding effects within the 
fuel rods. The few-group cross sections for the most important nuclides 
are subsequently used to perform a one- or two-dimensional depletion 
calculation, resulting in (a) a prediction of the composition of the 
spent fuel and (b) a set of burnup-dependent cross sections (discussed 
previously) that can be Incorporated into 0RIGEN2 to enable it to ac-
count for concentration and neutron spectrum changes. The composition 
predicted by the depletion code Is used to generate a multigroup neutron 
energy spectrum, which becomes the weighting function to generate one-
group cross sections and spectrum-weighted fission product yields for 
the 0RIGEN2 cross-section data bases. This spectrum is also used to 
generate the 0RIGEN2 flux parameters THERM, RES, and FAST, which are em-
ployed to weight thermal cross sections, resonance Integrals, and 
threshold cross sections, respectively, when they canr^t be obtained in 
multigroup format. 

Validation 

The major prerequisite for any validation study is the availability 
of accurate measurements of well-characterized samples which can be used 
as a basis for comparison. The aspects of 0RIGEN2 that are validatable 
are the composition, thermal power, photon spectrum, and neutron emis-
sion rate of some specified nuclear material. 

Unfortunately, very few adequate benchmarks exist for validation 
purposes, particularly in the case of modern UtfRs. Virtually no mea-
surements have been made of either photon spectra or neutron emission 
rates, and validation will be extremely difficult because of the de-
pendence of measurements on self-shielding, geometry, and detector ef-
ficiency. The benchmark status with respect to the composition and 
thermal power is somewhat better since measurements have been made and 
documented. The problem in this instance is that many of the benchmarks 
are either too poorly characterized in a historical sense (initial com-
position , irradiation history) and/or the measurements were made using 
very Inaccurate methods and are thus meaningless. However, a few com-
parisons have been made between 0RIGEN2 and reasonably well-character-
ized benchmarks; these are summarized below. 

The thermal power predicted by 0RIGEN2 is an important parameter as 
well as being one that Is relatively easy to benchmark. Two recent 
studies serve to Indicate the accuracy of 0RIGEN2 in this regard. The 
first study (3) compares the decay heat predictions of 0RIGEN2 with 
those from the ANS decay heat standard (11); the results are summarized 
in Fig. 1. This, comparison is limited in that (a) It only applies to 
fission produces, (b) neutron capture effects are excluded, and (c) the 
standard is based on calculated (not measured) results at decay times 
beyond about 1 day. 
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Fig. 1. Differences between ORIGEN2 and ANS Standard 5.1 Decay Heat 
Values for 10l3-s Irradiation of 23*U. 

A secondi and somewhat more encompassing, validation of 0RIGEN2 was 
conducted at HEDL using spent fuel from the Turkey Point Unit 3 Pt:% 
(12). The results from three separate fuel assemblies showed that 
ORIGEN2 overpredlcted the decay heat by 5 to 6% at decay times between 2 
and 3 years, Which is considered to be excellent agreement When the un-
certainties in burnup and other parameters are taken into account. It 
is interesting to note that 0RIGEN2 overpredicts decay heat for the 
actual spent fuel, whereas lt underpredlcts the ANS decay heat standard 
for the same time period. 

Validation of the composition predictions made by ORIGEN2 is a very 
wide- ranging subject due to the large number of nuclides accomodated by 
the code. The assumption is generally made that most of the fission 
products will be accurate if the actlnide buildup and depletion are cor-
rect because they are heavily dependent on the fission yields, which are 
relatively well known and do not vary substantially from case to case. 
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For this reason, validation efforts have concentrated on the much more 
complex actlnlde region* 

During the last few years, a substantial amount of work has been 
done to characterize LWR fuels. As a result, measurements have been 
made on three sets of samples that were Irradiated to about 30 GWd/t in 
commercial FWRs. Two sets of samples resulted from the discharges of 
the second and fourth cycles of Turkey Point Unit 3 reactor (13, 14, 
15), and the third set was obtained from the H. B. Robinson Unit 2 
reactor (16). Measurements for the Turkey Point samples Included the 
148Nd/238u r a ti 0 t which is In, Icative of fuel burnup. This ratio was 
matched by 0RIGEN2 for each sample, and then the isotropic compositions 
of the uranium and plutonium were compared. A burnup monitor was not 
measured in the case of the H. B. Robinson samples, but the burnup was 
estimated to be 30 GWd/t. 

Results of the comparison for each of the groups of samples are 
presented in Tables 3 to 5. Table 3 gives a comparison of the 0RIGEN2 

Table 3. Comparison of the experimentally determined 
uranium and plutonium compositions of spent fuel 

with 0RIGEN2 calculations 

Difference between experimental and 
0RIGEN2 uranium and plutonium 

parameters 
[(02-EXP)/EXP, %]a 

Turkey Point 
Parameter 

B Set D Set H* B. Robinson 

235u/u 7.7 -2.3 0.1 
236o/u -4.3 -0.7 -3.2 
230Pu/Pu -12.1 -4.0 -9.0 • 
239Pu/Pu 0.2 1.5 -0.4 
"OPU/PU -3.9 -1.7 1.2 
2<»lPu/Pu 14.0 0.9 1.8 
2*»2Pu/Pu -10.0 -7.6 -2.6 

Total Pu 2.6 2.1 

Burnup, GWd/t 19.3-26.9 29.6-30.6 30 
Cycles in 1. 2 2-4 1. 2 
reactor 

Number of 8 5 1 
samples 

a02 - 0RIGEN2; EXP - experimental. 
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Table 4. Comparison o£ the experimentally determined 
americlum and curium compositions of spent fuel with 

ORIGEN2 calculations for H. B. Robinson fuel 

Parameter 
Difference In experimental and 0RIGEN2 

americiuo and curium parameters 
l(02-EXP)/EXP, %la 

lAm/Am -5.0 
2tt2Am/Am 1.0 
^Am/Arn 8.3 
2l+2Cm/Cm -11.0 
2t* 3Cm/Cm 5.0 
^"Cm/Cm 1.3 
2<45Cm/Cm -20.0 
2**6Cm/Cm -3.8 
2l*7Cm/Cm 0 
21*0Cm/Cm Poor statistics 

a02 - ORIGEN2; EXP - experimental. 

Table 5. Comparison of experimentally determined 
noble gas compositions of Turkey Point D 

spent fuel with ORIGEN2 calculations 

Measured 
parameter 
(at. X) 

Average over five fuel elements Measured 
parameter 
(at. X) Experimental OfttGtiNi 
82Kr/Kr 0.3 
83Kr/Kr 12.0 11.6 
84Kr/Kr 32.4 31.6 
85Kr/Kr 4.2 5.5 
86Kr/Kr 51.4 51.0 

l30Xe/Xe 0.3 
l31Xe/Xe 8.2 8.4 
l32Xe/Xe 20.8 20.9 
l3*Xe/Xe 28.0 27.6 
l36Xe/Xe 43.0 42.8 
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V0 the experimental values of the uranium and plutonlum lsotopea for all 
three seta of samples. The Turkey Point sets are designated by B and D, 
according to the lot of fuel from Which the assemblies were derived. As 
is evident* the overall agreement Is quite good, particularly for the D 
set and for the H. B. Robinson fuel; however, s few significant differ-
snces and anomalies exist. The first Is that 238Pu is both signifi-
cantly and consistently underpredicted by ORIGEN2. The exact source of 
this difference is unknown because experimental values for the 237Np 
(the daughter product) are unavailable. The same type of discrepancy 
occurs for 2<t2Pu, and its source is also difficult to pinpoint since no 
Information is available on the absolute amounts of americlum and 
curium; thus, It is impossible to show whether the 2l*2Pu destruction 
rate Is too high or its production rate is too low. 

The agreement of the messured B set compositions with 0RIGEN2 
values la markedly worse than that for the other two sets. Although the 
reason for this is not apparent, internal inconsistencies are present In 
the measured B set compositions (i.e., differing lsotopic analyses of 
samples taken from exactly symmetrical positions in a single fuel 
assembly). Thus, lt would appear that the B set may not be a satisfac-
tory benchmark. 

Table 4 shows the difference between 0RIGEN2 calculations and ex-
perimental results concerning the H. B. Robinson americlum and curium 
isotoplc composition. The agreement is excellent when we consider the 
number of neutron captures required to form these nuclides and the com-
plexity of the actlnlde calculations. The discrepancy in the 2>*2Cm 
value la not regarded as significant since an error in decay time of 
only 3 weeks can account for an 11% error in the isotoplc composition. 
The difference between the 0RIGEN2 calculations and the experimental 
results for 2<+5Cm, on the other hand, Is noteworthy. Since the capture 
products of 2l+5Cm are in good agreement, the difficulty probably stems 
from the evaluated fission cross section in the original data source. 

Finally, Table 5 compares the isotoplc compositions of the noble 
gases removed from the plenum of the D set fuel rods with those obtained 
by using 0RIGEN2. Agreement is excellent In all cases, with the possi-
ble exception of the 8SKr/Kr ratio, where the 0RIGEN2 prediction is 31% 
higher than the experimental results. Since 85Kr is the only radioac-
tive isotope listed in Table 5, we conclude that the noble gases were 
released to the plenum via fuel cracking that occurred during the first 
ascent to full power and that the 10.7-year 85Kr had a few extra years 
to decay to the lower level found in the experimental results. This hy-
pothesis is supported by the fact that the exerlmentallsts could only 
find 0.2% of the noble gases produced by fission in the plenum, indi-
cating a short, one-time release. 

As noted, direct validation of 0RIGEN2 for the concentrations of 
moat radionuclides is not available. However, in view of the limited 
tests with Kr nuclides and the satisfactory results for the actinides, 
lt may be generalised that those nuclides whose concentration depends 
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mainly on the fission yield and radioactive decay constant are well pre-
dicted by ORIGi N2 — approximately as well as the actinides and decay 
power. Binary fission yields are generally very well known, except for 
short-lived nuclides; (T,,, less than ~1 min) therefore, the accuracy of 
0RIGEN2 for nuclides with half-lives less than ~1 min is not known, but 
may be discerned from the reported accuracies of the individual fission 
yields reported in ENDF/B-IV. 

There is significant uncertainty in the mass region from about 130 
down into the low-yield fission product range, but less uncertainty as 
one moves above this range. The reason Is related to the change in the 
fission yield curve as a function of neutron energy. Thermal neutrons 
give the familiar double peaked yield curve, but fast neutrons tend to 
flatten out the curve, reduce the peaks somewhat, and raise the 
valley. The effect is relatively small for most major fission products 
(those of high ield), but it can be quite significant for those on the 
lower part of the steep edge of the yield curve and in the valley. 

In lAfRs the neutron spectrum 13 hard enough that this factor can 
have a significant effect. It may be different for different reactor 
types (BWR vs PWR). The particular Isotopes most involved in this 
uncertainty (around masB 120-130) are on the lower edge of the range of 
those of major significance in reactor accidents (around 129 and 
above). The isotopes of concern probably are not of great importance to 
risk analysis, so these errors may not be especially significant for 
such studies. 

The accuracy of 0RIGEN2 for nuclides whose concentrations depend on 
capture cross-section data is not known. These are the longer-lived 
nuclides (1^/2 greater than ~1 year) where the loss from neutron capture 
becomes significant with respect to radioactive decay. The accuracy of 
prediction for such longer-lived nuclides is not known. 

Exceptions to this rule exist for two of the more popular nuclides; 
e.g., 13'Cs and I3t*Cs, for which direct validation has been made, 
although documentation is not readily available. Measured levels of 
137Cs and 13<4C8 in discharged fuel of known pedigree have "agreed well" 
with 0R1GEN2 predictions (17). 

Attempts to verify 0RIGEN2 for tritium and 1!*C levels have not been 
too successful mainly because of a lack of adequate characterization of 
the feed fuel material. 

Availability 

0RIGEN2 can be obtained, free of charge, by sending a magnetic tape 
to the ORNL Radiation Shielding Information Center. The user will be 
supplied with the computer code, a user's manual, all relevant data 
libraries, a sample input deck, and a sample output. 
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XII. STATUS OF VALIDATION OF SPARC COMPUTER CODE 

I. INTRODUCTION AND DISCUSSION 

I.A. What the Code Does 

In response to the need for mechanistic models for accident analy-
sis , the Suppression Pool Aerosol Removal Code (SPARC) was developed to 
calculate the behavior of aerosol particles In the pressure suppression 
pool of e boiling water reactor (BWR) under conditions that may be pre-
dicted to result from a postulated accident. The code calculates the 
scrubbing of the aerosol particle from the gas mixture bubbling through 
the pressure suppression pool. The scrubbing is accomplished by the 
following deposition mechanisms: convective flows of steam condensa-
tion, gravitational settling, inertlal (i position due to circulation in 
the bubble, and diffusional deposition. Deliquescent particle growth 
due to water vapor absorption is calculated to modify the aeroaol size 
distribution Involved in deposition. The deposition models are written 
for spherical and for oblate spheroidal bubbles. The code calculates 
the mass rate of dry particles and wet (due to mo;*ture absorption) par-
ticles in each size class that leave the suppression pool as the bubbles 
burst at the surface. This calculation Is handled In terms of a decon-
tamination factor (DF) per particle size and an overall particle DF. 
The calculations are based on Inputs of particle density, soluble weight 
fraction, size distribution, gas composition, temperatures, pressures, 
decay heat, time interval, and two scrubblng-depth factors. In addi-
tion, the equilibrium pool temperature (If desired) and humidty of 
scrubbed gas are given as results. Time variable input effects are 
determined by making the calculations for a series of optional time 
steps. 

I.B. Phenomena Addressed 

SPARC Is designed to Include the following aerosol scrubbing pro-
cesses: 

• convection 
• sedimentation 
• centrifugal force (inertia) 
• diffusion 

and includes effects of particle growth by water vapor "uptake." 

Reentrainment, the carry-over of material by the action of bubbles 
burtlng at the surface of the suppression pool, was not included because 
scoping calculations showed that lt was not a significant aeroaol 
source. 

The heat and mass transfer effects of the babble swarm are con-
sidered In order to determine the pool temperature and the amount of 
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steam evaporated Into the hubbies, which affects the aerosol scrubbing 
rate. 

I.C. How the Code Works 

Figure I.C-1 shows the SPARC logic diagram with explanation of de-
tails. The code steps forward in time, explicitly calculating the con-
ditions for the next step. 

I.D. Assumptions Necessary 

The operation of any code assumes some boundary conditions. In 
SPARC the boundary conditions are contained In the physical model used 
in developing the unique solution of the conservation equations. This 
unique solution Is used by the code and contains the boundary conditions 
as imbedded assumptions. The actual conditions may go beyond the range 
at which the Imbedded assumptions of boundary conditions hold, but the 
actual range of variables, at which the boundary conditions are appli-
cable, has not been defined. Therefore, the assumption of the user does 
not involve setting a range (size) of a variable so much as accepting 
that a certain boundary condition Is applicable. 

In the physical analysis of most complex phenomena, the relative 
scale of action allows the derivation to be made for a representative 
geometry (such as a sphere or plane). The scale and geometry are 
assumed to hold as averages so that the detailed phenomena can be ana-
lyzed . 

In SPARC the assumptions made in the calculation of deposition also 
include: 

e The gas flow through the suppression pool Is In the form of bubbles 
(spheres or oblate spheroids). 

e Condensation of steam takes place near the gas entry point to 
equilibration. 

e Thermal and vapor equilibration of the gas take place at the entry 
point by steam condensation/evaporation and sensible heat transfer. 

e Particles will be swept along with condensing steam inside the bub-
bles and will be removed In proportion to the mole fraction of the 
condensed gas (steam). 

e Particles of all sizes will be removed to the same fractional 
extent by the condensation mechanism. 

e Gas in the bubbles behave as an ideal gas. 
e The noncondenslble gas composition remains constant (e.g., no ab-

sorption of 002, H2, etc., by the water). 
• Moisture evaporation into a bubble can be handled as a flux depen-

dent on thickness of penetration layer. 
e Interior of bubble is perfectly mixed. 
• Bubbles have internal circulation not Impeded by interfacial con-

taminants, and exposure time to fresh surface is the time for the 
bubble to rise e distance equal to Its own diameter. 
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• The circulation can be Inferred from ideal flow outside the bubble. 
• The scrubbing mechanisms are additive. 
• Any particle which moves into contact with the bubble wall is 

scrubbed. 
• Particles grow by water absorption and are spherical (around the 

combined hygroscopic and nonhygroscoplc material). 
• The bubble Interior is nearly saturated (humidity - 99%). 
• Particle growth by water absorption Is Instantaneous at each time 

step (i.e., no rate or diffusion effects Inhibit the water intake). 
• Dry particles are spheres. 
• Bubbles are either spheres or oblate spheroids and do not change 

shape, coalesce, or break up. 
• Settling of particle in spheroids can 1 a approximat ed by settling 

in flattened circular cylinder (has been changed in a later code 
version to an integration on the surface of a spheroid). 

• Drift velocities are knovA. 
• Centrifugal particle scrubbing In an oblate spheroil can be 

approximated to fit an analysis (which Involves other assumptions 
and verification) such that a first order correction can be made to 
the drift velocity obtained from the spherical assumption. 

• The diffusional exposure time for diffusional scrubbing in a rising 
oblate spheroidal bubble Is the time required for the bubble to 
rise a distance equal to its long diameter. 

• Bubbles break immediately at the surface and reentralnment is 
negligible compared to carry-through. 

For the pool thermal-hydraulic calculations, it was assumed that: 

• Enthalpy is a simple function of temperature. 
• The amount of liquid in the pool is constant (condensation or evap-

oration is negligible. 
• Gases leaving the pool are nearly saturated with water vapor and 

are the same temperature as the pool water. 
• The pool is perfectly mixed. 

Assumptions used In the steam evaporation calculations in SPARC 
are: 

• Diffusion-controlled evaporation into bubbles is governed by 
penetration theory and Involves the bubble diameter traverse time. 

• Heat transfer is controlled by one-dlmenslonal thermal diffusion 
through a liquid film outside the bubble. 

I.E. Code Inputs 

Inputs to SPARC are the time-dependent variables: 

• number of input time steps 
• individual particle density 
• weight fraction of soluble material (such as cesium hydroxide) 
• particle concentration in each size class 
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• hydrogen gas input rate into pool 
e water vapor input rate into pool 
e carbon monoxide gas rate into pool 
e air rate into pool 
e carbon dioxide rate into pool 
e input gas temperature 
e pool temperature 
e pressure above pool 
e Isotope decay heat in pool. 

Other input data not related to time are: 

e first scrub depth 
e time (min) to switch to new pool scrup depth 
• second scrub depth. 

Some control parameters are: 

• flag to use oblate rather than spherical bubbles 
• oblate spheroid shape factor 
• diameter of an equivalent spherical bubble at entrance 
e flag to use qullibrium or specified pool temperature 
e flag to use interior bubble heat transfer calculation or to take 

bubble temperature as surface temperature. 

Physical parameters are: 

• particle amounts in size brackets 
• bubble swarm velocity 
• heat vaporization of pool water 
e heat capacity of the pool. 

Output control variables are: 

e number of desired output times 
e specified output times (min) 
e a flag to call for additional parameter information during bubble, 

rise 
e the number of time steps for DG calculation during bubble rise. 

I.F. Code Output 

The results calculated by SPARC are arranged for printout. At each 
desired time step SPARC prints the decontamination that is obtained by 
the initial condensation of steam ("early condensation"). Then the re-
sults for the deposition during bubble rise for each particle diameter 
group Is included as well. Given for each group are the dry and wet 
diameter, mass flow rate (dry/wet out of the pool), number rate leaving 
the pool, and DF. 
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The Input conditions are printed. Also shown are: the median and 
geometric standard deviation of the wet and dry particle distributions, 
total rate of dry particles into pool, total rate of wet and dry parti-
cles leaving pool, pool temperature, equilibrium pool temperature, pres-
sure above the pool, and relative humidity of the gas leaving the pool. 

II. DOCUMENTATION 

II.A. Status and Quality of User's Manual and Test Problems 

The user'8 manual, "Technical Bases and User's Manual for SPARC—A 
Suppression Pool Aerosol Removal Code," NURP"/CR-3317 (PNL-4742), May 
1983, is in draft form. A published version Is planned for 1984. Typo-
graphical editing is Incomplete in this version; however, it is satis-
factory for use by a competent analyst. The draft Includes an example 
of an input and results of a test problem, and a result for a single 
parametric variation. The examples should serve as a guide to the 
analyst on how to operate the code. There are suggestions in the In-
structions on what values of control variables might be used. However, 
the fundamental inputs involving the source term (i.e., particle 
size/distribution/compositions and bubble parameters, etc.) must be ob-
tained elsewhere. 

II.B. Changes or Improvements to Published Version of the Code * 

The principal author* of SPARC has stated that some Improvements 
have been made to the code. To better treat the oblate spheroid bubble, 
deposition fluxes are to be Integrated over the bubble surface Instead 
of applying a correction factor to a spherical bubble, as in the draft 
version. 

Other improvements suggested by the authors in the overall thermal 
balance on a bubble include: heat transfer across the surface, par-
tially adiabatlc cooling as bubble rises, and possible condensation onto 
particles. A new version of SPARC is planned to Include: swarm statis-
tics and related parameters, thermophoresis during swarm formation, en-
trainment at the top of the pool (which does not appear to be a signifi-
cant factor), and particle capture due to turbulence. 

*P.C. Owczarski. 
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II,C. Description of Any Required but Unpublished Codes 
(In order to run SPARC) 

No unpublished codes are required to run SPARC. 

II.D. Bibliography of Code References 

1. Bird, R. B., W. E. Stewart, and E. N. Lightfoot. 1960. Transport 
Phenomena. John Wiley and SonB, Inc., New York. 

2. Calderback, P. H., and A. C. Lochlel. "Mass Transfer Coefficients, 
Velocities and Shapes of Carbon Dioxide Bubbles in Free Rise 
Through Distilled Water." Chemical Engineering Science 19:485-503. 

3. Crank, J. 1967. The Mathematics of Diffusion. Oxford University 
Press, London. 

4. Fletcher, N. H. 1962. The Physics of Ralnclouds. Cambridge Uni-
versity Press, London. 

5. Fuchs, N. H. 1964. The Mechanics of Aerosols. The MacMillan Com-
pany, New York. 

6. Li, P., et al. 1965. "Unsteady State Mass Transfer from Gas 
Bubbles Liquid Phase Resistance." AIChE Journal 11 (4):581-587. 

7. Dr. F. J. Moody, consultant to General Electric Nuclear Energy 
Business Operation, and his colleagues. 

III. NECESSARY VARIATIONS IN CODE FOR REQUIRED 
CALCULATIONS, ANY CHANGES OR IMPROVEMENTS 

FOR THE PUBLISHED VERSION 

III.A. Models 

The published version of the code should address the additional 
mechanisms mentioned in II.B. Whether such changes are necessary de-
pends on order-of-magnitude analyses a8 well as verification by compari-
son with experimental data. 

III.B. Assumptions 

Since the assumptions are generally implicit in the models, any 
changes found to be necessary under III.A. may require some new assump-
tions, which also should have order-of-magnltude justification by calcu-
lation and/or by experimental data. 
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III.C. Input or Preaet Values 

No variations or changes have been identified from the existing 
documentation. The allowed input ranges are presumed to Include the 
realistic values. The actual values used should be justified by refer-
ence to experiment (e.g., swarm velocity) or other code output for the 
containment analyses. 

III.D. Calculation Routines 

The reviewer is not aware of any necessary modifications to calcu-
lation algorithms. 

IV. DOCUMENTATION OF CODE QUALITY ASSURANCE AND PEER REVIEW 

IV.A. Independent Review of SPARC 

This reviewer is not aware of Independent detailed review of 
SPARC. However, the principal author of SPARC has participated in re-
views of the paper and has had discussions with experimentalists. These 
discussions have identified the major mechanisms Involved in aerosol 
scrubbing. Other researchers have developed at least one similar anal-
ysis but the assumptions, models, and calculation routines are not 
identical to those of SPARC. Other proprietary codes may exist. It is 
assumed that each code developer/analyst is prepared to justify the 
methods used. A meeting of these individuals might be an efficient way 
to obtain mutually independent reviews, especially if each used the same 
input parameters as adjusted to the code input requirements. 

IV.B. Other Review of SPARC 

The author considers SPARC to be in a developmental stage. After 
some comparisons with experimental results, informal review meetings 
were held to discuss changes to mechanisms that might promote better 
data agreement. The author has been reluctant to add such changes to 
the code to satisfy overall results without theoretical justification 
and order-of-magnitude analysis of the separate mechanisms. For exam-
ple, the author has shown that the effect of reentralnment is negligible 
compared to that of direct carry-over. This reviewer has performed some 
additional reviews in the course or writing this validation status re-
port. No documentation of these reviews Is available. General Electric 
Company (GE) has compared their modified version of SPARC (SPARC-B) with 
some single-stream bubble scrubbing tests they have made (Ref. IV.D.7). 
The code was converted to double precision, no time dependence was used, 
and some data were converted to code Input. That version of SPARC pre-
dicted DFs that were lower than the experimental results by factors of 
10 to 100. GE suggested a path for better agreement by empirically 
adding an entrance effect factor and the use of different values for 
bubble rise velocity. The raw data and experimental methods have not 
been validated by independent review. 
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Standards Used for Quality Assurance 

The SPARC code has been compared with some experimental data. The 
physics used in the model development for several mechanisms. Including 
heat transfer, mass diffusion theory, and thermodynamics, are standard 
from the textbook. The author Intends to compare a code result with a 
simple, mathematically soluble caue to show that, given the same assump-
tions, the code converges to the correct conclusion. 

IV*D. References of Code Quality Assurance 
This validation reviewer Is aware of no written reviews. The au-

thor Intends to Include quality checks in the final (SPARC-C) version. 
Informal references are: 

1. P. C. Owczarski, M. A. Halverson. "Scoping Calculations for Forma-
tion of Entrainment Aerosols During Suppression Pool Use." Pacific 
Northwest Laboratory. 

2. GE Model — Data Comparisons Using the SPARC-B Suppression Pool 
Aerosol Removal Code, January 1984 (unpublished transmittal). 

These data have not been independently reviewed and are mentioned only 
as sources of comment on the code. 

V. SPARC VALIDATION TO DATE 

V.A. Experimental Validation 

V.A.I. Separate Effecte Test 

According to Fuchs, "One of the earliest observations on the 
properties of aerosols was their pool absorption by bubbling compared 
with gases, and the phenomenon was later encountered in the catalytic 
production of sulphuric acid. A large number of experimental observa-
tions by Remy...(before 1929-1935) concerned...bubbling through 
w a t e r R e m y used "gee washing bottles and tall cylinders filled 
with aqueous solution." These observations were extremely empirical: 
"...Tile motion of the gas bubbles depend* on the siee of the bubbles." 
When the bubble diameter is greater than the 0.2 cm size dealt with, the 
bubble "becomes flattened and pulsations of shape occur and the rate of 
riee...reaches 20-30 cm/sec*.(Ref. II.D.5). 

"A polydlsperse aerosol becomes more homogenous during bubbling and 
the size-frequency distribution tends to become narrower with a peak at 
the size corresponding to the maximum transmission [lower DF] of parti-
cles. The effect Increaaet in multi-atage bubbling and was used by 
Dartrebaad {Kef. II.D.5, ref. 326] to obtain more or leas monodlsperse 
aerosols with r 0.2 p and 0.3 ja for physiological investigations." 
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"It is interesting that the absorption efficiency in bubbling falls 
as the temperature of the water rises, becoming practically zero at the 
boiling point." 

Some single-steam bubble aerosol absorption tests have been mode. 
The apparatus and some resultant data are described in Reference 
IV.D.2. From the comparisons of data with SPARC (modified) discussed in 
that reference, it appears that predicted DFs are smaller than measured 
DFs by factors of 10 to 100. An attempt has been made to correct the 
discrepancy through an empirical "entrance factor" and/or revision of 
input values. The data were taken at a particle size of 2 to 4 ym. At 
this size the predicted DF is very sensitive to most input parameters, 
making comparison less certain. 

The test arrangement uses europium oxide particles of 2 to 4 ira 
peak diameter distribution, and the adjustable teat parameters Include 
bubble size (3 to 1.4 cm), pool depth (25 to 167 cm), mass loading, and 
pool temperature (20 to 60°C). 

V.A.2. Integral or Proof Tests 

Some bubble swarm tests with Csl aerosols are being performed at 
Battelle-Columbus under Electric Power Research Institute (EPRI) 
sponsorship. These data are not published, but unofficial comparisons* 
indicate some agreement with SPARC predictions. These tests use Csl 
particles, and several parameters such as pool depth, swarm velocity, 
and number and size of bubbles in the swarm can be varied. The data 
from the tests are being used to validate the EPRI scrubbing model code, 
Suppression Pool Retention Analysis (SUPRA). 

Superficial comparisons of SUPRA predictions with those from SPARC 
show that SPARC DFs are about a factor of 10 lower, although similar 
trends are shown. For example, particles ranging from 0.15 to 1.0 ym In 
diameter show the lowest DFs. 

V.A.3. Accuracy of Experimental Measurements 

The experimental results from GE and EPRI have not been officially 
released. In particular, there has been no written discussion of the 
experimental accuracy, although the techniques used are described In 
some detail In Reference IV.D.2. Many of the experimental parameters, 
such as particle concentration, particle size, bubble size, bubble rise 
velocity, steam-gas ratio, and bubble shape are distributed; therefore, 
the wide uncertainty In the experimental result is not surprising. 

*P. C. Owczarski 
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Judging from the data in Ruterence IV.D.2, the DF range of repea* <•<' 
experiments of s'lY'.I.e bubtue aerosol scrubbing Is a factor of 4 In t.,« 
DF - 1000 range av i a factor of 2 In the DF - 1000 range. 

V.A.4. Criteria used to Assess Accuracy of Code Prediction 

The decontamination factors predicted by the code for the condi-
tions given for the experiment were compared by GE with the experimental 
result (we have not reviewed the data or calculations). Their method 
was to plot the predicted versus experimental DF on a log-log plot. 
Discrepancies are shown by the deviation from the 45° ideal prediction 
line. 

This method shows the experimental result of depth effect but ob-
scures the particle size sensitivity of the prediction as well as the 
sensitivity to other variables that are not the prime experimentally 
varied parameters. 

The comparison of SPARC calculations to the experimental result ap-
pears to show discrepancies In the DF criteria. Many other analyses are 
needed to determine the cause. 

V.A.5. How Phenomena are Addressed 

Specifically, a typical scrubbing test will use a fluid pool of 
measured depth (submerged height) above the injection point. An aerosol 
Is made up and injected using a carrier gas (usually without steam be-
cause of the difficulties in managing a saturated wet aerosol). The 
aerosol Is sampled isokinetically, both into and out of the pool, to de-
termine the particle size and concentration; particle shape (morphology) 
has not been a controlled variable. The Injection Into the pool may be 
through a single port or through a large pipe or sparger. The pool and 
Injection temperature may be raised through sn experimental range. Care 
Is taken to eliminate errors due to settling on the tube and pool walls 
Instead of directly Into the pool. The size of the bubble is determined 
from the number and flow rate, but the bubble shape and Internal details 
are not measured. The scrubbing efficiency (DF) is the major experi-
mental result and is expressed as a function of the controlled vari-
ables . 

Some data suggest that there Is an entrance effect; i.e., a dif-
ferent rate or mechanism of scrubbing acts while the bubble Is formed by 
a single tube injector. The mechanism may or may not hold in an actual 
accident because the Injection method and bubble formation are dif-
ferent. 

It is difficult to measure experimentally many of the factors that 
are used in SPARC (or codes like SPARC) in the course of arriving at the 
test result. For example, assumptions involve hydrodynamic theory such 
aB potential flow within the bubble and the theory of the Internal 
boundary layer. The latter theory assumes a mixed region beyond the 
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boundary layer in which there la diffusion or thermal transport. This 
assumption is not directly validated by experiment. Boundary layer 
thiclcness and flow patterns within bubbles are not measured in the vali-
dation tests. Hence, mechanisms (and countermechanlsms) may be active 
in producing the overall macroscopic measured result which are not mea-
sured on a microscopic scale to verity that they are properly sized In 
the result. 

SPARC Is based on research, experiment, and subsequent theory and 
correlations that are correct in the framework where the boundary condi-
tions apply. The code involves a judicious integration of the various 
microscopic mechanisms to produce the macroscopic result. There sre 
some additional phenomena of possible importance, such as particle 
growth and turbulence, that might explain differences in prediction and 
experiment. These are yet to be modeled in SPARC. 

V.B. Analytical Validation 

The basis of the particulate deposition from a bubble Is the anal-
ysis of Hlgble (Ref. II.0.1, p. 531, ref. 4) for the absorption of a gas 
from a bubble and is similar to Fuchs' analysis of aerosol deposition in 
a bubble. Fuchs considers the bubble to have an internal vortex (vortex 
ring) whose system velocity is driven by the boundary flow forced by the 
rising bubble. He assumes that deposition will occur only on a belt 
from 45° to 135° around the sphere, where the Internal velocity is the 
highest. This gives a slightly lower mean deposition flux (77%) than 
the assumption used In SPARC of deposition on the entire sphere, using 
Hlgbie's assumption of transit time. SPARC includes Brownlan diffusion, 
sedimentation, and inertial deposition, as does the Fuchs model. 

The methods of both Hlgble and Fuchs are substantiated by experi-
mental data, but with caveats. For example, the Hlgble model agrees 
with data for gas bubbles 0.3 to 0.5 cm In diameter in pure water (Ref. 
II.D.l, p. 542, ref. 4). If surface active agents are present, however, 
there is a marked decrease in gas molar absorption flux because of the 
formation of a "skin" over the bubble that prevents circulation. It is 
possible that the surface active agent, rather than a mechanical skin, 
provides a barrier to gas diffusion. The results for particulate depo-
sition tend to show an Increase in deposition when surface active agents 
are used. Fuchs used particulate absorption data to substantiate his 
model and analysis, and claims an order-of-magnltude agreement (absorp-
tion coefficient of 0.008 to 0.0015 theory versus 0.005 experiment). He 
also mentions that aerosol deposition can be increased with surface ac-
tive (wetting) agents by increasing collision efficiency, and that a re-
duction in efficiency occurs when gelatin Is added, "probably due to a 
decrease in circulation. 

The SPARC treatment, using complete mixing within the bubble, ap-
pears to be justified based on the velocity boundary condition. Fuch's 
analysis contains the same assumptions implicitly since the centrifugal 
force is taken as a function of the boundary layer velocity within the 
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bubble, While the deposition rate is based on the total (mixed) concen-
tration. 

Levich (Ref. VIII.1, pp. 451-454) points out that the breakup of 
bubbles of certain size can be plained only If the dynamic pressures 
from tt>4 "rotating, possibly turbulent" motion of the gas In th« bubble 
is taken into account. Hence, it would appear that mixing inside the 
bubble is a realistic assumption If the velocity bou dary condition 
holds. 

It might be that an Improved treatment would consider how the cen-
trifugal forces behave in space and time. The model should first ac-
count for the momentum diffusion drag, which causes the interior of the 
bubble to turn over (rotate) as a torus as the bubble begins its rise. 
The rotation speed will be slower all the way to the minor center of the 
torus but will produce, for a linear velocity profile, a centrifugal 
force proportional to the particle mlpor radius in the torus. The cir-
culation will be Inhibited by frlctlpnal losses that may leave a core of 
the torus undisturbed; or Instabilities may develop, causing the flow to 
go turbulent and creating eddy diffusion vectors. In general, the in-
ternal flow, if it moves, will not be irrotatlonal and mixing and trans-
port will therefore be promoted. 

Fuchs discusses some possible reasons for experimental observations 
and deviations from hiB theory but does not analyze their effects. 
These Include counterdlffusion of water vapor (Stephen flow), surface 
tension, wetting, moisture absorption, particle shape, liquid rheology, 
bubble shape and oscillation, turbulence, bubble breakup and agglomera-
tion, and particle agglomeration. 

SPARC has gone beyond Fuchs • theory to include the thermodynamic 
vapor condensation (convective deposition) and water vapor diffusion, 
moisture absorption, on "wet" particles, and an oblate bubble shape cor-
rection. Some additional mechanisms are being, considered for Inclusion 
and analysis, Including thermophoresia and fog formation due to adla-
batlc cooling of the gas in the rising bubble. 

Other forces and mechanisms that have not been Included or dis-
cussed are electrostatic (charged particle) effects, the magnua effect 
(motion due to a spinning particle lift force), eddy diffusion, and bub-
ble acceleration. There Is no documentation of the relative sizes of 
the forces and mechaniems Incorporated In (and left out of) the anal-
yses . The data shown by Fuchs (Ref. II.D.5) to verify his analysis had 
to be carefully explained since there was disagreement In many cases. 
In the cases this reviewer has studied, a plausible model has been de-
veloped and data have been presented that seem to support the assump-
tions. These models are being taken as sufficiently representative for 
use in the calculation codes. This la unquestionably a great step. The 
validities of the code aa predictive toola are very dependent on the 
correct assessment of the order of magnitude of the varioue mechanisms 
and on the boundary conditions and geometries that are to be applied. 
Experimentally, some of the factors such as surface activity and inter-
nal eddy diffusion are difficult or impossible to meaaure. However, If 
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thsy arc shown to ba important, th?y cannot be ignored in a general 
treatment auch as SPARC. 

It 1s planned that SPARC analysis will be compared with EPRI's 
8UPRA code analysis when SUPRA la published. 

V.C. Assessment of Preset or Default Values 

V.C.I. Work to Validate the Values 

The justifications for using specific code values, such as bubble 
size, swarm velocity, and particle size distribution, are not docu-
mented. The values are being accepted from the measurements taken In 
very recent and ongoing experiments. 

V.C.2. Work to Validate Any Correlations Used 

SPARC has generally used claaslflcial theory rather than correla-
tions in developing the models. There Is a correlation (Ref. II.D.7) of 
drift velocity for oblate spheroids that is taken as an adjustment for 
the velocity of a sphere, giving a velocity 3 to 6 times greater than 
that of a sphere.* The calculations and data for this correlation are 
not in the open literature. There is apparent disagreement with Levlch 
(Ref. VIII.1, pp. 433, 434; refs. 18, 19, 34), who claims that when air 
bubbles in water reach a size where they are the shape of "flattened 
ellipsoids" and begin to "vibrate" and "rise by a spiral motion," the 
velocity of motion for bubbles with diameters of 0.2 to 1.5 cm Is almost 
independent of bubble diameter and amounts to 28 to 30 cm/s (Reynolds 
number 700-4500). A 0.2-cm-dlameter sphere rises at about the same 
speed (29.5 cm/s) by Levlch's formulation. Larger bubbles rise somewhat 
faster (35 to 40 cm/s), are not stable, and tend to subdivide Into smal-
ler bubbles. 

VI. SCHEDULE OF VALIDATION EFFORTS 

VI.A. Current 

Two experimental series have been done recently or are ongoing: 

• single-bubble tests at GE 
• swarm tests at Battelle-Columbus for EPRI. 

Publication of the swarm test data is planned for this year (1984) and 
should allow comparison/validation calculations to be made. 

•This might not be the case in the later version. 
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VI.B. Future 

The complexity of the code requires that detailed order-of-
magnltude analysis be performed to show that the code does theoretically 
bracket the correct answer, based on the Inputs. It is planned to com-
pare SPARC with EPRI's similar code, SUPRA, when that code Is pub-
lished. The comparison with other codes or with sny experiments will 
probably show some discrepancies. These can be due to the experimental 
as well as the model. The Importance of the discrepancy to the evalua-
tion of overall source terms will determine the need and value of 
resolving the discrepancy. For example, if the range of input values Is 
known only to a factor of 10 and the output Is affected linearly (also a 
factor of 10), then agreement with experiment to much better than an 
order of magnitude will not greatly minimize the uncertainty of the 
overall result. 

The sensitivity of the overall result to the subroutine (or code) 
accuracy should be considered in achieving a balanced and cost-
beneficial Improvement effort. The SPARC code is a mechanistic, best-
effort calculation as It stands. 

The degree to which future validation efforts will be beneficial 
depends not only on the comparisons with codes and data but with the 
place of SPARC in the overall source term calculation. The schedule of 
the future work, therefore, is unknown at this time because the current 
work is Incomplete. 

VII. SUMMARY APPRAISAL OF CODE 

VII.A. Assumptions Required 

Most assumptions used In SPARC are typical of those used in mathe-
matical physics (simple geometries, ideal gas, saturation, classical 
thermodynamics), and are quite acceptable for the order of accuracy ex-
pected. It Is possible that assumptions, though Incorrect, may counter-
act each other to give an Interpreted result in agreement with experi-
ment. Such agreement, however, would be the result of fortune and 
incomplete analysis. This reviewer would prefer more experimental 
justification of such assumptions as particle sweeping by condensation, 
particles being scrubbed if they come into contact with the wall, and no 
particle Interaction (agglomeration). 

An order-of-magnltude analysis, based on theory and experimental 
data (where available), should be made to justify the inclusion or ex-
clusion of all forces and mechanisms that might reasonably be considered 
to contribute to the overall process. 
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VII.B. Inputs Required 

The Inputs require 1 ere quite as expected for the complexity and 
detail of the analysis. The realism of some of these Inputs should be 
justified by the user to verify the accuracy of the SPARC result. The 
SPARC user should be advised as to what ranges of variables are appro-
priate for code input and use. 

VII.C. Flowpath of Computing Routines 

The code is a marching solution using explicit calculations. The 
algorithm is quite adequate. Undoubtedly, there are calculating rou-
tines and storage methods that could improve the efficiency of the code; 
however, such refinements to the "nonproductlon" code are probably not 
worthwhile. The code Is not used in a highly repetitive way that would 
benefit from high-efficiency algorithms. The code diagram could be im-
proved if the subroutines involving the several deposition mechanisms 
were shown in more detail. 

VII.D. Outputs of Code 

Code output Is usable in the present form but shows little diagno-
sis of how the code performed the task, such as the fraction absorbed by 
different mechanisms or at different times or from different size bub-
bles at various heights in the pool. Such details could be used to help 
verify the model against separate effects data. 

The particle input distribution could be listed along with the out-
put details if the format were different. The four-significant-figure 
printout does not seem justified by the input accuracy or the uncer-
tainty of the model. 

Some output options would be helpful; each user might then have the 
output that would be most convenient and suitable for that user's spe-
cific purposes 

Another convenient feature would be a graphical presentation of 
mass distribution of particle sizes, both In and out of the pool, and a 
time plot of the total mass absorbed in the pool. 

VII.E. Assessment of Code Validity for Use in BM-2104 

In SPARC, most mechanisms of aerosol deposition In rising bubbles 
are treated by classical physics with little empiricism. The major un-
certainties result from the lack of documentation and experimental veri-
fication showing that the mechanisms and boundary conditions are valid, 
both for the model and for the actual conditions resulting from an acci-
dent. Order-of-magnltude analysis should provide a convincing argument 
for the Inclusion of the mechanisms and models utilized as well as rea-
sons for discarding or Including other mechanisms that have been men-
tioned in this and other reviews of SPARC. 
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The code has the potential to be a worthwhile link in the chain of 
calculations Involved in source tern studies. 

Since experiments show that bubbling tends to pass only a certain 
range of particles (a phenomenon known as the "filtering window" ef-
fect), this result could be taken as a priori assumption, but one that 
would be hard to defend without specific experiments. The results from 
SPARC do show these filtering window effects on the particle size dis-
tribution, and the code may therefore be used to bring out some details 
of this effect. However, the agreement with overall scrubbing experi-
ments Is not yet adequate for quantitative results. The discrepancies 
may not be due only to the code—the experiments should be evaluated 
carefully to see If the technique Is correct and if perhaps a different 
experimental approach could elucidate Which part of the model is incor-
rect. Experiments with dilute monodlsperse aerosols, for example, would 
be useful. Some older experiments (quoted in reference) might be used 
as a proof-of-code separate effects test. As It stands, the SPARC code 
Is a good start for the source term problem. It la incomplete in back-
up material and probably does not Include some important mechanisms of 
bubble formation, rise velocity and deformation, and particle behav-
ior. These aspects require more work before the code can be considered 
validated. 
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APPENDIX A 

PHENOMENOLOGICAL MODELS AND SUPPORTING DATA 

The following descriptions of the SPARC models have largely been 
taken from the draft user's manual, "SPARO-A Suppression Pool Aerosol 
Removal Code," NUREG/CR-3317 (PNL-4742) May 1983. These models do not 
represent the final version of the code but are presented here to show 
the nature of the models and equations used. 

A . I . AEROSOL SCRUBBING MODELS 

The models used start with a "bubbling" model described by Fuchs 
(1964),*®' in which the dominant scrubbing processes are envisioned to 
take place inside rising bubbles. 

A. 1.1. Scrubbing Processes and Related Phenomena 

The following physical processes have been accounted for in the 
SPARC scrubbing model ss shown: 

s convective flows resulting from the condensation or evaporation of 
steam (A.1.1.1) 

e particle growth caused by water vapor sorption by soluble aerosol 
material (A.1.1.2) 

• sedimentation resulting from gravitational forces (A. 1.1.3) 
e inertlal deposition resulting from centrifugal forces (A.1.1.4) 
• diffusional deposition (A.1.1.5) 
• mechanical entralnment of pool liquid by the breaking of bubble at 

the surface (A.1.1.6) 
• corrections for nonspherical bubbles (A.1.2). 

The technical bases and predictive equations used for each of these 
processes are described below. 

A.1.1.1. Convectlve Flow Effects 

The condensation of steam from the carrying gas represents a con-
vectlve flow toward the water surface. This flow will enhance particle 
capture, on the other hand, the evaporation of water Into a bubble rep-
resents a convective flow that retards particle deposition. 

references cited In this appendix are listed In Section II.D 
of the main report. 
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It Is assumed that the particles are swept along with the con-
densing steam, which condenses in the vicinity of the entrance, and 
particle removal Is proportional to the fraction condensed. The removal 
efficiency is: 

fractional efficiency • fraction condensed. 

Numerically, the fraction of inlet gas that is condensed can be ex-
pressed In terms of the mole fraction of noncondenslble gas: 

Xi F - 1 — •=—• (A.l) 

where 

F - volume fraction of inlet gas condensed 
X^ - mole fraction of noncondensible in inlet gas 
XQ - mole fraction of noncondenslbles In gas bubble after it at-

tains thermal equilibrium in the pool near the inlet location. 

F, the fractional removal efficiency, is expressed as a decon-
tamination factor (ratio of mass entering to that escaping from the 
pool). A DF applicable to all particle sizes Is obtained by rearranging 
Equation (A.l): 

D P - r ^ r " ^ <A-2> 

The numerical values of X^ probably vary with time, and therefore 
are treated as an input quantity. Xg on the other hand Is fixed by pool 
temperature (fixed water vapor pressure) and total pressure. XQ may be 
expressed as: 

where 

Pw - vapor pressure of water 
Pj. - total pressure at gas Inlet 
P - atmospheric pressure above pool 
p - water density 
g - gravity acceleration 
h - downcomer submergence depth. 

Since a system will tend toward equilibrium, condensation will oc-
cur If XQ is greater than Xi; otherwise evaporation will occur and the 
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vapor flux will retard particle notion toward the Interface. For 
XQ < X^ It la assumed that no deposition occurs; I.e., that DF - 1. 

Once a bubble begins to rise, evaporation will begin because the 
pressure inside the bubble decreases with decreasing depth. The number 
of moles of noncondensible gas thst are contained within a single bubble 
are computed from the Ideal gas law as: 

X " mole fraction of noncondensible gas 
Mq - moles of noncondensible gas 
Pt • total pressure 
Y - bubble volume 
R • gas constant 

Tw *• gas temperature in bubble, assumed to be the same as the water 
temperature. 

A good approximation is that the moles of noncondensible gas (H2, 
C02, etc.) in a single bubble will remain constant (I.e., these are not 
absorbed or are at equilibrium). If Mq is assumed to be constant and if 
water vapor pressure Is assumed to be constant, then Equation (A.4) can 
be used to compute the bubble volume as a function of depth (depth de-
termines total pressure): 

The zero subscripts in Equation A.5 denote conditions applicable to 
the original bubble at a water depth at which stable bubble sizes are 
first formed. This is the downcomer submergence minus the distance re-
quired for bubble shattering. Inspection of Equation A.5 shows that 
V/V0 will be greater than unity because Pfc, the total gas pressure, de-
creases with height. 

This variation with depth requires that the scrubbing model account 
for scrubbing efficiency as a function of bubble depth. See Section 
A.2.2 for details of this effect. 

A.1.1.2. Particle Growth by Water Vapor Uptake 

The gas Inside rising bubbles will be nearly saturated with water 
vapor. This humid atmoephere Is conductive to the growth of soluble 
particles by water vapor uptake. 

X PtV 
(A.4) 

where 

(A.5) 
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The equilibrium drop size reached In a humid atmosphere Is governed 
by the degree to which the vapor pressure of water Is lowered by the 
soluble material, and the degree to which curvature effects an Increase 
in the vapor pressure. Both effects are well understood and are calcu-
lable using classical physics and chemistry. The equilibrium saturation 
ratio, S, Is related to drop size by an equation presented by Fletchnr 
(1962): 

where 

S - saturation ratio (the relative humidity) 
a - surface tension of solution 

n^ - number of molecules/cm3 of solution (solvent + solute) 
K - Boltzmann's constant 
T - temperature, K 
a - radius of drop 
1 - Van't Hoff ionolzation factor 
p - density of solution 
M - molecular weight of solute 

Mq - molecular weight of solvent 
m « mas8 of solute in the drop. 

Equation A.6 was evaluated under the assumption that the solute was 
cesium hydroxide, the solvent was water, and the temperature was 
100eC. Results are summarized In Table A.l. 

Table A.l. Growth of CsOH particles 
in humid atmosphere at 100°C 

Dry Particle Droplet Radius In Stated Humidity 
Radius, ym 

S-0.9 S-0.95 S-0.99 S-0.999 

0.01 0.0195 0.0225 0.0295 0.0345 
0.10 0.195 0.255 0.425 0.775 
1.0 1.95 2.55 4.45 9.35 

10.0 19.5 15.5 44.5 95.5 
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The data In Table A.l Illustrate that particle growth factors de-
pend on relative humidity, S, and that significant growth factors are 
predicted. 

Because the drop slze/partlcle size ratio depends strongly on the 
relative humidity, a first estimate of relative humidity inside a bubble 
was made. This was done by computing the concentration gradient re-
quired to produce the water vapor flux that would be required to main-
tain saturation in a rising bubble. For a bubble submerged initially 10 
ft in a water pool at 99°C, an average steam evaporation velocity of 
0.0304 cm/s was calculated for the first second of rise time. For a 
bubble containing H2 as the inert gas, S in the bulk of the bubble was 
calculated to have a value of 0.993, and for C02, S was estimated to 
have a value of 0.985. Based on these two estimates lt appears that an 
S value of 0.99 would be a reasonable first estimate value. Equilibrium 
droplet radii listed in Table A.l for this relative humidity indicate 
that water uptake causes growth by roughly a factor of 4. This amount 
of growth could have an important effoct on overall DF because it would 
move particles from the most penetrating range (0.1 to 1.0 ym) into 
large size ranges that are more efficiently collected. 

A.l.1.3. Particle Capture by Sedlinentation 

Gravitational forces cause particles to settle. Capture by this 
process is termed sedimentation. The depletion rate can be expressed 
as: 

The velocity times area product varies with position along the bot-
tom part of the bubble, and hence must be evaluated by Integration. 

The net downward velocity at the periphery of the spherical bubble 
Is the vector sum of the settling velocity (vg) end the inward steam 
velocity (vy): 

v • v — v sine (A.7) 8 v 

where 0 is the angular position of the surface element of the bubble 
from the flow-direction axis. 

Deposition becomes zero when v - 0. If v is set equal to zero, and 
Equation (A.7) solved for 8, the result is: 

The value of 6 defined in Equation A.8 sets the upper limit for the in-
tegration of deposition velocity times are over angle 8. 

depletion rate • (airborne conc.)(velocity)(area) 

(A.8) 
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The incremental horizontal area described by a radius at 
angls 8 can bt< expressed as: 

dA - sirR2 cosdslnSdO (A.9) 

The Integral of deposition velocity times area may be written by using 
Equations a.7 through A.9: 

< B 
8 arc sin 
f* f Vv/ 

J vdA • j (vg - vvsin8)(2irR2cosBsin8d8) (A.10) 
o o 

Carrying out the integration indicated in Equation (A.10) yields, after 
algebraic simplifications, 

rm /v \ 2 / 2v v \ 

I v d A " " R 2 fe) ( v T r ) <*•»> 

subject to the condition: 

0 < ~ < 1 (A. 12) 
v 

For v8/vy values greater than unity, vs/vy must be set equal to unity. 
This constraint arlseB from the fact that the maximum meaningful value 
for 8 is ir/2. 

The serosol depletion rate in a single bubble may be obtained by 
multiplying the aerosol concentration (bubble assumed to be perfectly 
mixed) by the area deposition velocity product defined in Equation 
A. 11. A decontamination factor that results after time At is found to 
be: 

DF « exp 

where 

3A t 
2D v s - T % fe) 

2 ] 

V 
(A.13) 

DF - decontamination factor due to sedimentation 
At • residence tine of the bubble in the pool 
D « bubble diameter 

vg « particle settling velocity 

vy •* gas bulk flow velocity due to steam evaporation. 

Equation A.13 Is subject to the constraint defined by Equation A. 12. 
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A. 1.1.A. Particle Capture by Centrifugal Forces 

Bubbles larger than a critical size experience circulation as they 
rise through liquid (Calderbark 196A). If retarding effects due to in-
terfacial contaminants are neglected, then the peripheral velocity, vp, 
can be related to rise velocity by assuming potential flow around a 
sphere (Fuchs 1964): 

• 1-5 v. sin0 (A.14) P b 
where the angle 6 is measured from the vertical pole. 

The peripheral velocity Induces a centrifugal force on particles in 
gas located near the bubble wall: 

mv 2 

* c . m - f - < A - l 5 > c r 

where 

Fc • centrifugal force 
m - mass oi: particle 
r • radius of curvature 

Vp • peripheral velocity. 

This centrifugal force produces a particle drift velocity whose 
magnitude is such that centrifugal force is balanced by drag force. 
From Stokes* law, the drag force Is related to drift velocity by: 

3ird uv 
F (A. 16) 

m 

where 

Fd • drag force 
dp - particle diameter 
U * gas viscosity 

vc • drift velocity due to centrifugal force 
CB - Cunningham slip correction factor. 

vc, the drift velocity with respect to the bulk gas motion, may Ihe ob-
tained from Equations A.14 through A.16 as 

v2 p d*C 
vc " 2 7 8 l n 2 0 (A'17> 

and the net deposition velocity compared to fixed coordinate (the bubble 
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Interface) Is 

vd " vc " vv ( A , 1 8 ) 

where 

V4 • net deposition velocity 
vc - drift velocity due to centrifugal force 
vy - bulk flow velocity normal to the Interface resulting from 

steam evaporation. 

Deposition will begin when Vj first takes a positive value. The angle 
at which this would occur is predictable from Equations A.17 and A.18 by 
setting vc - 0. The result Is 

4Dyv \ 
— ] (A.19) 

v2p d2C / , v p p m/ 

where - angle at which centrifugal velocity and bulk flow velocity 
are equal in magnitude and opposite in direction. 

The argument of the arc sin function in Equation (A.19) may be ex-
pressed as a velocity ratio: 

4Dpv v 
V V - (A.20) 

v2p d2C vcm b p p m 
where vcm - maximum centrifugal drift velocity (at 6 - u/2). 

The overall deposition rate may be obtained by Integrating the pro-
duct of net deposition velocity and deposition area from 8 « 0, 
to 0 - tt - 81# The result of such an Integration : 

deposition velocity x area - irD^ (A.21) 

subject to the constraint that v /v < 1. s cm 
For a single bubble of constant volume, the aerosol deposition rate 

predicted by Equation A.21 leads to the following decontamination factor 
for centrifugal deposition: 

DF - exp (A.22) 
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Equation A. 27 set to the constraint that vv/vcm is unity or smal-
ler. For ca'j jre vv/vcm is calculated to be larger than unity, the 
ratio should fft set equal to unity, resulting in a DF of unity. 

A. 1.1.5. Diffusional Deposition 

Particles have a finite diffuslvlty as a result of momentum ex-
changes with surrounding gas molecules. Particle diffusivity may be re-
lated to gas and particle properties by the Stokes' - Einstein Equation 
(Fuchs 1964): 

kTC 
d " 3 7 T < a ' 2 3 ) 

where 

D - particle diffuslvlty 
k - Boltzmann's constant. 

The rate of dlffuslonal deposition onto the bubble wall may be com-
puted from the penetration theory of mass transfer (Bird 1960; Crank 
1967). The mass transfer coefficient (deposition velocity) may be ex-
pressed as: 

1/2 
VD - 2 (A.24) 

where 

VD - particle dlffuslvity 
tg - exposure time. 

An estimate of exposure time for a circulating bubble may be ob-
tained by dividing bubble diameter by rise velocity (Li 1965): 

tm - f - (A.25) 

Combining A.24 and A.25 leads to: 

/DV. \ 1 / 2 

VD - 2 \71>) <A'26> 

This deposition velocity applies when the vapor flux at the wall is 
negligible. Deposition is reduced by the steam flux entering a rising 
Subble. A correction factor for high mass transfer rates can be esti-
mated from the data presented by Bird et al. (1960). Using the penetra-
tion theory, a correction factor 6 can be related to a flux ratio: 
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0 - (1 + erft)-Uxp(-+2) (A.27) 

where 

6 " correction factor for high maes transfer rates 
4 • a flux ratio 

4> Is equal to $ab/tt where is defined as AB AB 

DV. \l/2 (A.28) 

For small values of tig (low v or high D), 8 approaches 
unity; 8 approaches zero for hl^h values of If the deposition ve-
locity as defined in Equation A.20 Is multiplied by 0, the net velocity 
is applied over the whole bubble surface, a DG due to diffusion can be 
expressed as: 

A.1.1.6. Overall DF 

A common term in the three DF expressions (Equations A.13, A.22, 
and A.29) is the bubble residence time, At. This time Is equal to the 
rise distance divided by the swarm rise velocity: 

Ah - effectove bubble rise distance 
U • swarm rise velocity. 

The overall DF due to the four mechanisms characterized by Equa-
tions A.2, A.13, A.22, and A.29.may be expressed as a product: 

(A.29) 

(A.30) 

where 

(A.31) 

where 

Xg/Xi - DP for steam condensation (DF > 1) 
Kg - first-order rate constant for sedimentation from Equation 

A.13, KG > 0 
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Kc - first-order rate constant for centrifugal deposition from 
Equation A.22, Kc > 0 

Kp - first-order rate constant for diffusional deposition from 
Equation A.29. 

Obvious 88sumptions in the derivation presented above include the fol-
lowing: 

• Bubbles are spheres having a circulation velocity unimpeded by ln-
terfaclal contalmlnants. 

• Particles are solid spheres; for nonspheres, appropriate shape fac-
tors would have to be specified. 

e The DF is a function of particle size; an overall DF would have to 
be Integrated over the particle alze distribution. 

• The degree of particle growth depends on the fraction of the parti-
cle mass that Is soluble; thus, the soluble fraction will have to 
be specified. 

A, 1.1.7. Entralnment 

When bubbles break up at the pool surface, aerosol particles are 
formed from the remnants of the liquid film of the bubble's upper sur-
face. To quantify this phenomenon correctly would require an inventory 
of previously scrubbed material in the pool. Since this Inventory is a 
possible future development for SPARC, a simpler alternative was to 
Halt the maximum DF for any particle size to 10s in SPARC. 

A.l.2. Optional Equations for Oblate Spheroid Bubbles 

The largest number of bubbles in a swarm are flattened spheres 
(oblate spheroids), although the very smallest are essentially spheres 
and the very largest (unstable) bubbles are lenticular. To account for 
the differences In scrubbing and the thermal hydraulics, the following 
formulas are presented for basic bubble geometry and gravity settling, 
oblate spheroids, centrifugal forces, and diffusional deposition. 

A.l.2.1. Basic Bubble Geometry 

The necessary formulas are commonly found in handbooks. For a bub-
ble of elliptical cross section the equations used in SPARC are defined 
as: 

a' 
(A.32) 

a 4 
« equivalent sphere diameter) (A. 33) 

(A.34) 
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where 

a « major axis 
b - minor axis 
Ra - 1/b, ratio. 

A.l.2.2. Gravity Settling for Oblate Spheroid 

The Kg for an oblate spheroid can be approximated using a flattened 
cylinder of circular cross-sectional area ira2. The net deposltlonal ve-
locity on this circular area Is vg - vv, so that the value for Kg is: 

Kfl - *a2 (vg - vv)/V (A.35) 

- J CvB - vv)(RA)2/3/D 

This does not reduce to the spherical form when Ra+1, but lt Is 
close. It reduces exactly if vv - 0. 

A.1.2.3. Centrifugal Forces in an Oblate Spheroid 

Because the oblate spheroid has a smaller radius of curvature at 
the bubble edges than does the equivalent volume sphere, it is possible 
that higher centrifugal forces would enhance removal. Some unpublished 
work was Incorporated into SPARC to give a multiplier of the equivalent 
sphere drift velocity, vc. Thus, the average drift velocity for an ob-
late spheroid is: 

vc " y*vc (A.36) 

where y* - is determined from an analytical solution and curve fit to 
calculate data. From this the K c for oblate spheroids is: 

Kc - As < y* vc " v v ) / V ( A , 3 7 ) 

which represents the final equation for centrifugal removal of parti-
cles. This first-order correction could be improved by detailed Inte-
grals of the local drift velocity minus vv over the whole surface. 

A.1.2.4. Diffusional Deposition for an Oblate Spheroids 

Equations developed for a sphere are adjusted for the oblate 
spheroid geometry. For the nonspheroldal surface area, the surface ele-
ment will be exposed for a relatively different amount of time. This 
exposure time and the flux rates are the subject of analysis being per-
formed for the second draft of the SPARC code. 
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Thus, the final result for a new deposition rate constant KD gives: 

A , 
KD " VT VD <A-38> 

where VD is the deposition velocity for a nonspherlcal bubble. Thus the 
corrections for the three deposition mechanisms have been made for the 
oblate spheroid. These corrections are expected to give better agree-
ment with experimental data, but this has not yet been verified. 

A.2. THERMAL HYDRAULIC MODELS 

Because the magnitude of the steam evaporation velocity, which Im-
pedes particle capture, strongly depends on the pool temperature, a 
first estimate model was derived to predict equilibrium pool tempera-
ture. Second, a model for predicting the steam evaporation velocity 
Into rising bubbles was required to quantify the Impact on particle dep-
osition. 

A.2.1. Equilibrium Pool Temperatures 

An energy balance written on the pool may be expressed as: 

d(Mh.) 
Gi hi + Q • Goho + (Go " Gl ) hc + < A ' 3 9 ) 

• • dt 
Input output rate accumulation 
rate rate 

where 

G - gas flow rate, moles/s 
i,o - subscripts referring to Inlet and outlet gas respectively 

Q • decay heat rate due to fission products contained in pool 
water 

h - specific enthalpy of the gas 
hc • specific enthalpy change due to evaporation. 
M - total mass of water in the pool 
hi • specific enthalpy of pool liquid. 

A number of simplifying assumptions were made to obtain an estimate 
of the equilibrium pool temperature: 

1. Specific enthalpy is expressible as a product of specific heat and 
temperature difference: h » Cp(T — TR) . 

2. The reference temperature was set equal to 0°C. 
3. dM/dt was negligible. 
4. Gases leaving the pool were saturated with water vapor and in ther-

mal equilibrium with pool water. 
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5. Pool temperature was everywhere the seme. 
6. Pdol temperature was constant; I.e., dT/dt - 0. 
7. The noncondensible gas entering the pool was hydrogen. 
8. The mole fraction of entering hydrogen was a specified input vari-

able. 

The simplified energy balance equation that results from these as-
sumptions can be expressed aa: 

5 — + x 
GH 2 1 c pH2 X pHzO - T 

Q - decay energy rate, watts 
Gg2 » H 2 Inflow rate, moles/s 
T^ - inlet gas temperature, °C 

CpH2 • average molar heat capacity of hydrogen, joule/mole°C 
cpH20 ~ average molar heat capacity of water vapor, joule/mole°C 

X - mole fraction of hydrogen in inlet gas 
Tq • temperature of outlet gas and pool water 
Pj - total atmospheric pressure above pool, atm 
Pv - vapor pressure of water at pool temperature, atm 
hc - latent heat of evaporation, cal/mole. 

Equation A.40 was solved numerically to yield a value of TQ that 
caused the sum to be zero. These calculations Indicated that pool tem-
peratures for a so-called saturated pool could be considerably lower 
than the normal boiling point. Because the evaporation velocity is a 
strong function of pool temperature in the vicinity of the boiling 
point, it la Important to have realistic estimates of pool temperatures. 

A.2.2. Steam Evaporation Models 

A rising bubble containing noncondensible gases In the suppression, 
pool always tends toward thermal and vapor equilibrium states. Vapor 
equilibrium Implies that for an isothermal bubble the vapor pressure of 
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water must be the same a* the partial pressure in the bubble. The pool 
is nixed so its vapor pressure is constant with depth. To maintain that 
constant vapor pressure, the bubble must receive vapor from the liquid 
pool as it rises. This vapor flux can hinder particle deposition and 
evaporation is therefore Important. 

A.2.2.1. Potential for Evaporation 

To quantitatively handle the driving forces, a number of defini-
tions are necessary. 
Let 

Nn - noncondenslble moles per bubble 
D^ • bubble diameter at h (for equivalent sphere) 
D8 - bubble diameter as surface 
P w - water vapor pressure 
Ps - total pressure at surface 
Nv - moles of vapor in bubble at h 
N8 « moles of vapor in bubble at surface 
p - pool liquid density. 

For comparison, the equilibrium states of mole fraction of vapor at 
depth h and at the pool surface are: 

Yh • I v H - fTTTtfT «»•"> 

and 

N® P 
Ys " " X 2 — + T - ( A' 4 2 ) 
8 N8 + N vb v n 

respectively. Solving for and N^ gives 

" V w / ( P s + P g h " V < A'A 3 > 

K " NnPw/(Ps " V a " 4 4 ) 

Clearly N8 > for all situations of NQ > 0 and h > 0. If the atmo-
sphere above the pool Is pure vapor, then N8 •*• The potential for 
evaporation is very high, but there are limitations. First, the energy 
for evaporation must come from the pool and second, there are both heat 
and mass transfer resistances across the bubble/liquid Interface. 
Therefore, the maximum amount of vapor that a bubble can pick up depeuds 
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on the wall-to-bubble Interior vapor pressure difference, the heat 
transfer resistances across the bubble interface, the mass transfer re-
sistance across the vapor side of the interface and the bubble rise 
time. These are examined quantitatively In the following sections. 

A.2.2.2. Rate Equations for Evaporation 

The basic rate equation for a rising bubble with a circulating sur-
face is based on penetration theory already discussed in A.1.1.5. A 
slightly different application of that theory will be used for both heat 
and mass transfer here. A variation on Equation A. 18 needed here for 
mass transfer is 

where Ny is the average flux of vapor into the bubble. Other defini-
tions are: 

Cv o « vapor concentration at the interface - P^/R 
Cvjj • bulk bubble vapor concentration - Ny/V 
D v B • molecular diffuslvlty of vapor in noncondenslble gas 6. 

The principal heat transfer resistance to vaporization is across 
the liquid film outside the bubble. It would obey a relationship sim-
ilar to that of Equation A.45: 

where q is the average heat flux to the interface (neglecting sensible 
heat transfer in the bubble). Other definitions are: 

a » water thermal diffusivity 
Cp - water heat capacity 
T^ - bulk pool temperature 
TQ - interface temperature. 

The next step is to equate q with the change in vapor in the bub-
ble: 

(A.45) 

(A.46) 

(A.47) 

and finally 

dn v (A.48) 
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Equations A. 45 and A. 46 can now be solved for Ny and T^. Other rela-
tionships for pressure, bubble diameter, and rise velocity are needed to 
complete the SPARC calculations at any time during a bubble's rise per-
iod. 

The final relationship needed to calculate the steam velocity ob-
tained by dividing the wall flux Ny by the molar density at the condi-
tions of the interface: 

vy - Bv/lMw(Pfl + Pw)/RTo] (A.49) 

where Mw is the average molecular weight at the surface. 

With this definition of vy, all of the necessary mathematical parts 
have been defined or used in SPARC. 

One aspect of SPARC that needs to be Improved eventually is the 
overall thermal balance on the bubble. This will Include sensible heat 
transfer across the bubble Interface, adlabatlc cooling of the bubble 
upon rising of lower pressures, and possible fog formation caused by the 
adlabatic cooling. 

A.3. SUPPORTING DATA 

Ideally, the equations given in Sections A.l and A.2 would be 
justified by data showing that each equation is a ge~d or true represen-
tation of the physical phenomena involved. Some equations such as 
balances of mass, momentum, and energy may be taken a priori as correct, 
since they represent mathematical truths. Data justification and/or 
verification is mainly required for phenomenologlcal models and consti-
tutive relations. The mathematical combination of the constitutive re-
lations with the conservation equation gives the hydrodynamlcal equa-
tions, which are a closed set of equations for the field variables that 
are solvable given the necessary boundary conditions. 

The assumptions listed in Section I.D should be justified In a sys-
tematic way to validate each step of the code. The code could be vali-
dated in some respects and finally by an "integral" test to show that 
all the steps do add up to the correct final result. This approach, 
however, runs the risk of obscuring offsetting errors in detailed 
mechanisms. The degree to which the equations and boundary conditions 
have been supported by data or otherwise justified (i.e., the validation 
status) in the SPARC documentation is presented In Tables A.2 and Table 
A.3. 
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Table A. 2. Statu* of data base for equations 

Assumption Contents 

• The gas flow through thd suppression pool Is In the 
Corn of bubbles (spheres or oblate spheroids) 

• Condensation of stesm takes place near the gas entry 
point to equilibration 

• Thermal and vapor equilibration of the gas takes place 
at the entry point by steam condensation/evaporation 
and sensible heat transfer 

• Particles will be swept along with condensing steaa 
Inside the bubbles and will be removed in proportion 
to the mole fraction of the condensed gaa (steaa) 

• Particles of all sizes will be reaoved to the same 
fractional extend by the condensation mechanism 

• Gas In the bubbles behaves aa an Ideal gaa 

• The noncondenslble gas composition remains constant 
(e.g., no absorption of C02, H2, etc., by the water) 

• Moisture evaporation Into a bubble can be handled as a 
flux dependent on thickness of penetration layer 

• Interior of bubble Is perfectly mixed 
• Bubbles have Internal circulation not Impeded by lnter-

faclal contaminants, and exposure time to fresh surface 
Is the time for the bubble to rise to Its own diameter 

• The circulation can be Inferred from Ideal flow outside 
the bubble 

• The scrubbing Mechanisms are additive 
• Any particle which moves Into contact with the bubble 

wall Is scrubbed 
• Particles grow by water absorption and are spherical 

(around the combined hygroacoplc and nonhygroscoplc 
material) 

• The bubble Interior Is nearly saturated (humidity -
99*) 

• Particle growth by water absorption is instantaneous 
at each time step (i.e., no rate or diffusion effects 
Inhibit the water Intake. 

• Dry particles are apheres 

A common assumption but NDC® 

Observed but NDC 

Calculations suggest this but NDC 

NDC 

NDC 

Uncertainty analysis would show 
this to create negligible error 
NDC 

Textbook method, NDC 

Calculations suggest this but NDC 
NDC 

NDC 

NDC 
NDC 

NDC 

Calculations show this but NDC 

Error analysis would show this to 
be negligible, NDC 

NDC 
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Table A.2 (continued) 

Assumption Comments 

• Bubbles are either spheres or oblate spheroids and do 
not change shape, coalesce, or break up 

Observations suggest this but NDC 

• Settling of particles In spheroids can be approximated 
by settling in flattened circular (has been changed In 
a later code version to an Integration on the surface 
of a spheroid) 

No uncertainty analysis to show 
effect, NDC 

• Drift velocities are known Data from experiments can be 
bracketed 

• Centrifugal particle scrubbing In an oblate spheroid 
can be approximated to fit an analysis (which involves 
other assumptions and verification) such that a first-
order correction can be made to the drift velocity 
obtained from the spherical assumption 

NDC 

• The diffusional exposure time for diffusional scrubbing 
in a rising oblate spheroidal bubble is the time re-
quired for the bubble to rise a distance equal to Its 
long diameter 

NDC 

• Bubbles break Immediately at the surface and reentraln-
ment Is negligible compared to carry-through 

NDC 

0 Enthalpy Is a simple function of temperature Uncertainty analysis would probably 
show that this contributes negligi-
ble errors, NDC 

0 The amoung of liquid In the pool is conatant (conden-
sation or evaporation is negligible) 

0 Gases leaving the pool are nearly saturated with water 
vapor raid are the same temperature aa the pool water 

NDC 

0 The pool is perfectly mixed NDC 
0 Diffusion-controlled evaporation into bubble la 

governed by penetration theory and Involves the bubble 
diameter traverse time 

Textbook method, NDC 

0 Heat transfer is controlled by one-dimensional thermal 
diffusion through a liquid film outside the bubble 

NDC 

fflNDC - no data cited. 
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Table A.3. Status of data base for Input aasumptlons 

Tine-dependent variables Comments 

• Number of Input tine atepa 

• Individual particle density 
• Weight fraction of soluble aaterlal 

(such as cesium hydroxide) 
• Particle concentration In each size 

class 
• Hydrogen gas Input rate into pool 
• Hater vapor Input rate Into pool 
• Carbon monoxide gas rate Into pool 
• Air rate into pool 
• Carbon dioxide rate into pool 
• Input gas temperature 
• Pool temperature 

• Pressure above pool 
• Isotope decay heat in pool 

Time-Related Data 
• First scrub depth 
• Tine (tain) to switch to new pool scrub 

depth 
• Second scrub depth 

Some Control Parameters 
• Flag to use oblate rather Chan 

spherical bubbles 
• Oblate sperold shape factor 
• Diameter of an equivalent spherical 

bubble at entrance 
• Flag to use equilibrium or specified 

pool temperature 
• Flag to use Interior bubble heat 

transfer calculation or to take bub-
ble temperature as surface temperature 

Physical Parameters 
• Particle amounts In size brackets 
• Bubble swarm velocity 
• Heat of vaporization of pool water 
• Heat capacity of the pool 

Nuabev Is suggested Cor accuracy 
but NDC° 
Prom other codes, NDC 
NDC 

Prom other codes, NDC 

Prom other codes, NDC 
Prom other codes, NDC 
Prom other codes, NDC 
Prom other codes, NDC 
Pcom other codes, NDC 
NDC 
Prom other codes, or calculated 
equilibrium, NDC 
Prom other codes, NDC 
From other codes, NDC 

NDC 
NDC 

NDC 

Observed In experiments with 
bubbles, NDC 

NDC 

NDC 

NDC 

From other codes, NDC 
Prom other codes, NDC 
Physical properties from handbooks 
Physical properties from handbooks 

- no data cited. 
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XIII. STATUS OF VALIDATION OF ICEDF COMPUTER CODE 

I. INTRODUCTION AND DISCUSSION 

I.A. What the Code Does 

Ice Condenser Decontamination Factor (ICEDF) Is a code to compute 
the extent of aerosol removal and scrubbing by the ice compartment of an 
ice condenser containment system in situations predicted to occur In a 
severe accident (Ref. II.D.2). ICEDF was written as part of the NRC 
accident source term reassessment study. Using input data of flow 
rates, aerosol composition versus time, and system geometry, the code 
computes the scrubbing and thus the resulting time-history source-term 
flow out of the ice compartment. 

The scrubbing is accomplished by deposition mechanisms (in convec-
tlve flows of steam condensation, gravity settling, lnertial deposition 
due to turbulence, and diffusion deposition. Deliquescent particle 
growth due to water vapor absorption is calculated to modify the aerosol 
size distribution Involved in deposition. The deposition models are ap-
plied to the ice plate and ice basket surface geometries and gas flow 
rates. The code calculates each particle size class leaving the Ice 
condenser. The calculation is handled in terms of a decontamination 
factor (DF) per particle size and an overall particle DF. The calcula-
tions are based on inputs of particle density, soluble weight fraction, 
size distribution, gas composition, temperatures, pressures, and number 
of vertical calculation elements. Time variable Input effects are in-
cluded by making the calculations for a series of data values versus 
time. 

I.B Phenomena Addressed 

The ICEDF code models the heat transfer, condensation, and geometry 
of the ice compartment (including the supporting structures). Gaseous 
absorption by the ice, water, and solid support surfaces are calcu-
lated. Particle trapping Is modeled., mechanisms Included are sedimen-
tation, Brownlan diffusion, lnertial impaction, dlffusiophoresls, depo-
sition due to fluid turbulence, and particle growth by water vapor up-
take. 

Some flow pattern calculations are made to account for flow through 
the ice compartment, ice melting, and flow around basket wires. Addi-
tional details concerning phenomena addressed are presented in Ref. 
II.D.1. 
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I.C. How the Cods Works 

The documentation for ICEDF la not yet available. 

I.D. Assumptions Necessary 

The ICEDF code 1B currently baaed on hydrodynamlc flow and gaa com-
position assumptions. Included also are assumptions of mechanisms of 
aeroaol acrubblng: 

• sedimentation 
9 impaction and interception by baaket wires 
• Brownlan diffusion 
• diffusiophoresis 
• deposition arising from fluid turbulence. 

Detailed assumptions involved in the analytical treatment of the 
above mechanisms are: 

e Particles adhere irreversibly at contact with a surface. 
e The depletion rate process is first order with respect to airborne 

concentration. 
e The actual case is bracketed between a perfect mixing case and one 

in which there is no longitudinal (along the flow path) mixing or 
diffusion. 

e Gravitational settling occurs in the laminar sublayer onto all up-
ward-facing "horizontal areas." 

e Impaction onto wire baskets is correlated by an empirical equation 
given by Fuchs (Ref. II.D.3, pp. 162-168). 

• Impaction onto strips Is correlated by an additive factor In the 
empirical equation given by Fuchs (Ref. 11.D.3, pp. 162-168). 

e The flow is turbulent. 
• An alternative correlation of deposition can be that given by 

Sherwood (Ref. 11.D.7, p. 201) for flow along a flat plate. 
• Diffusional capture on cruahed ice can be estimated from Reynolds 

number correlations of aba' i tion in a packed bed (Ref. II.D.7, p. 
243). 

• The overall removal rate Is the sum of the several rates by dif-
ferent mechanisms. 

• The diffusiophoresis effect on particle deposition is predicted by 
a formula of Waldman and Schmidt (Ref. 11.D.4, p. 137-162 baaed on 
concentration gradients and dlffusivlty of the steam/air mixture. 

e The particle diameters are large compared to the mean free path of 
the gaa (Cunningham slip factors are used). 

e The outlet fraction of water vapor In the outlet gaa la negligible 
compared to the Inlet fraction (except when ice is gone). 

e Target areas for impaction, aedlmentation, diffusion' may be dif-
ferent . 

e Fluid velocity Is a model parameter and must be given or separately 
estimated (velocity • volume flow/superficial cross-sectional 
area). 
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• Diffusion capture by wires and strips can be modeled by treating 
the strips aa cylinders of equivalent (surface area) diameter, 

e Target efficiency for diffusion deposition can be correlated by an 
aquation presented by Plch (Ref. 11.D.4). 

e Particle dlffuslvltlas can be related to particle and g o t parame-
ters by the Stokes-Einstein equation by procedure given by Fuchs 
(Ref. II.D.3, pp. 27 and 181). 

e Particle mass transport from flows parallel to the surfaces can be 
predicted by correlations involving the heat transfer-maws transfer 
analogy (Refs. ll.D.5,6 . 

e The thermophoresis effect on particle deposition can be derived 
from equation by Waldman and Schmidt (Ref. 11.D.4, pp. 137-162), 
Goldsmith and May (Ref. 11.D.4, pp. 163-194) and Gleseke (Ref. 
II.D.8, pp. 211-252 . 

e Turbulent deposition can be represented by a correlation for depo-
sition by Sehmel (Ref. ll.D.l, ref. 24 . 

e Particle growth due to water uptake and fog formation during the 
encounter of moist gas with cold ice is important (ICEDF-2 models 
this). 

I.E. Code Inputs 

Inputs to 1CEDF are the time-dependent variables: 

e number of input time steps 
e particle diameter of each size class 
e Individual particle density 
e weight fraction of soluble material (such as cesium hydroxide) 
e particle concentration in each size class 
e hydrogen gas input rate as mole fraction 
e water vapor input rate as quality 
e water vapor outlet rate as mole fraction 
e carbon monoxide gas rate as mole fraction 
e air input rate as mole fraction 
e carbon dioxide Input rate as mole fraction 
e sedimentation area (4 classes) 
e impaction area (2 classes) 
e diffusion area (4 classes) 
e impaction velocity 
e ice efficiency parameter 
e density modification factor in Knudsen number 
e gas inlet flow rate 
e shape factor for Stokes* drag 
e convective temperature difference 
e inlet gas temperature 
e inlet gas pressure. 

A calculatlonal parameter is: 

e number of vertical Ice calculation elements. 
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Physical parameters are: 

• thermal dlffusivity of gas 
• thermal conductivity of gas 
• thermal conductivity, of particle 
• thermal accommodation constant 
• momentum accommodation constant 
• containment volume 
• gas constant 
• flow area between ice basket columns 
• number of flow columns in ice bed 
• contact perimeter of flow columns. 

Output control variables are: 

• number of desired output times 
• specified output times, min. 

I.P. Code Output 

The Input conditions are printed. The results that are calculated 
by XCEDF are arranged for printout at each desired time step. A table 
shows the material leaving the Ice condenser at each desired time step 
in terms of particle size, and number rate of dry and wet particles, and 
dry and wet DF. Also shown are wet particle density, weight fraction 
water in particles, number median particle radius of dry and wet parti-
cles, geometric standard deviation of dry and wet particles, total 
weight rate entering the ice bed and leaving as wet and dry particles, 
relative humidity of the gas in the ice bed, and removal fraction for 
all particles. 

II. DOCUMENTATION 

II.A. Statue and Quality of User's Manual and Test Problems 

The ICEDF code has been programmed but has not yet been tested or 
documented. 

II.B. Changes or Improvements to Published Design of the Code 

The ICEDF has not been published. A draft is planned for FY-1984. 

II.C. Description of Any Required but Unpublished Codes (in order to run 
ICEDF) 

No required additional codes are known to this reviewer. 
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III. NECESSARY VARIATIONS IN COPE FOR REQUIRED 
CALCULATIONS, ANY CHANGES OR IMPROVEMENTS 

FOR THE PUBLISHED VERSION 

III.A. Models 

III.B. Ast.'imptlons 

III.C. Input or Preset Values 

III.D. Calculation Routines 

There Is no published version as yet. Variations may be developed 
after peer review and experimental comparison tests. 
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IV. DOCUMENTATION OF CODE QUALITY ASSURANCE AND PEER REVIEW 

IV.A. Independent Review of Code 

IV.B. Other Review of Code 

IV.C. Standards Used 

IV.D. References Which Describe Review 

At this time there is insufficient documentation on which to con-
duct a review. 

V. CODE VALIDATION TO DATE 

V.A. Experimental Validation 

V.A.I. Separate Effects Test 

Although experiments have been made (Ref. ll.D.l, ref. 8) on the 
absorption of gaseous iodine by ice, there are no experiments cited or 
known to thl8 reviewer on the scrubbing of aerosols by Ice condensation. 

V.A.2 Integral of Proof Tests 

V.A.3 Accuracy of an Experimental Measure 

V.A.4 Criteria Used to Assess Experimental Measure 

No tests of aerosol scrubbing by ice condensers have yet been made 
to serve as integral or proof tests of the ICEDF code. 

V.B. Analytical Validation 

V.B.I Comparison with Validated Models or Codes 

Reference li.D.l evaluates the mechanisms of aerosol deposition 
deemed to be potentially important in quantifying particle retention. 
No direct comparison has been made to show ICEDF agreement with the 
models. No validated ice condenser codes are known to exist. 
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V.C. Assessment of Preset or Default Values 

V.C.I. Work to Validate the Values 

Several factors are mentioned In Ref. ll.D.l as being In need of 
definition by experiment or calculation. These Include: 

e fraction of ice surface area remaining after long-term storage 
e extent of Ice surface exposure to a flowing aerosol 
• fraction of available ice surface that faces upward for sedimenta-

tion capture 
e efficiency of ice surface for collection of particles by diffusion 

and impaction 
• quantitative details of gas velocity through the ice condenser, 

e.g., how much is caused by. fan operation, what Is the effect of 
natural convection by cooling, what is the effect of ice proximity 
to the inner surface of the basket, what is the flow and pathway of 
the liquid formed by melting ice and condensed steam. 

No experiments have yet been made concerning these unknown factors. 

V.C.2. Work to Validate Any Correlations Used 

The correlation mentioned under the list of assumptions in Section 
l.D are taken from the scientific and engineering literature and are 
based on experiments that were fitting for the mechanisms proposed. In 
that context the correlations are probably validated in some ranges. 
The accuracy of the correlation has not been assessed but could be pre-
sumed to be within order-of-magnitude agreement. The use of the corre-
lations that were based on their defined conditions for the more complex 
geometry and boundary conditions of ice containment is an extension that 
haa not been validated by detailed experiment or analysis. 

VI. SCHEDULE OF VALIDATION EFFORTS 

VI.A. Current 

The ICEDF code is being developed and documented. Most of the 
validation for this stage of the work is contained in the principal ref-
erence (Ref. ll.D.l). 

VI.B. Future 

There is a proposal to conduct experiments for ice condenser scrub-
bing. These experiments will be helpful if they are also used as vali-
dation experiments of scrubbing theories and codes such as ICEDF. 
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VII. SUMMARY APPRAISAL OF COPE 

VII.A. Assumptions Required 

Most assumptions In ICEDF are typical of those used In transport 
physics and boundary, layer theory, and are quite acceptable for the 
order of accuracy expected. The major assumptions at this time Involve 
the geometry of the process and how the gas flows through the ice ma-
trix., for example, how much surface area do the Ice and the baskets 
present to the various deposition fluxes? What are the flow paths of 
the gas and the condensed and melted liquid? What are the retention 
fractions of the particles in contact with various surfaces? 

VII.B. Inputs Required 

The required inputs are boundary conditions and constitutive rela-
tions, which include composition of the gaB, aerosol size distribution, 
and thermal and mass diffusion properties. Some of the Inputs are 
fundamentally unknown parameters and are, therefore, to be treated by 
parametric variation. These Include the ice efficiency parameter, the 
shape factor for Stokes* drag, the thermal and momentum accommodation 
constants, and the sedimentation, Impaction, and diffusion areas. 

VII.C. Flow Path of Computing Routines 

The code is a marching solution using explicit calculations. The 
algorithm has not yet been documented. 

VII.D. Outputs of Code 

The output shows the aerosol particle distribution in grams, num-
ber, and DF in preselected size groups (both dry and wet) at time steps 
selected by the user. Also given are the overall removal factor for all 
particles and the geometric and number distribution statistics. Other 
outputs include the humidity of the gas in the Ice bed and total mass 
rate leaving the ice bed. 

The output of ICEDF code is probably usable in the present form, 
but could be improved by including a diagnosis of how the code performed 
the task, for example by showing the fractions absorbed by different 
mechanisms or at different times or from different regions of the ice 
containment. Such details could be used to help verify the model 
against separate effects data. 

The particle input distribution could be listed along with the out-
put details If the format were different. 

Some output options would be helpful; each user might then have the 
output that would be most convenient and suitable for that user's spe-
cific purposes. 
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Other convenient features would be a graphical presentation of mass 
distribution of particle sizes both In and out of the containment, and a 
time plot of the total mass absorbed In the pool. 

VII.E- Assessment of Code Validity for use In BM-2104 

Most mechanisms considered by ICEDF of the deposition of aerosols 
onto surfaces are treated by classical physics with little empiricism. 
The major uncertainties result from the lack of documentation and ex-
perimental verification to show that the mechanisms and boundary con-
ditions are valid, both for the model and for the actual conditions that 
may result from an accident. Order-of-magnitude analysis should provide 
a convincing argument for the inclusion of the mechanisms and models 
utilized as well as reasons for discarding or including other 
mechanisms. 

Reference II.D.l mentions several model assumptions requiring 
further study. One of these, particle growth due to water uptake, is 
being addressed in an updated version of ICEDF (ICEDF-2). This could be 
an Important addition to a successful model because fog formation is a 
well-known result of cooling moist air with ice and the aerosol/particle 
sizes may be significantly changed by this phenomenon. 

Another assumption mentioned for further study is that of a well-
mixed gas phase, which predicts a lower DF than does an undirectlonal 
flow assumption. The validation of quantification of the mixing assump-
tion would be an important accomplishment because this assumption af-
fects the result by orders of magnitude. The possibility of reentrain-
ment should also be addressed. 

As it stands, the ICEDF code is an Incomplete start for the source-
term problem. It Is incomplete In documentation, back-up material, and 
experiment toward justification of Its treatment of aerosol flow, 
melting Ice Interaction, and particle deposition. These aspects require 
more work before the code can be considered validated. However, the 
code has the potential to be a worthwhile link in the chain of calcula-
tions involved in source-term studies. 
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APPENDIX A 

PHENOMENOLOG1CAL MODELS AND SUPPORTING DATA 

A.l EQUATIONS USED IN ICEDF 

As discussed In Section I.D., several mechanisms of partial deposi-
tion are assumed to occur. No documentation of the equations used by 
the code Is available. The equations are largely taken from "Studies of 
FiBsion Product Scrubbing Within Ice Compartments" NUREG/CR-3248 (PNL-
4691) by W. K. Winegardner, A. K. Postma, and M. W. Jankowskl, and are 
reproduced here as being representative of If not the final equations 
used in the ICEDF code. Much of this appendix is drawn from that docu-
ment . 

Mechanisms that were identified as being potentially Important to 
the capture of aerosol particles are the following: 

• sedimentation 
• impaction and interception by basket wires 
• Brownlan diffusion 
• diffusiophore8is 
• thermophoresis 
• deposition arising from fluid turbulence. 

Preliminary predictive equations were derived to quantify the 
particle retention attributable to each mechanism. 

If particles adhere Irreversibly after they come into contact with 
a surface, the depletion process is first order with respect to airborne 
concentration: 

removal rate (g/s) - KCg (A.l) 

where 

K - removal rate constant, m3/s 
Cg - airborne concentration, g/cm3. 

Because of low fluid velocities and the presence of water in the 
ice compartment, little resuspenslon of aerosol is expected, and the 
perfect sink assumption is expected to be valid. Therefore the propor-
tionality of removal rate to airborne concentration, as depicted in 
Equation A. 1, is expected to be valid. 

A material balance written for the gas phase in the ice compartment 
for steady state may be expressed in words as: 

input rate - output rate + deposition rate (A .2 ) 
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In mathematical symbols this equation may be expressed as: 

GiCgi " KsCg + KICg + KBDCg + KDCg + K^Cg + Rj^Cg + G0Cg (A.3) 

where 

G - gas flow rate, m3/s 
C - airborne concentration, g/m3 

K • removal rate constant, m3/s 
1 - inlet conditions 
0 ~ outlet conditions 
g - in the gas phase 
8 - yalimentation 
1 •• i^p.iction and interception 

BD - Brownlan diffusion 
D - dlffuBlophoresls 
T " thermophoreBis 

TD « turbulent deposition. 

In general, Cg values identified in Equation A.3 would have values 
between Cgi and CgQ; for a perfectly mixed gas phase would be set 
equal to CgQ, the lowest concentration. If Cg is set equal to CgQ, 
Equation A.3 can be rearranged to solve for the fractional penetration, 
(P), defined as G0Gg0lGl.cgf 

P " 1 + t K. /G 
i 1 ° 

Equation A. 4 can be expected to overpredlct penetration because the 
driving force for deposition, Cg, Is minimized. 

A minimum penetration may. be predicted by considering a flow pat-
tern in which there is negligible mixing In the direction of flow. By 
dividing the flow path into n segments connecred in series, the overall 
penetration can be expressed as the product of the segment penetrations: 

P - Pi P2 ... Pn (A.5) 

Each P may be computed from Equation A. 4 by noting that the K value for 
each of the n regions can be obtained by dividing the overall K by the 
number of segments. If G is taken as constant for all of the segments, 
and if n Is allowed to become arbitrarily large, the penetration becomes 
exponential: 

P. - exp- I K±/G0 CA.6) 



483 

where P M is penetration for the division of the flow path into an in-
finite number of scries segments. 

In reality., some degree of back-mixing would be expected, but It 
is unlikely that the ice compartment will be perfectly mixed. There-
fore, actual values of P would be expected to fall between predictions 
based on Equations A.4 and A.6. 

The removal rate constants can be related to flow and particle 
parameters by mechanistic models. Models developed or adapted for the 
ice condenser are described below for the following processes. 

• sedimentation 
• impaction and interception 
• Brownian diffusion 
• diffusiophoresis 
• thermophoresls 
• turbulent deposition. 

Sedimentation 

The removal rate constant for gravity settling is simply the pro-
duct of settling velocity and surface area: 

Ks - V8A8 (A.7) 

where Vfl - particle settling velocity, m/s 

Ag " horizontal upward facing area, m2 

Particle settling velocity, Vg, can be related to particle size and 
gas properties by means of Stokes' law: 

P d2 gC 
Vs " <A'8> 

where 

pp - effective particle density, kg/m3 

dp • effective particle diameter, m 
g - acceleration due to gravity, m/s2 
Cm - Cunningham correction factor, dlmenslonless 
y • gas viscosity, kg/m.s. 
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Combining Equations A.7 and A.8 leads cot 

p d2gC A 

The settling area, As, is the sun of all of the horizontal areas that 
face upward, and would Include the following: 

• Ice basket wires (strips between perforations) 
• external Ice area 
• available Internal ice area 
• floor of Ice compartment 
• basket support structures. 

Stokes* law, Equation A.8, Is valid for Reynolds numbers up to ~1 
(Ref. 12),* which corresponds to an aerodynamic particle diameter 
of ~70 ym. If larger particles were present, their settling velocities 
would have to be computed using a modified equation that would account 
for the change In drag coefficient caused by the change in Reynolds num-
ber. 

Impaction and Interception on Basket Strips 

The perforated steel baskets contain a "large number of horizontal 
strips, around which gases could flow either oy forced convection or by 
natural convection. The individual web segments are 1.91 am thick, 6.35 
mm long (In the direction of flow) and 2,54 cm wide. Impaction and in-
terception occur onto the end of the rectangular cross section as the 
stream lines pass around the cross section. 

The capture of particles by Immersed bodies is generally charac-
terized by an impaction efficiency, defined as the fraction of particles 
approaching the body that is captured. Designating the Impaction effi-
ciency as e, the removel rate constant can be expressed as: 

KIVIAIe (A.10) 

where 

Vj - gas velocity approaching the strip, m/s 
Aj • projected area for impaction, m2 

e • impaction efficiency. 

The impaction efficiency was related to particle and flow parame-
ters by means of correlations developed for cylinders. An empirical fit 

*For all references in this appendix, see Reference 1 of Sect. II.D 
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of Impaction efficiency data presented by Fuchs (Ref. 13) may be ex-
pressed BB: 

e £££ 0.04 (A. 11) 
(stk + 0.5)2 

where stk Is the Stokes number. 

ratio of stopping distance to collector size, is 

(A.12) 

where dc is the diameter of the collector cylinder. 

It should be noted that the value of e given in Equation A. 11 Is 
allowed to have values of zero or greater but cannot have negative 
values. 

Stokes number, the 
defined by: 

VfP d2C 
8 t k - I P P « 

9ud 

Interception efficiency of particles by the strips was related to 
particle size using a formula given by Fuchs (Rof. 13): 

e i n t " 2 / <A-13> c 

The total capture efficiency due to impaction and interception Is ob-
tained by adding Equations A.11 and A.13: 

e 0.04 + 2 ̂  (A.14) 
1 (stk + 0.5)2 dc 

The target area for impaction is the same aa that for sedimentation on 
the basket wires and is estimated to be 1240 m2. The collector diame-
ter, dc, is equal to the metal thickness, 1.91 mm. 

The fluid velocity, Vj, is retained as a parameter in the model. 
Rough estimates of V^ can be made on the basis of the average forced-
convection velocity through the compartment. Alternatively, natural-
convection velocities induced by the temperature gradient between bulk 
gaa and the Ice could be estimated. Both methods lead to predicted 
velocities on the order of 1 ft/s (0.3 m / s ) . Future studies aimed at 
better quantifying the effective flow velo-v - around basket strips 
would be worthwhile. 
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Brownlan Diffusion 

Particles exhibit a diffuslvity as a result of momentum exchanges 
with surrounding gas molecules. For the case in which the gas Is iso-
thermal and has no molecular weight gradients, the particle mobility 
arises from Brownian diffusion. Particles would experience a net flux 
toward surfaces because of concentration gradients; particle capture by 
the surface Is assumed to reduce the gas phase concentration of parti-
cles to zero there. 

The efficiency of deposition depends both on the dlffusivlty. and 
the fluid flow pattern past a surface. Three generic flow regimes can 
be Identified for the ice compartment. The first is flow around the 
basket strip. The second is flow parallel to surfaces such as the walls 
of the compartment. Third is flow through the crushed ice in baskets. 

Capture of particles by horizontal basket strips was modeled by 
treating the strips as cylinders. For cylinders, the removal rate con-
stant can be expressed in terms of a target efficiency: 

- gas velocity approaching the strip, m/s 
A b d - projected area for dlffuslonal deposition, m2 

e 0 D - diffuslonal capture efficiency. 

Target area is calculable from the number of strips that exist and 
the area per strip. An effective cylindrical diameter for the strip was 
computed by equating the perimeter of the cylinder with the perimeter of 
the rectangular strip; the equivalent diameter is 5.26 mm. A cylinder 
of this diameter would exhibit the same surface area and same exposure 
time (assuming similar velocity profiles for rectangle and cylinder) and 
therefore appears to reasonably simulate the strip. AgD for all 1944 
baskets is predicted to be 3.43 x 103 m2. 

Target efficiency was related to fluid and particle parameters 
using an equation for cylinders that is presented by Plch (Ref. 14): 

*BD " VIABD6BD (A.15) 

where 

e, BD (A.16) 

where 

Pe - Peclet number - —j 

Re - Reynolds number - P dc U 
y 
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dc • diameter of collector cylinder, m 
U • gas velocity, m/s 
D - particle dlffuslvlty, m2/s 
p • gas density., kg/m3 

p • gas viscosity, kg/m*s. 

Particle diffuslvlty may be related to particle and gas parameters 
by means of the Stokes-Elnsteln equation, one form of which Is (Ref. 
15): 

kTC 

P 

where 

k * Boltzmanns constant 
T • absolute temperature, K 
Cm - Cunningham factor, dlmenslonless. 

The Cunningham factor, Cm, may In turn be computed as a function of 
Knudsen number by: 

C - 1 + A - + Q A e"b T (A. 18) m r r 

where 

A is a constant equal to 1.246 
Q Is a constant equal to 0.42 
b Is a constant equal to 0.87 
X is the gas mean free path length 
r Is the particle radius. 

The numerical constants A, Q, and b listed above apply when X for 
air at 1 atmosphere pressure and 0°C is assigned a value of 0.0653 ym 
(Ref. 15). 

Equations A.15, A. 16, and A. 18 together permit KgD to be quantified 
for flow around basket strips. 

The second flow regime involves the flow of gas parallel to sur-
faces. The surfaces include compartment walls, floor, and celling, the 
vertical strips of the ice baskets, and probably flow along ice sur-
faces. The removal rate constant may be written formally as: 
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* B D " J k i A i (A'19> 

where 

ki - mass transfer coefficient to 1-th surface, m/s 
A^ - surface area of 1-th surface, m2 

For naturally convected flows, a mass transfer coefficient can be 
predicted using a heat transfer/mass transfer analogy (Refa. 16, 17): 

V 1/3 - g - - 0.13 (Gr Sc) ' (A.20) 

where 

kp - mass transfer coefficient, m/s 
t • length of surface in direction of flow, m 

Gr • Grashof number 
Sc - Schmidt number - -̂ r • pD 
The Grashof number characterizes the flow of naturally convected 

boundary layers, and may be expressed as: 
3 

G r - i ^ i a (A. 21) 
X 

where 

i - length of surface In direction of flow, m 
g » acceleration due to gravity, m/s2 

v - kinematic viscosity of ga8, m2/s 
Ap - density difference in fluid-bulk compared to fluid at the 

surface, kg/m3 
p - bulk density, kg/m3 

The density difference, Ap , is the total value that would result 
from both temperature differences and differences In molecular weight. 

In combining Equations A.20 and A.21, the length scale, A, cancels, 
making ICQ Independent of I. This independence applies for turbulent 
flow, for the large distances applicable to Ice compartments, turbulent 
flow is expected to occur over a large fraction of the surfaces along 
which naturally convected boundary layers flow. 

An alternative formulation of the Sherwood number may be based on 
correlations for forced convection along surfaces. Typically, the 
Sherwood number varies with Sc and Re based on length. A correlating 
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equation for flow along a flat plate Is presented by Sherwood et al. 
(Ref. 18): 

The symbols In Equation A.22 are as previously defined except that Re^ 
uses the length of the surface (In the direction of flow as the charac-
teristic length. 

Dlffuslonal capture within the crushed ice itself may be viewed as 
an absorption process within a packed bed. For such beds a deposition 
velocity may be related to the Reynolds number (Ref. 19@. A first, crude 
estimate of dlffuslonal deposition within crushed Ice was made by as-
suming a flow velocity of 1 cm/s, an ice particle diameter of 0.32 cm, 
and nominal values for gas viscosity and density. Based on these as-
sumptions, the deposition velocity divided by the average velocity was 
predicted to be 0.7 times the Schmidt number to the two-thirds power. 
The surface area for dlffuslonal deposition was related to Ice avail-
ability by means of Equation A.l. 

The overall removal rate constant, KBD, is the sum of the contri-
bution due to flow around the basket strips, that due to flow parallel 
to surfaces, and that due to deposition onto ice. Thus, Kg^ may be ex-
pressed as: 

Diffuslophoresls 

The condensation of steam onto ice surfaces causes particle drift 
by two mechanisms: 1) there is a net flow of gas toward the cool sur-
face, often termed Stephan flow, which convects particles toward the 
surface, and 2) the gradient in steam concentration results in a mole-
cular weight gradient that causes particles to experience a force in the 
direction of the gradient. For steam/air mixtures these two mechanisms 
are opposing; however, the Stephan flow dominates and the particles are 
convected to the surface and scrubbed by the condensing steam. 

The removal rate constant, KD, may be expressed as: 

0.037 Sc1/3 (ReJ'8 - 15,500) (A.22) 

S d " VIABDeBD + J kiAi (A.23) 

% " VDAD (A. 24) 
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where 

VD - particle deposition velocity, m/s 
A d - surface area for dlffuslophoretlc deposition, m 2 . 

The net deposition velocity due to both Stephen flow and the mole-
cular weight gradient may be related to particle and gas parameters by 
means of a formula presented by Waldmann and Schmidt (Ref. 20): 

VD - - (l + o 1 2 X 2 ) 5 - ^ I (A.25) 
N ' X2 dy|w 

where 

VD - drift velocity of a particle due to condensation of steam or 
ice, m/s 

a12 " a parameter whose value is dependent on the molecular weights 
of the two gases present, dlmensionless 

X2 mole fraction of noncondenalble gas 
D - dlffuslvlty of steam/air mixture, m2/s 
X • mole fraction of water vapor 
y " distance measured from the surface onto which condensation 

occurs, m 
w - a subscript referring to properties at the wall (surface) 

onto which steam condenses. 

The gradient dX/dy|w varies with position, from 0 (cool air) to a 
maximum (inlet conditions). Average values of VJJ AD were found to be 
predictable on the basis of the quantity of steam condensed. 

The concentration gradient (of water vapor) that causes particle 
drift also causes the condensation of steam. Steam flux at the wall may 
be expressed as (Ref. 21): 

where 

N - steam flux, moles/m2*s 
c - molar concentration in gas, moles/m3. 

The overall steam condensation rate within the Ice compartment Is 
the average value of the steam flux times the wall area: 

/C°AB dx\ 
I X2 dyJ condensation rate - -A_ I — — — I (A.27) 
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Condensation rate may be expressed as the difference between the rates 
at which steam enters and exits from the ice compartment. 

condensation rate » steam inlet rate - steam outlet rate 

M2 (X2 X. Uf"x-1 (A-28) 
where 

M » air flow rate, moles/s 
X » mole fraction of gases, refers to water vapor if no subscript, 

subscripts are defined as follows: 
2 - refers to air 
0 - refers to outlet conditions 
1 - refers to inlet conditions. 

Based on the perfect mixing assumption, the steam content of the 
air leaving the compartment is the same as the mole fraction at the 
wall. Eliminating condensation rate from Equations A.27 and A.28 leads 
to: 

y — - jr- , , (A.29) X2 dy/w X2(. 

By combining Equations A.24, A.25, and A.29, the removal rate con-
stant can be expressed in terms of flow parameters: 

S - (l + o12X2) f ^ i . - Xo) (A.30) 

The quantity (M2/X2c)Q in Equation A. 30 is equal to the volumetric 
gas flow rate existing from the compartment. Thus KD can be written as: 

(A.31) « D - [ 1 + " 1 2 C 1 - X 0 > ] 

The value of 012 depends on particle and gas parameters. For large 
particles (diameter large compared to the mean free path of the gas), 
Waldmanr and Schmidt (Ref. 20) present an empirical formula: 

m l — m 2 ^ 1 — ^ 2 
o12 - 0.95 . . . (A.32) mi + m2 di + d2 
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where 

m - molecular weight of the gases 
d - atomic diameter of the gases 

1,2 • subscripts referring to condenslble and noncondensible gas, 
respectively. 

For steam and air, Equation A.32 predicts a 012 value of -0.13. 
Using this value of ai2, and neglecting XQ compared to unity (water 
vapor concentration in outlet gas will be low when excess ice is pre-
sent), an estimate of the quantity [1 + (1 — X^l is 0.9. Using 
this approximation, Equation A.31 becomes: 

The fractional penetration for any mechanism varies with K/G0 (see 
Equation A.4). Because G0 is a factor In Equation A.33, it is obvious 
that the fractional penetration resulting from diffusiophoretic deposi-
tion will be Independent of the outlet gas flow rate. This finding Is 
not unexpected because the average driving force for deposition is 
thought to vary with the fraction of steam condensed and not with the 
flow rate itself. 

Thermophoresis 

Particles experience a radiometric force when they are suspended In 
a gas in which a temperature gradient exists. In general, the drift ve-
locity is directly proportional to the magnitude of the temperature 
gradient (Refs. 20, 22, 23): 

VT - thermophoretic drift velocity, m/s 
Ci - a constant whose value depends on particle and gas properties, 

m2/s.K 
dT » temperature gradient, K/m. 

The removal rate constant, Kj, resulting from thermophoresis is the 
average of the products of deposition velocity and surface area: 

(A.33) 

(A.34) 

where 
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KJ - V-JAJ (A. 35) 

where Aj - surface are for thermophoresis, m2. 

The temperature gradient that causes particle drift also causes the 
transport of sensible heat from the gas phase. The rate of sensible 
heat loss may be related to the temperature gradient In the gas adjacent 
to the surface: 

heat loss - -kAT (A. 36) 

where k - thermal conductivity of gas, tf/m*k. 

The average heat loss rate (sensible heat only) can be expressed as 
the difference between heat contents of Incoming and outflowing gas: 

heat loss rate - P ^ C ^ C ^ - TR) - P 0 G 0 C p o ( V V (A. 37) 

where 

p - gas density, kg/m3 

C - gas heat capacity, j/kg.K 
T - temperature, "C 

1, o, R - subscripts referring to Inlet, outlet, and reference con-
ditions, respectively. 

If the reference temperature, TR, is selected as 0°C, Equations 
dT A.36 and A.37 can be rearranged to yield the average value of Ap 

oGo (piGiCpi „ „ \ 
T 

_ A dT 
*T dy 

p C G / p^G.C . o wo o I 1 1 Pi m T 
\ P G C xi o; w \ o o po 

w 

(A.38) 

dT The average value of Aj defined in Equation A.38 may be used 
along with Equations A. 34 and A ^ 5 to relate Kj. to thermal and flow 
parameters: 

*T * C1 cT ( B T i ~ V (A.39) 

where 

a - thermal diffusivlty of gas at outlet conditions, m2/f> 
B • a constant » p.G.C ./p 6 C 1 1 pi o o po 
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T - gas temperature, °C 
i, o - subscripts referring to inlet and outlet conditions, 

respectively. 

As is evident from Equation A.4, the penetration due to thermo-
phoresis is dependent on KT/GQ. Because GQ is a factor in Equation 
A.39, gas flow rate will not play a critical role In thermophoretic cap-
ture. This finding is parallel to the prediction for diffusiophoresis 
and is as expected, considering that the integral value of the tempera-
ture gradient (the driving force) is limited by the quantity of heat or 
mass that can be transferred per unit volume of gas. 

The numerical value of CI depends on particle and gas properties., 
predictive equations that account for Important parameters are listed in 
References 20, 22, and 23. Rough estimates of CI/A Indicate that this 
quantity would have a numerical value of ~10" 3/°C. Thus for (BT^ — TQ) 
- 100°C, K T / G q , from Equation A.39 is predicted to be 0.1. This cor-
responds to a removal efficiency of ~10% fo^ thermophoresis (see Equa-
tion A.4). This low removal efficiency indicates that thermophoresis 
will not normally be a dominant particle trapping mechanism. 

Turbulent Deposition 

Turbulent eddies that have velocities directed toward a confining 
wall can cause suspended particles to impact the wall. The gas flow 
through the channels formed by the ice baskets is predicted to be turbu-
lent, and turbulent deposition onto vertical surfaces would therefore 
contribute toward particle retention. The deposition rate due to fluid 
turbulence can be characterized in terms of a deposition velocity. 

A correlation for deposition velocities in vertical tubes is pre-
sented by Sehmel (Ref. 24) in the form: 

Kt - 1.47 X 10-16 pi. 01 R2.10 Rf.3.02 (A.40) 

where 

K + - VTD/U* 
^TD * turbulent deposition velocity, m/s 
U* - friction velocity - (t0/p')l/2, m/s 
T • shear stress at the wall, kg/m*s2 
p - density of gas, kg/m3 

p - particle density in g/cm3 
R " ratio of particle diameter in pm to tube diameter in cm 

Re • Reynolds number of flow. 

The removal rate constant for this mechanism is the product of 
deposition velocity and area: 
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KTD " VTD^rD (A.41) 

where A ^ - surface area for turbulent deposition, m2. 

An example calculation was carried out to Illustrate the predicted 
Importance of turbulent deposition. Upward gas flow velocity was com-
puted under the assumption that one fan operated and the steam flow rate 
was 5000 lb/min (37.9 kg/s). The value of Re was computed to be ~7000 
and U* was estimated to be 5.55 cm/s. For a particle having an aero-
dymanic diameter of 10 ym, V T D was computed to have a value of 6.19 * 
10-7 m/s. The value of K^D^o w a 8 estimated to be 8.9 x 10"*4. From 
Equation A.4 it may be seen that the fractional removal efficiency due 
to turbulence is predicted to be ~0.001. This value is negligible com-
pared to other mechanisms and hence it is predicted that turbulent depo-
sition is not an important mechanism. 

A.1.1 Depletion of Fission Products from the Containment Atmosphere 

The quantity of radioactive material that could leak from the con-
tainment atmosphere depends on the time/concentration history, leak 
rate, timing of assumed containment failure, and leak path retention. 
Scoping calculations were performed to illustrate how ice bed scrubbing 
affects the airborne concentration in the lower and upper containment 
volumes. 

A material balance written on the lower volume, in which the radio-
active material is assumed to enter, leads to the following differential 
equation: 

d C L 
V L d T - Q ( C U - CL> + S ( A - 4 2 ) 

where 

V^ - volume of lower region, m 3 

C - airborne mass concentration, kg/m3 

Q • gas flow rate, m3/s 
S » source mass rate, kg/s 

L,U « subscripts referring to lower and upper volumes, respec-
tively. 

A similar material balance written for the upper volume leads to: 
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where DF - decontamination factor achieved by the Ice bed. Equations 
A.42 and A.43 together form a pair of simultaneous differential equa-
tions that describe the time/concentration history. 

At steady state, the time derivatives vanish, leading to: 

and 

C L - / S t\ <A'45> 

Equation A.44 shows, as expected, that the upper volume concentration is 
lower than the concentration in the lower volume by a factor which is 
just the ice bed DF. According to Equation A.45, the steady-state di-
mensionless concentration in the lower volume (C^Q/S) varies from * to 1 
as the DF varies from 1 to For a DF of 10, C^Q/S takes a steady-
state value of 1.11, a value only 11Z greater than for the limiting case 
of Infinite DF. 

Equations A.44 and A.45 were solved numerically by minicomputer for 
two hypothetical cases of interest. Two cases were analyzed for a re-
circulation rate corresponding to the operation of one fan. DF values 
of 10 and 1 were assumed. Because leakage from the system would most 
likely originate from the upper volume (regions downstream from the ice 
compartment), an Important measure of the benefits of ice bed scrubbing 
is the ratio of airborne concentrations in the upper compartment with 
and without scrubbing. The leakage potential (concentration in the up-
per volume was diminished by a large factor, a factor that is 3.3 times 
larger than the ice bed DF itself. Of course the source term to the en-
vironment depends on a number of parameters which are in turn sequence 
dependent; this scoping calculation illustrated that ice bed scrubbing 
could be highly significant in reducing accident source terms. 

A.1.2 Model Assumptions that Require Further Study 

A number of simplifying assumptions were made in deriving the cap-
ture models. Some of these are of uncertain validity. Most introduce 
conservatism into the predictions, hampering the goal of making realis-
tic predictions. A particularly Important assumption, that of the well-
mixed gas phase, is thought to require further study and is discussed 
below. 

The gas phase of the ice compartment was considered to be a single, 
well-mixed volume. This assumption causes the scrubbing efficiency to 
be underpredicted. From Equation A. 4 the DF for a single well-mixed 
volume is: 
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(DF)^ - 1 + E K1/Go (A.46) 

and from Equation A.6, the DF for unidirectional flow la 

(DF)UD - exp E K1/Gq (A.47) 

Eliminating E KjGq between these two equations allows (DF)UD to be ex-
pressed In terms of (DF)^: 

>F)ud - exp (DF)^ - 1 (A.48) 

For very small values of (DF)^, the quantity on the right hand side of 
Equation A.48 can be approximated by (DF)^ (since e x * 1 + x). T••':ve-
fore the two DF values are about the same when there is little removal. 

When (DF)^ is significantly greater than unity, the DF for the 
unidirectional flow case is much greater than (DF)^. This effect is 
illustrated numerically by calculating some examples. 

Comparison of the results shows that the flow regime has a great 
effect on predicted DFs for particles smaller than 0.1 pm and larger 
than 1.0 iim. For accident sequences in which a significant fraction of 
aerosol mass is outside this range, the predicted scrubbing efficiency 
would be very different for the two flow regimes., realistic predictions 
can be made only if a better understanding of gas mixing in the ice com-
partment is developed. 

A.2 SUPPORTING DATA 

The preceding discussion of the equations indicates the nature of 
their use and development. Little Information is given in the reference 
document on the data base for which the equations are derived or shown 
to be correct. 

A systematic validation would Include data and/or uncertainty 
analysis for each assumption and formula, but this has not been done. 

Ideally the equations given in Section A.l would be validated by 
data showing that each equation is a true or good representation of the 
physical phenomena involved. Uncertainty analysis would be used to show 
that the assumptions do not cause excessive error. Some equations such 
as balances of mass, momentum, and energy may be taken a priori as being 
correct since they represent mathematical truths. Justification and 
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validation with data are mainly needed on phenomenological models and 
constitutive relations. The mathematical combinations of the constitu-
tion relations with the conservation equation give the hydrodynamical 
equations, which are a closed set of equations for the field results and 
which are solvable given the necessary boundary conditions. 

The assumptions listed in Section I-D should be justified in a sys-
tematic way. to validate each step of the ICEDF code. The code could be 
validated in some respects (and finally) by an "integral" test to show 
that all tbe steps do add up to the correct final result. The Integral 
test has the risk of obscuring offsetting errors in the detailed 
mechanisms. 

The degree to which the equations and boundary conditions have been 
supported by data or otherwise justified (i.e., the validation status) 
in the ICEDF documentation is suggested in Tables A.l and Table A.2. 

In general, a systematic validation has not been performed, and no 
integral tests have been made to validate ICEDF. 
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Table A.l. Status of Data Base for Asseumptlons In ICEDF 

Assumption Comments 

• Particles adhere irreversible at contact with a A common assumption but 
surface NDCa 

• The depletion rate process Is first order with A common assumption but 
respect to airborne 
conceit tratlonno data 
are cited (NDC) 

• The actual case is bracketed between a perfect mixing Calculations suggest 
case and one In which there is not longitudinal this case but NDC 
(along the flow path) mixing or diffusion 

• Gravitational setting occurs in the laminar sublayer NDC 
onto all upward-facing "horizontal areas" 

• Impaction onto wire baskets is correlated by an NDC 
empirical equation given by Fuchs (Ref. II.D.3, 
pp. 162-168) 

• Impaction onto strips Is correlated by an additive NDC 
Factor in the empirical equation given by Fuchs 
(Ref. II.D.3, pp. 162-168. 

• The flow is turbulent NDC 

• An alternative correlation of deposition can be that NDC 
given by Sherwood (Ref. II.D.7, p.201) for flow 
along a flat plate 

• Diffuslonal capture on crushed ice can be estimated NDC 
from Reynolds number correlations of absorption in a 
packed bed (Ref. II.D.7, p. 243) 

• The overall removal rate 1s the sum of the several NDC 
rates by different machines 

• The diffuslophoresis effect on particle deposition NDC 
Is -redlcted by a formula of Waldman Schmidt (Ref. 
II.D.4, p. 137-162) based on concentration gradients 
and dlffuslvity of the steam/air mixture. 
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Table A.l. (continued) 

Assumption Comments 

• The particle diameters are large compared to the mean 
free path of the gas (Cunningham slip factors are 
used) 

• The outlet fraction of water vapor in the outlet gas 
is negligible compared to the inlet fraction (except 
when ice is gone) 

• Target area for impaction, sedimentation, diffusion 
may be different 

• Fluid velocity is a model parameter and must be given 
separately estimated (velocity - volume flow/super-
flcial cross-sectional area) 

• Diffusion capture by wires and strips can be modeled 
by treating the strips as cylinders of equivalent 
(surface area) diameter 

• Target efficiency for diffusion deposition can be 
correlated by an equation presented by Pick 
(Ref. II.D.4) 

• Particle dlffuslvltles can be related to particle and 
gas parameters by the Stokes-Einsteln equation by pro-
cedures given by Fuchs (Ref, II.D.3, pp. 27 and 181) 

• Particle mass transport from flows parallel to the 
surfaces can be predicted by correlations involving 
the heat transfer-mass transfer analogy (Refs. 
II.D.5,6) 

• The thermophoresls effect on particle deposition can 
be derived from equation by Waldman and Schmidt (Ref. 
II.D.4, pp. 137-162), Goldsmith and May (Ref. II.D.4, 
pp. 163-194) and Gleseke (Ref. II.D.8, 211-252. 

• Turbulent deposition can be represented by a correla-
tion for deposition by Sehmel (Ref. II.D.l, Ref. 24) 

• Particle growth due to water uptake fog formation 
during encounter of moist gaB with cold ice is 
important (ICEDF-2 models this) 

NDC 

NDC 

This is true as a 
general case 

NDC 

NDC 

NDC 

NDC 

NDC 

Appears to be 
unimportant 

NDC 

NDC - no data cited. 
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Table A. 2. Statue of Data Base for Code Inputs 

Code Input assumptions or choices 

Inputs to ICEDF are the time-
dependent variables: 
• Number of input times steps 
• Particle diameter of each size class 
• Individual particle density 
• Weight fraction of soluble material 

(such as cesium hydroxide) 
• Particle concentration In each size 

class 
• Hydrogen gas input rate as mole 

fraction 
• Water vapor input rate as quality 
• Water vapor outlet rate as mole 

fraction 
• Carbon monoxide gas rate as mole 

fraction 
• Air Input rate as mole fraction 
• Carbon dioxide input rate as mole 

fraction 
• Sedimentation area (4 classes) 
• Impaction area (2 classes) 
• Diffusion area (4 classes) 
• Impaction velocity 
• Ice efficiency parameter 
• Density modification factor in 

Knudsen number 
• Gas inlet flow rate 
• Shape factor for Stokes' drag 
• Convective temperature difference 
• Inlet gas temperature 
• Inlet gas pressure 

Comments 

NDCa 

From another code 
From another code 
From another code, NDC 

From another code, NDC 

From another code, NDC 

From another code, NDC 
From another code, NDC 

From another code, NDC 

From another code, NDC 
From another code, NDC 

NDC for ice 
NDC for ice 
NDC for ice 

ND 
NDC 
From other code, NDC 
From other codes, NDC 

Calculated for geometry, but 
Calculated for geometry, but 
Calculated for geometry, but 
NDC 
NDC 
NDC 

From other codes but NDC 
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Table A.2. (continued) 

Code Input assumptions or choiceB 

A ealculatlonal parameter is 
0 Number of v l... to,, 

elements 

Physical parameters are: 
• Thermal dlffuslvlty of gas 
• Thermal conductivity of gas 
• Thermal accomodation constant 
• Momentum accommodation constant 
• Containment volume 
• Gaa constant 
• Flow area between ice basket columns 
• Number of flow columns in ice bed 
• Contact perimeter of flow columns 

Output control variables are: 
• Number of desired output times 
• Specified output times, min 

Mill, i-. Jut.. > Lholt.t 

Handbook value of physical property 
Handbook value of physical property 
NDC 
NDC 
Calculated from geometry, NDC 
Physical property 
Calculated from geometry, NDC 
Calculated from geometry, NDC 
Calculated from geometry, NDC 

NDC, to justify a choice 
This is a user option 

aNDC - no data cited. 
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