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ABSTRACT

A computational model is described that calculates the transient behavior of aerosol and vapor
(adsorption) f'riter compartments such as those used in the Savannah River Site (SRS) production
reactor confinement system. The principal application of the model is in the analysis of
confinement response to hypothetical severe (core melt) accidents. Under these conditions, aerosol
and radio-iodine deposition on filter compartments may be substantial. Attenda_t filter degradation
mechanisms are modeled. Sample calculations are included to illustrate model performance.

INTRODUCTION

Many of the facilities operated by the U.S. Department of Energy, including the SRS
production reactors, are housed in a confinement structure that is designed to mitigate the effects of
potential releases of radioactive materials to the environment. An important feature of these
systems is a set of multiple-medium filter compartments that are designed to capture halogens and
particulate that may be released to the confinement building during an accident. These
compartments represent the final barrier to fission product release to the environment. Therefore,
realistic representation of their response to postulated accidents is a necessary element of an SRS
accident analysis computational model. A parametric model is described for analysis of the
physical and thermal response of the SRS confinement filters to severe accident conditions. This
model has been added to the MELCOR/SR computer code (an integrated severe accident analysis
code for the SRS reactors)l.

AACS FILTERDESCRIPTION

The configuration of the Airborne Activity Confinement System (AACS) triter compartments
is illustrated in Figure 1. Up to five compartments (aligned in parallel flow paths) can be in service
at one time. Each compartment is a filtration-adsorption unit consisting of a series of moisture
separators, High-Efficiency Particulate Aerosol (HEPA) filters and halogen adsorbers. The
moisture separators (Demisters®a)consist of mats of woven Teflon® b yarn. They are designed to
remove approximately 99 percent of water droplets (one to five microns in dianaeter) entrained

a "Demister" is a registered trademark of the Otto H. York Co.
b "Teflon" is registered trademark of E. I. (Iu Pont de Nemours & Co.
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in the flow stream. The HEPA filters have been demonstrated to remove greater than 99.9 percent
of all dry particles incident to the tilters. The halogen adsorbers consist of a serpentine one-inch-
thick mesh of coconut shell charcoal impregnated with potassium iodine and Triethylenediarnine
(TEDA). These charcoal filters c:,i_tureapproximately 99.7 percent of incident molecular iodine.
The capture efficiency of organic iodides is similar when the filters are initially installed, but
degrades with service. The charcoal filters remain in service for approximately 30 months.

MODELDESCRIPTION

The filtration capability of the AACS filter model is a simple extension of the model in ta_,e
MELCOR 1.8.0 computer code3. An analyst-defined Decontamination Factor (DF) operates on the
flow stream containing the filters. An individual filter is defined as being an aero.;ol or vapor filter
(i.e., it is able to remove one or the other but not both from the flow stream). In addition, values
for the DF of individual filters within a single flowpath (f'flter compartment) may differ from each
other and, for aerosol filters, may be specified as being a function of incident aerosol size.
Figta'e 2 is a schematic representation of the MELCOR/SR model of the SRS three-stage filter
compartment,

An important new feature of the MELCOR filter model is the addition of models for
degradation of HEPA and charcoal filter performance under severe accident conditions. For the
Demisters® and HEPA filters, models have been added to calculate the pressure drop across
individual filters within a single flowpath (filter compartment) and represent increased flow
resistance accompanying aerosol mass _,_cumulation up to and including mechanical failure of a
filter. For the charcoal filter, models ha_,e been developed to represent several postulated
mechanisms by which radio-iodine may re-evolve from the filter. These include radiolytic
desorption, thermaldesorption, and releases accompanying charcoal ignition and combustion.

PressureDropinAerosolRlters

Calculation of the pressure drop across an aerosol filter is performed assuming laminar
flow conditions through the filter:

6p = 2 fl p v2/d (1)

where the friction factor (f) is estimated by:

F=SI_m/Re . (2)

The laminar flow coefficient (Slam)is assumed to be a linear function of aerosol mass
= accumulation. The calculated filter pressure drop is then added to the turbulent or laminar frictional

pressure loss associated with the flow path containing the filter. Filter failure is assumed to occur
when the filter Ap exceeds a maximum value specified by the analyst. In this context, failure
means the filter DF changes to another analyst-specified value (typically 1.0) and an analyst-
specified fraction of the materi_d previously captured by the filter is released to downstream
cor_lponents.
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CharcoalDegradationMechanisms

RadiolyticDesorption.Iodine desorbs from the charcoal beds due to extended exposure to
a radiation field. Empirical (steady-state) relations have been developed for the charcoal used in the
SRS fibers for the radiolytic desorption rate of iodine as a function of exposure time (to) and
charcoal age (i.e., time in service). These expressions have the following form:

Rate(rad) = C 1Dlif + C2 Dlif to (3)

where Dlif = C3 + age [C4 + C5 age] (4)

Thermal Desorption. The charcoal beds can increase in temperature from decay heating of
adsorbed radioactive iodine and by heat transfer from hot inlet gases. The charcoal inlet gas
temperature can increase from decay heating of radioactive particulate deposited on the upstream
HEPA filter. A simple energy balance is used to calculate changes in the mean charcoal bed
temperature and the exit temperature of gases passing through a filter compartment. The following
assumptions are used to formulate the energy balance.

• The charcoal bed is spatially uniform.

• Heat transfer between the charcoal bed and passing gases is characterized by a heat transfer
coefficient sufficiently large to allow the gas and charcoal to achieve then_al equilibrium at the
bed outlet.

• Heat losses from a filter compartment me a constant fraction of the total decay heat available
i from radionuclides deposited on ali filters in the compartment.i

• Charcoal thermal properties are constant.

The resulting energy balance yields:

dTc + _ng frg,out Tin) (5)Qc = Mc Cp_ dt Cp,g -

where subscripts c and g refer to the charcoal bed and gas, respectively; Qc is the total decay heat
from radio-iodine in the charcoal bed; and the value for the gas inlet temperature (Tg, in) is
calculated by performing a similar energy balance over the HEPA filter.

By equating the mean charcoal bed temperature and the gas outlet temperature, equation
(5) is solved to yield an algebraic expression for the charcoal bed temperature at time _t2), given an
initial temperature at time (tl).

Tc (t2) = Tg,out(t2) and

KI •
Tg,out(t2) = _ + [Tg,out(tl) - Tg,in(tl) - Qd/(mgCp,g)]exp[-K2(t2-tl)] (6)

i where
J
|

[Qc + mgco,gTg,in(tl)]
K1 = Mcc,p,c -

, 5
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K2 - mgCp,g

Qd = C.6Qc+ C7QH, [0 < C6; C7 < 1.0]

Qc and QH are the decay heat content of the charcoal and HEPA filters, respectively.
Figure 3 illustrates the nomenclature used in the charcoal filter energy balance.

The thermal desorption rate of iodine from the charcoal bed is a function of the calculated
charcoal bed temperature. The expressions for steady-state thermal desorption rates developed at
the Savannah River Laboratory that have been incorporated into the MELCOR model have two
alternative forms:

Rate(wh) = C8 exp[C9 age] C10 exp [CI I(Tc) + CI2(Tc)2] (7)

or

Rate (Th) = C13 x 10[C14+ Tc(CI5 + CI6Tc) + age(C17+ Cl8age)] .

Coml_slion Releases. If the charcoal temperature rises to its ignition point (573 to
603K), carbon is assumed to oxidize and release adsorbed iodine. The MELCOR model for this
process assumed that the iodine release rate is proportional to the mass of charcoal consumed.
That is:

d_t
- ],combustion= N = n Rcombustiondt -

The reaction rate of the charcoal taken from coalconversion literature4 is represented by:

Rcombustion= C19 exp[-C20/RTc] . (9)
z

!

The heat of reaction is added to the remaining carbon mass [i.e., added to the value of Qd in
equation (6)], thereby accelerating the heatup rate.

- 6
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SAMPLE RESULTS

Results from two applications of the filter model are presented tc illustrate model performance
for a spectrum of accident conditions. In the first application5, a separate effects model was
developed to represent the response of the AACS filter compartments to relatively small
radionuclide and aerosol burdens. Numerous sensitivity calculations were performed to examine
the effects of different flow distributions among the parallel filter compartments on the carbon filter
temperature. Different flow distributions were causedby assumed realignment or spurious
operation of the flow dampers in the AACS. The second application examined hypothetical fuU
core melt scenarios. In this application, the AACS model was expanded and integrated with a
detailed SRS reactor confinement model. The detailed confinement model study results illustrate
the synergistic effects of the filter train on the ex-vessel fission product transport. The presented
results will emphasize the filter response rather than a detailed discussion of the transient
assumptions or results.

,SeparateEffectsCalculations

Two types of_hypothetical accidents were investigated for the separate effect calculations.
The f'trst type were permutations of the SRS AACS design basis accident scenario (i.e., an
assembly misloading accident that results in overheating and melting of approximately 13 fuel
assemblies). The AACS configuration for the base case accident scenario is illustrated in Figure 4.
It was assumed that one exhaust fan and three filter compartments operate. As shown in Figure 4,
each filter in the three active AACS filter trains was modeled separately. In addition, the two active
exhaust fans were modeled separately. Through user input, the fans and filter could be lumped
together for a s_mpler model. However, the present model provided maximum flexibility in
simulating alternate hardware configurations due to be spurious closures of the flow control
dampers. The entire confinement was modeled with a single control volume cell because only the
AACS response was of interest.

Initial (steady state) flow conditions through the filter compartments were benchrnarked
to measured system characteristics6. Other initial and boundary conditions specified for the
problem included the following.

• The total AACS flow rate to the environment was 29.26 m3/s (62,000 cfm).

• The initial filter loading assumed the filters were dirty from dust accumulation. This was
specified as an increased initial resistance through the HEPA segment of the filter flow
paths.

• The inlet temperature was assumed to be humid air (100 percent relative humidity) at
343 K.

Ali three charcoal filters were assumed to have been in service for 30 months (user-
specified parameter for the radiolytic desorption model).

• The flow through the filters was assumed to be not equally distributed. A skewed flow
distribution through the three filter compartments of 25%/50%/25% was used to
conservatively establish more severe conditions for the base case and sensitivity
calculations.

8
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• The following filter efficiencies were assumed.

HEPA: 99.7 % of all particulate matter

Charcoal: 99.95% for iodine vapor passing through the carbon beds; 0.05% of the
compartment flow is assumed to bypass the charcoal filter, thus yielding a net
iodine capture efficiency of approximately 99.9%.

The three permutations simulated in the study are summarized in Table 1. Each
permutation involves the failure of a single damper in the AACS flow stream. The locations of the
dampers described in Table 1 are illustrated in Figure 4.

Table1. Descriptionof SensitivitiesontheBaseCaseAccidentScenario
-- h ., ,, , . =" " ,U , ,,',, "' _ I'

Scenario Identifier Description

Sensitivity Case 1 Base case accident occurs. Filters compartments capture resulting
aerosol and iodine vapor release. Subsequently, an inlet damper on an

operating filter compartment spuriously closes (isolating one
compartment from the flow stream).

Sensitivity Case 2 Base case accident occurs. Filter compartments capture resulting
aerosol and iodine vapor release. Subsequently, an outlet damper
adjacent to an inoperative exhaust fan spuriously opens (opening a
recirculation flow path through two exhaust fans).

Sensitivity Case 3 Base case accident occurs. Filters compartments capture resulting
, aerosol and iodine vapor release. Subsequently, a filter compartment

bypass damper spuriously opens (opening a recirculation flow path
back through the filter compartments).

III_ •_ I llmm liI

The effects of the resulting changes in flow distribution on charcoal filter temperature
were examined. Initially, the f'flters were loaded according to the 25/50/25 flow distribution. A
control system (part of the filter compartment model) monitored the HEPA filter loading and
adjusted the HEPA flow segment resistance according to the following expression for initially dirty
filters.

Slam = 17.10 + 0.384 Maerosol (10)

Consequently, as the HEPA filters load, the flow distribution will be affected by changes
in the HEPA resistance. In the separate effect calculations, the total aerosol mass captured by ali
the filters was only 0.06 kg. This small amount of aerosol loading did not cause an observable
degradation in the AACS flow. If the total amount of aerosols captured by the HEPA filter was
arbitrarily increased to eight kg, a net flow degradation of approximately five percent is observed
(Figure 5). The resulting aerosol loading is slightly _kewed from the initial flow split as shown in
Figure 6. As the aerosol loads increase, the aerosol loading resistances even the flow

10
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distribution between the filter trains. The transient response of the flow (convective cooling) and
the decay heat from the fission products affect the filter temperature response.

The charcoal filter temperature response in each of the three filter compartments is shown
in Figures 7 through 10 for the base ,.ase and sensitivity cases 1 through 3, respectively. In the
base case, convective cooling from the gases passing through the filter prevents a significant
heatup of the charcoal beds. As shown in Figure 7, the larger iodine loading in compartment 2
(receiving about fifty percent of the airflow and, therefore, about fifty percent of the iodine and
aerosol loads) is offset by the benefits of a higher convective cooling rate by the inlet gases. The
peak temperature rise was only 3 K.

The f'trst sensitivity study examined the effects of an inadvertent closure of an inlet
damper to the filter compartment with about fifty percent flow after the fis' on product loading. As
illustrated in Figure 8, the compe_,'tmcnt2 charcoal .filter temperature rose tpidly after the damper
closed. The purpose of examining this scenario was to obtain an estimr .e of the rate at which a
charcoal filter could heat up if deprived of cooling air flew. Upon closm'e of the inlet damper to
the compartment 2 f'flter, the flow rate increased by fifty percent to the other filters. As indicated in
Figure 8, the isolated charcoal filter heated up at a rate of approximately 4 K per minute. At this
rate, the isolated charcoal filter temperature exceeded the ignition temperature of carbon
(approximately 573 K) within approximately one hour. It is important to note that the user-defined
ambient heat loss from the carbc 51ter was conservatively defined to be zero. Therefore, this
calculation represents an upper bound on the heatup rate.

The next two sensitivity studies examined the effects of inadvertent damper operatic,ps
that cause flow diversions instead of a compartment isolation. Since the fission product loading
was the same i'or both cases, the carbon filter heatup rates were controlled by the amount
convective cooling through the filter compartments. In sensitivity case 2, the flow rate through the
operating fan increased to 108,000 cfm, but the balance (85,000 cfm) flowed backward through
the open static fan. Consequently, the net flow through the filter compartments decreased from
62,000 cfm to 23,000 cfm. The peak charcoal filter temperature was 354 K.

Similarly, a circular flow pat-tem also developed in sensitivity case 3. The inadvertent
opening of the filter bypass damper caused a 38,000-cfm flow diversion back into the confinement
with 26,000 cfm sent to the plant stack. However, because the filter flow rate was nearly
unchanged (approximately three percent higher), the charcoal filter temperature response was
similar to the base case. For 7200 seconds, recirculating air through the conf'mernent had a
negligible effect on the filter inlet temperature.

integralConfinementCalculations

A detailed confinementmodel wasdevelopedto predict the confinementresponsed,_d'ing
postulated accidents (Figure 11). The A_ CS filter model was incorporated into the conf'mement
model with a few modifications.

• Ali five filter compartments were represented and the HEPA filters were assumed to be
clean. The initial flow distribution among the five compartments was assumed to be
uniform.

• Two exhaust fans were operational. The steady state AACS stack flow was 55.4 m3/s
(117,300 cfm) for this configuration. Both exhaust fans were simulated with a single flow
path.

12
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. The initial confinement temperature was 308 K.

Eleven calculations were performed using conservative, severe accident (full core melt)
boundary conditions. In general, the fission product releases assumed for full core melt accidents
were much larger than those assumed in the separate-effect calculations. Included in ali
calculations was the fission product and inert aerosol loads arising from molten core-concrete
interactions.

Four transients were shnulated assuming the AACS was initially configured as described.
For each transient, the AACS was operational for the entire transient. The MELCOR/SR models
for carbon filter combustion and mechanical HEPA failure were active during me transient
calculations. However, the AACS filters were calculated to remain intact and operational for the
duration of ali four transients.

,,

In all the AACS operational txansients, the peak carbon filter temperature was below the
assumed ignition temperature (570 K) for ali four transients. Some degradation of the AACS flow
occurred due to aerosol loading during the transients. For example, the HEPA loadings ranged
from 5 kg per HEPA to 53 kg per HEPA for the four transients. A 40 percent degradation in fk_w
to 38.7 m3/s (82,000 cfm) was calculated for the largest aerosol loading transient. However, the
reduced flow rate was sufficient to prevent overheating of carbon filters.

There are numerous uncertainties in the phenomena and equipment performance
characteristics during severe accidents. The transients discussed in this paper were conservatively
constructed to exercise the filter model at reasonable but challenging performance limits. One of
the uncertainties was related to the aerosol loading characteristics of the HEPA filters. The HEPA
aerosol loading correlation used in the calculations is based on one set of HEPA loading data
(unpublished) for the SRS reactor confinement filters, Other data (generated from the same
experimental study) indicate the slope in the mass versus filter flow resistance correlation may be
twice as steep as indicated in equation (10). A sensitivity study was, therefore, performed to
determine the effect of a higher HEPA aerosol loading coefficient on the AACS filter response.

Figures 12 through 14 show the effects of the higher HEPA loading coefficient for the
base case and sensitivity calculations. Although theHEPA aerosol loading rate was approximately
the same for the two calculations (Figure 12), the higher loading coefficient resulted in a more
severe degradation in the total exhaust flow (82,000 cfm and 63,000 cfm for the base case and
sensitivity studies, respectively). The net effect was a higher peak carbon bed temperature in the
sensitivity study (530 K versus 490 K), although the peak temperature is still calculated to remain
below the charcoal ignition temperatures.

CONCLUSIONS

The MEI.£2GR filter models have been enhanced to permit morerealistic calculation of the
vapor and particulate filter response. Parametric models have been added to calculate mechanical
aerosol filter failure, size-dependent aerosol bypass, vapor filter degradation caused by thermal and
radiolytic desorption, and vapor filter ignition. These new models have been used for both
separate effect and integral calculations of the SRS reactor AACS system. As shown in the
calculations, many physical processes which could lead to filter deb-Tadationor failure can be
considered. The parametric nature of the models and the ability of the user to control or alter the
physics models has been shown to be very useful•
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Figure 14. Comparison of the Carbon Filter Temperature Response During
the Integral Confinement Base Case and Sensitivity Study
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NOTATIONS

age = time in service for charcoal in absorbers
Ci(i=l,20) = Coefficients (constants) for rate expressions

= specific heat= characteristic dimension of filter

DF - decontamination factor: IDF - incident concentration 7- -
f = friction factor
1 = length of triter flow segment

• Maerosol = lrmss of aerosol on the HEPA filter
Mc = mass of charcoal
Mi,c = mass of iodine absorbed in charcoal beds

_ag = gas mass flow rate
n = proportionality coefficient for iodine release from charcoal combustion

. Qc = energy transferred to charcoal bed
Qd = total decay heat energy
QH = energy transferred to gas from radionuclide decay on HEPA filters
R = universal gas constant
Re = Reynolds number
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Slam = laminar flow coefficient
T = temperature
to - exposure time (to radiation field)
v =, velocity

GREEKSYMBOLS

Ap = pressur_ drop
p = densit3

DISCLAIMER

: This relx_rt was prepared as an account of work sponsored by an agency of the United States

Government. Neither the United States Government nor any agency thereof, nor any of their

employees, makes any warranty, express or implied, or assumes any legal liability or responsi-

bility for the accuracy, completeness, or usefulness of any information, apparatus, prod_Jct, or

process disclosed, or represents that it_ use would not infringe privately owned rights. Refer..
ence herein to any specific cor, .ercial product, process, or service by trade name, trademark,

manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-

mendation, or favoring by the United States Government or any agency thereof. The views

and opinions of authors expressed herein do not necessarily state or reflect those of tile

United States Government or any agency thereof.
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