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PRBPACB 

The Principal Working Group No. 2 of the Coaaittee on the Safety of the 
Nuclear Ins ta l l a t ions (CSNI of the Nuclear Energy Agency - MEA of the OECD) 
has prepared a State-of-the-Art report on the Themohydraulics of Emergency 
Core Cooling (SOAH-TECC). This work has been coordinated and the report 
edited by H.J. Lewis. Each chapter was wri t ten under the respons ib i l i ty of 
one or two lead ed i to r s . Chapter 5 on Modelling of Par t icular ECC Phenonena 
was assigned to G. Tadigaroglu and was wri t ten with the close collaboration 
of the authors of the present report . 

Since the length of Chapter 5 was greater than tha t desirable for the SOAR-
TECC, i t was decided to summarize i t for the CSNI report and to publish the 
original na te r ia l as a separate, aore detailed contribution of the Thermal-
Hydraulics Laboratory of the Paul-Scherrer I n s t i t u t e (PSI). 

The authors a re indebted to the part icipants in the CSNI SOAR-TECC ac t iv i ty 
for nuaerous comments and constructive suggestions. These were incorporated 
to the extent possible in to t h i s report . The authors remain, however, 
solely responsible for the contents of the present work. 
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• IITIOINICTIOI 
The codes used in the early seventies for safety analysis and licensing 
were based either on the homogeneous model of two-phase flow or on the so-
called separate-flow models, which are •i»tura models accounting, however, 
for the difference in average velocity between the two phases. In both 
cases the behavior of the mixture i s prescribed a priori as a function of 
local parameters such as the mass flux and the quality. 

The modern best-estimate codes used for analyzing LHR LOCA's and transients 
are often based on a two-fluid or 6-eo.uation formulation of the 
conservation equations. In th i s case the conservation equations are written 
separately for each phase; the mixture i s allowed to evolve on i t s own, 
governed by the interfacial exchanges of mass, momentum and energy between 
the phases. 

I t i s generally agreed that such relatively sophisticated 6-equation 
formulations of two-phase flow are necessary for the correct modelling of a 
number of phenomena and situations arising in LWR accidental situations. 
They are in particular indispensible for the analysis of stratif ied or 
countercurrent flows and of situations in which large departures from 
thermal and velocity equilibrium exis t . This report will be devoted to a 
discussion of the need for, the capability and the limitations of the two-
phase flow models (with emphasis on the 6-equation formulations) in 
modelling these two-phase flow and heat transfer phenomena and/or 
situations, which include (see also Shaw e t a l . , 1988): 

'< - ^ ' - ' ~ " ' • 

Two-phase crit ical flow 
Counter-current flow limitations (CCFL), including the "downcomer 

bypass" situation 
Phase separation and stratif ication phenomena, including vapor 

pull-through and liquid entrainment from small breaks 
Two-phase mixture leve ls 
Droplet entrainment and de-entrainment 
The crit ical beat flux condition 
Post-CHF heat transfer (dispersed flow, inverted annular flow, 

spray cooling, intermediate situations) 
Revetting and quench front propagation 
Reflux condensation situations 
Non-equilibrium effects in flashing and condensation, for example 

at injection points 
Steam binding 
Loop seal f i l l i n g and clearance 
Pump behavior 
Natural circulation 
Multidimensional effects 

Most of these were identified in Chapter 5 of the SOAR-TECC as the dominant 
LOCA phenomena that posed modelling d i f f icul t ies . Items such as two-phase 
wall friction are important for safety analysis but do not pose any serious 
modelling di f f icul t ies any longer; therefore, they are not discussed in 
th is report. 

The two-fluid models and codes have been able to address a range of 
problems that was not possible to tackle previously. Examples are the 
description of stratif ied and/or non-equilibrium flows, of counter-current, 
flows and of the countercurrent flow limiting condition, e tc . In many cases 
they have described the physical situations correctly and precisely. Rather 
than discussing toe many successes of such codes which have been documented 
elsewhere (see for example US NRC, 1988; Forge et a l . , 1988; NSAC, 1985) 
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the emphasis in t h i s report wi l l be on selected remaining problem areas . 

The relevance of the correct modelling of these phenomena and/or s i tuat ions 
to safety i s discussed in the SOAR-TECC. The occasional harsh cr i t ic ism of 
the models appearing i n l a t e r sections should not convey the impression 
that the models specifically specified for l icensing calculat ions , as well 
as those available for best-estimate assessments are inadequate for 
l icensing purposes. Indeed, t rad i t iona l ly , l icensing has been conducted 
with Evaluation Models that have been shown (US NRC, 1988) to be largely 
conservative. Most of the cr i t icism here i s directed to the two-fluid, 
best-estimate (BE) models. Given the i r i n t r i n s i c capab i l i t i e s , one i s 
expecting a l o t from these. Thus thei r shortcomings become more apparent. 
In any case, when these are used for l icensing purposes, the uncertainty of 
the i r predictions must be quantified and considered. Quantitative 
assessment methods were discussed in the SOAR-TECC. 

The main question raised here i s whether the mixture models and the two-
fluid models (and consequently also the codes using the corresponding 
formulations) are capable of predicting and t rea t ing the s i tua t ions l i s t ed 
above properly. 

An attempt will be made to answer, for each phenomenon or s i tuat ion, 
questions such a s : 

- I s the framework of the two-phase flow model (mixture or two-
fluid) in principle capable of handling the s i tuat ion? 

- Are the codes (mixture or two-fluid) in pract ice capable of 
handling the si tuation? 

- What are the d i f f icu l t i es in f i t t i n g available s ta te -of - the-a r t 
models for particular phenomena within the logical and numerical 
framework of 3-equation (mixture) and 6-equation, two-fluid 
codes. 

- Are important t ransient and flow history effects (flow 
development in space and in time) adequately handled by the 
integrat ion of the conservation equations? 

- e t c . 

References for Section 0 

Forge, A. et a l . (1988) Comparison of thermal hydraulic safety codes for 
PWR systems. Graham and Tortman, London and Boston. 

NSAC Nuclear Safety Assessment Center (1985) "Real is t ic ECCS evaluation 
methodology for advanced LWR's," EPRI report NSAC-86, 

Shaw, R.A., Rouhani, S.Z., Larson, T.K., and Dimenna, R.A. (1988) 
"Development of a Phenomena Identif icat ion and Ranking Table (PIRT) for 
thermal-hydraulic phenomena during a PWR Large-Break LOCA," NUAEG/CR-5047, 
EGG-2527 (October 1988). 

US NRC (1988) "Compendium of ECCS research for r e a l i s t i c LOCA analys is , " 
NUREG-1230. 



- 6 -

1 IHO-PMSB CIITICAL FLOW 
During a typical LOCA, the flow at the break i s choked or cr i t ica l until 
the system pressure approaches the containment pressure. Choking points may 
exist also at internal locations in the system. 

Early formulations of two-phase cr i t ical flow and the resulting 
correlations were based on straightforward extensions of the single-phase 
flow formulas; formulations based on either the homogeneous or the 
separated mixture models were used (CSNI. 1982). In these models the 
compressible fluid density and enthalpy were essentially replaced by their 
two-phase mixture counterparts. 

More recent work (Boure et al .» 1976) has shown that the 6-equation models 
of two-phase flow are inherently perfectly capable of predicting the 
occurrence of a cri t ical flow condition, the same way the single-phase 
compressible-flow equations do. Moreover, departures from thermal and 
mechanical equilibrium (sl ip) can be naturally taken into consideration by 
the two-fluid formulations. Indeed, such non-equilibrium effects are very 
important for the correct prediction of cr i t ical two-phase flow. 

The two-fluid codes actually in use most often employ, however, approximate 
semi-empirical approaches and correlations instead of relying on the 
intrinsic capability of the two-fluid model for two main reasons: a) to 
speed up the calculations, and b) to eliminate dependence of the results on 
the noding used in the vicinity of the cr i t ical flow point (usually the 
break). 

1.1 C r i t i c a l Flow Periods mud Phenomena 
Blowdown behavior i s similar in PURs and BURs in the case of liquid l i n e 
breaks. In the case of steam l ine breaks i n BWRs, however, swelling of the 
liquid in the vessel controls the quality of the flow at the break and 
consequently blowdown behavior. 

Three distinct periods of cr i t ical flow during the blowdown phase have been 
identified (Levy and Abdollahian, 1982), each related to an upstream 
quality range. During the f i r s t period the flow rate i s the highest since 
the primary fluid remains liquid a l l the way up to the cri t ical location. 
During the second period very low quality and high thermal non-equilibrium 
flows prevail. This period i s characterized by rapidly declining flow rates 
with quality. During the third and last period, the cri t ical flow rate i s 
nearly constant, the steam quality i s increasing, and the degree of thermal 
non-equilibrium i s reduced. 

The second period i s the most dif f icult one to model since one observes a 
very steeply declining flow rate with upstream quality. When the flow rate 
i s predicted as a function of time, one observes a great sensitivity to the 
in i t ia l stagnation temperature. Fortunately such flow occurs over a small 
time interval and i t s contribution to the total integrated loss of coolant 
i s quite small; on the other hand, the transition between the f i r s t period 
and the following one i s an important point that has to be predicted 
accurately. 

i ) First period of auboooled break flow. When subcooled (practically 
Incompressible) liquid flows to the break, the flow can be analyzed using 
Bernoulli's equation, which predicts a minimum pressure p t at the actual 
throat, which i s usually close to the break. In this case the flow i s 
subcritical and i t s velocity i s lowar than the sound velocity in the 
liquid. If the throat pressure equals the local saturation pressure, 
vaporization can start taking place at the throat and the limiting velocity 
drops drastically, since the sound velocity in a two-phase mixture i s much 
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lever than in a liquid. This reduction i s attributed (Travis, 1916) to the 
vapor's acting as a weak spring coupled to the large liquid Basses. 
•oa-cquilibriua can result in the presence of superheated liquid at the 
throat pressure which can be much lower than the saturation pressure. Thus 
accurate determination of the Maximal attainable liquid superheat i s the 
key to the prediction of the system behaviour during decompression. 
Presently only correlations pertaining to the point of inception of 
flashing exist: the most successful one i s that of Alsmgir and Lienhard 
(19S1). Few attempts to develop mechanistic models are known (Elias and 
Cbanbre, 19*4). 

In this subcooled blowdown period, only the models that can consider 
different temperatures for the two phases can result in physically sound 
predictions: equilibria mixture models cannot predict the critical flow 
rate, as demonstrated by Levy and Abdollahian (19*2). as well as by Travis 
(19M). 
Hhen vapor i s first formed, there i s practically no sl ip between the 
phases. Travis (19*6) found that the agreement achieved between a two-
dimensional calculation using velocity equilibrium and the Semiscale data 
was very good. 
Tbe aetastability of the liquid depends strongly on the specific aeometrv 
of the break (Levy and Abdollahian, 1982). Travis et al . (1978) studied the 
multidimensional effects in critical two-phase flow using the computer 
program K-PIX, and found that the one-dimensional assumption yields too 
large mass fluxes. With a one-dimensional analysis, the discharge area must 
be corrected to account for the "vena contracta" effect. The multiplier 
that had to be used to f i t tbe Semiscale data (fairly well predicted by a 
two-dimensional approach), had the same numerical value of the cor fraction 
coefficient that Hall (1976) used to correct the results of a modified 
Burnell theory. 
Travis (1986) showed that, if the throat length i s short relative to the 
diameter (L/D < 5), developing velocity profile effects become important. 
The momentum fluxes predicted using the fully developed velocity profile 
are smaller than the actual ones and the critical flow rate i s 
overpredicted. When the ratio L/D approaches zero, the multiplier to be 
applied to the one-dimensional results approaches the value of 0.6. This 
effect has to be taken into account in the 1-D codes used. Codes that do 
not allow the use of critical flow multipliers (e.g. TRAC-BWR, 1-D 
components), cannot give reliable results for a best-estimate analysis. On 
the other hand, only few systematic studies of the correction factor to be 
applied to the 1-D results have been performed, and these are specific to 
the particular geometry of experimental faci l i t ies (e.g. LOFT in Travis et 
a l . , 1978). 

Second-order effects such as those of turbulence (Jones, 1980) and 
convection (Abuaf et a l . , 1983), modify the maximum superheat at the 
flashing inception point, in comparison with decompression of a stagnant 
reservoir and result in a modified pressure undershoot for flowing systems. 
The effect of turbulence can be accounted for by a simple correlation 
proposed by Jones (1980), while the connective effects are important only 
in tbe case of long pipes (Abuaf et a l . , 1983). 

11) Second period of low-flVff^tY bring flflW During the second, low-
quality flow period, vaporization does occur upstream from the throat, and 
the amount of non-equilibrium i s determined by the interfacial area and the 
heat exchange rate between the two phases. The interfacial area i s 
controlled by the bubble growth and coalescence rates and by the prevailing 
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flow regime. 
Bichter (19t3) showed that a separated-flow model that accounts properly 
for the transition between bubbly and churn-turbulent flow i s able to 
reproduce experimental data in nozzles and tubes. Disagreements were found 
for small L/D. but in these cases •ultidinensional effects, not included in 
the nodel. were considered as being responsible. 
In the experiments conducted at a¥BE-UK (Borgartz et al.» 1978) with large 
pipes (206 am diameter). strong *Jirf-d,1mmnjK<'M"1 effects (axial and radial 
stratification) were present, and the existence of inverted annular flow 
was detected. For this situation, results presented at the 2nd Int. Meeting 
on Two-Phase Flow Fundamentals (Iheofanous et a l . . 1987) show that any 1-D 
model fa i ls to predict the pressure near the break, probably because of the 
inability to predict correctly the Taporization rate and the frictional 
losses. The lesson learned i s that multi-dimensional phase distributions 
play an important role when the characteristic dimension of the break 
approaches the dimensions of the actual primary system pipes. 

Other phenomena effecting critical flow, such as rarefaction wave 
reflection have not yet been suitably addressed. 
For mil 1-11—tar "Qjgltg and pipes, the one-dimensional assumption holds, 
provided that both mechanical and thermal non-equilibrium are accounted 
for. Richter (1983) concluded that the velocity ratio in bubbly flow i s 
very close to unity, but nevertheless the small velocity difference between 
the two phases i s important for heat transfer. In churn-turbulent flow, 
where thermal equilibrium i s reestablished, mechanical non-equilibrium 
becomes increasingly important. Thermal non-equilibriua i s dominant in 
bubbly flow. 
The experiments of Bailey (1951) showed that dissolved *»«•« influence 
heterogeneous nudeation and can therefore depress the maximum attainable 
superheat and consequently the critical flow rate. 
i l l ) Third intermediate »ft Miffh-flW?nY tl"M f»*\**- This period i s 
characterized by homogeneous flow, with the phases in nearly thermal 
equilibrium. Thus a homogeneous, equilibrium mixture model gives a good 
approximation of the physical processes. 

1.2 Modelling of Critical Flow 
The integration of the two-fluid aodel equations i s able to predict 
automatically a choked condition. Consider the steady-state set of 
conservation equations written in matrix form: 

where 2 i* the vector of unknowns. The critical condition occurs when both 
the determinant of the coefficient matrix B and all the determinants 
obtained by substituting one column of this matrix with the right-hand-side 
vector £ become equal to zero (Boure et a l . , 1976; Dobran, 1987). 
Therefore, for components with smooth area changes ( i . e . describable in one 
dimension), in principle, choking calculations could be done by simply 
using a sufficiently fine axial mesh and looking for the occurence of the 
oritioality condition. However, for most practical purposes, a separate 
choking model i s almost unavoidable, since; 

- for components with abrupt area changes a one-dimensional fine mesh can 
cause erroneous natural choking results (Liles et a l . , 1986), 



- 9 -

- in many calculations, i t i s not possible to anticipate a priori the 
choking locations, so that a fine mesh nodalizatiwd could be necessary 
at many locations (Taylor e t a l . , 1984), 

- with the semi-implicit numerics that are mostly used in computer codes, 
such fine noding schemes would be too expensive in computer time 
(Taylor et a l . , 1984). 

Critical Flow Models in the Codes Dsed for gpfttT ftmlyftlff 

In a l l the US NRC large computer codes, a limiting Telocity, function of 
local fluid condition at the break, has to be defined. The computer codes 
developed by the US NRC (RELAP5/H0D2. TRAC/BF1 and TRAC/PF1) use a 
simplified two-phase choking criterion that i s based on the assumption of 
thermal equilibrium between the phases, at variance with the physical 
reality. 

The so-called "RH.AP5 two-phase choking criterion" (used also in TRAC-BF1) 
i s derived from the characteristic analysis of the system of four 
conservation equations, with additional simplifications concerning the form 
of the characteristic roots: choking occurs when a hybrid mixture velocity 
becomes equal to the homogeneous sound velocity. These arbitrary 
simplifications needed to arrive to the final mixture velocity have no 
other ground than the fact that they yield good results . 

In TRAC/PF1 the characteristic equation i s solved numerically, so that no 
additional assumption i s introduced. The TRAC/PF1 choking criterion has 
been tested against both experimental data and results obtained by using 
extremely fine meshes for geometries with smooth area changes (natural 
choking), with remarkable agreement (Liles et a l . , 1986). 

In a l l these codes, even though at the ce l l edge the limiting velocity i s 
determined by imposing thermal equilibrium, the fu l l hydrodynamic scheme (6 
equations) including non-equilibrium i s advanced a l l the way. The 
inconsistency i s evident. 

The thermal-equilibrium sound velocity i s used to calculate crit ical flow 
rates for void fractions greater than 0.1 , as already noted, since below 
that value subcooled blowdown i s assumed to occur. Staedtke et a l . (1985) 
showed that the use of the thermal-equilibrium sound velocity caused a 
substantial underprediction of the mass flow rate, rfhen low quality 
mixtures existed upstream from the break. Even though this deficiency has 
been demonstrated only for the particular 5-equation model implemented in 
RELAP5/M0D1, i t i s clear that the inaccuracy of the prediction cannot be 
related to the number of equations used, but should affect also the most 
advanced 6-equation codes. 

Recent experience (Aksan et a l . , 1987) with RELAP5/M0D2 in simulating 
depressurization transients has shown strongly underpredicted break mass 
flows. Even though the problem cannot be conclusively linked to the use of 
the thermal-equilibrium sound velocity, the "frozen" sound velocity 
(Staedtke et a l . . 198S) should be considered as a possible alternative at 
low qual i t ies . 

Typically, for subcooled choked flow, the cri t ical velocity i s calculated 
as the maximum between the homogeneous equilibrium sound velocity 
(vaporization occurs at or upstream from the break), and that calculated 
from the Bernoulli equation, where the pressure at the edge (throat) i s 
calculated by considering the pressure undershoot (Burnell's model for 
subcooled blowdown; see Tong, 1975). The typical correlation used for the 
oreaaura undershoot i s that of Alamglr and Lienhard (1981), as modified to 
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take into account the turbulence effects (Jones. 1980). or the expression 
of Burnell. 

Vhile the Alamgir and Lienhard correlation appears to be correctly 
implemented in TRAC/PF1, an ambiguous modification i s introduced in 
RELAPS/M0D2: the depressurization rate i s replaced by a term that accounts 
for the flow area variation at the throat, so that, in the case of blowdown 
from straight pipes, a very low liquid superheating can be attained. 

In al l codes, the vapor feneration nodal i s dependent upon the flow regime. 
Distinction between the bubbly regime and annular-mist flow i s retained, 
v i th the interracial area computed from the bubble s ize and the void 
fraction. 

The interracial heat t»»aj*f»i» coefficient i s calculated using correlations 
such as simplified versions of the Plesset-Zwick (1954) bubble growth 
formulation or standard correlations for forced convection to single 
bubbles, although there i s a aodel (Rivard and Travis. 1980) including in 
the conduction-controlled rate of bubble growth the effects of the bubble 
•otion, turbulence, and s l ip ) , and that model has been used in codes such 
as K-FIX, i t has not found yet application in the large computer codes used 
for safety analysis. 

The presence of a non-condfnfffh1 ff fflf sized with steam can affect the 
cri t ical flow rate by •edifying the properties of the gas phase. The 
presence of non-condensables i s taken into account only in TRAC/PF1. where, 
on the other hand, the arbitrary assumption of thermal equilibriua between 
the phases in the presence of an inert gas i s introduced. 

It i s also worthwhile to mention here the intrinsic difficulty of 
implementing a choking criterion in the codes that use donor-cell f in i t e -
difference equations. Since pressure i s a ce l l centered quantity, while 
velocity i s a cell-edge quantity, assumptions have to be introduced in 
order to calculate the physical properties of the phases at the edge of the 
ce l l . The severe drawback of using large meshes in connection with the use 
of this procedure to obtain a choking criterion i s recognized. Most of the 
related problems reported by code users (see US NRC CIP, 1987) are due to 
the actual change of the properties from the ce l l center to the ce l l edge; 
more developmental work i s needed to correct this weakness in the conputer 
codes. 

An additional problem of the donor-cell method appears in connection with 
the small-break calculations, when stratif ication occurs. In this case (see 
OS NRC CIP, 1987) the velocity difference between the phases at the 
lynofrflftp (a quantity that affects the mass f lux), i s calculated on the 
basis of the interfacial drag coefficient, which in turn (unrealistically) 
depends on the upstream flow regime and the volume-average flow ve loc i t i es . 
This results in an unpbysical prediction of the break discharge. The 
junction interphase drag problem must be addressed in connection with 
implementing a vapor pull-through/liquid entrainment model (see Section 
3 .2 ) . 

Another safety concern that i s not adequately addressed in the computer 
codes i s choked f̂ ow, tftrquyh valves, where the geometry of the discharge 
nozzle could yield strong multidimensional effects . 
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2 COONTBR-CURRBMT FLOW LIMITATIONS (CCFL) 
Countercurrent flow limitations can play an important role regarding the 
distribution of the coolant in the primary system both in PWRs and in BWRs. 
CCFL phenomena may take place in FWRs at the upper t i e plate of the core 
during hot-leg injection, during ECC penetration in the downcomer, in the 
steam generator plenum and tubes, in the pressurizer surge l ine, etc. In 
BWHs they can play an important role in preventing the draining of the 
fluid from the upper plenum through the bundles or by limiting draining of 
the bundles themselves (CCFL at lower side-entry ori f ice) . Figure 2.1 shows 
some of these situations schematically. 
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Fig. 2.1 Counter-current flow limiting conditions in LWRs. 
(top: PWR ; bottom: BWR) 
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2.1 CCFL Phenoaena 

Consider countercurrent annular flow in a channel with a falling liquid 
film on the walls and an upwards flow of gas. #.s the gas velocity is 
increased, a flooding or countercurrent flow limiting condition (CCFL) is 
reached: the direction of flow of the liquid film is reversed, liquid 
bridges are formed across the tube, the flow pattern becomes chaotic with 
slugs of liquid flowing up the tube, and the liquid is expelled from the 
top of the channel. All these phenomena take place at neighboring but not 
necessarily identical gas flow rates. Thus there may be several definitions 
of the flooding point. 

In another manifestation of the flooding phenomenon, liquid draining from a 
pool through a pipe in which a gas is flowing upwards is prevented from 
draining when the velocity of the gas reaches a certain value. Such 
transitions are usually sudden and dramatic and are accompanied by sharp 
discontinuities in the pressure gradient. 

Figure 2.2 shows the case where the liquid is injected in the middle of 
the channel at a constant flow rate; there is a sudden variation of the 
liquid flow rate collected at the bottom when the flooding limit is 
reached. 
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Fig. 2.2 Flooding experiments with liquid injected at the middle of the 
channel (Dukler et al., 1984). 
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For each value of the injected liquid flow rate there is a critical value 
of the upwards gas flow rate at which the downwards liquid flow rate 
decreases suddenly. 

The physical urechania"? controlling CCFL are still not perfectly 
understood. Explanations based on bridging of the channel by growing waves, 
on the entrainment of liquid drops upwards, or due to the upwards flow of 
the liquid film under the influence of increasing shear have been advanced. 
To some extent, all these phenomena take place at the flooding limit, as 
noted above. Bankoff and Lee (1985, 1986) present extensive reviews of the 
flooding literature. Moalem and Dukler (1984) also review the flooding 
mechanisms and propose new ones. 

One must keep in mind that flooding is very sensitive to the geometrical 
conditions, especially to the shape of the gas inlet. A sharp edged gas 
entry (bottom of the channel) increases turbulence and promotes wave 
growth, precipitating the CCFL. With sharp-edged gas inlets the length of 
the channel does not play a role, since waves can form very rapidly. With 
smooth gas entrances, however, a certain length is needed for the 
instabilities to develop; thus the CCFL limit becomes channel-length 
dependent. 

2.2 Models and Correlations 

Mixture models are clearly not capable of modelling the counter-current 
flow of the phases. In fact, even the definition of the mixture quality, 
which i s widely used as the correlating parameter in mixture models loses 
i t s meaning in counter-current flow. Thus counter-current flow and CCFL can 
in principle only be predicted using two-fluid models. 

When a two-fluid model i s used, correct prediction of the CCFL phenomena 
requires good modeling of the interfacial shear (Popov and Rohatgi, 1986). 
CCFL phenomena often take place, however, at the entrance or exit of 
certain volumes (e.g. the top or the bottom of rod bundles) and are 
strongly dependent upon the local geometry. Thus the two-fluid codes must 
be "assisted" by empirical correlations, such as the ones discussed below, 
to arrive at correct CCFL predictions: Usually the new-time liquid velocity 
computed by solving the momentum equations i s compared to the liquid 
velocity computed using a flooding correlation; the smallest of the two 
values i s used. 

Empirical Flooding Correlations. Two of the most popular ones are due to 
Wallis (1969) and to Pushkina and Sorokin (1969); the latter i s often 
referred to as the Kutateladze-number correlation. 

The Wallis correlation i s written in terms of the non-dimensional 
volumetric fluxes, j . 

Jka <V[gD(pL
K-pG)] ' k = L ' G 

where <j. > i s the cross-sectional average volumetric flux of phase k. The 
Wallis correlation has the general form 

i* 1 / 2 + « < • 1 / 2 - c 

where D is a characteristic dimension of the channel and m and C are 
constants depending on the particular geometry, inlet conditions, etc. The 
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value of m usually lies between 0.8 and 1.0, while C is around 0.7 to 1.0. 

The Wellis j. represents a balance between inertial forces in the gas and 

hydrostatic forces. To include also the effect of surface tension forces, 
and to replace the characteristic channel dimension by an intrinsic length 
scale of the problem involving the surface tension o, the Kutateladze 

numbers K. are used instead of the Hallis j. numbers: 

1/4 

^g<vUp'*pG)] • k = L'G 

The corresponding general form of the correlation is 

KJ / 2
 + »KJ

/ 2 = C 

Puahkina and Sorokin (1969) found that for large diameters. m=0, and 
C=1.79. Thus their correlation i s 

1/2 r i" 1 / 4 

The Wallis type correlations are recommended for snail diameters (less than 
50 mm), while the Kutateladze number seems to be more appropriate for large 
diameters. McQuillan and Whalley (1985) present a single correlation for 
all diameters. Bankoff et al. (1981) propose correlations based on a non-
dimensional number that essentially interpolates the length scale between 
the two alternatives presented above. 

2.3 Effects of Condensation 

Many flooding data have been obtained with air and water. The extension of 
these results to steam water flows is not straightforward since, in the 
presence of subcooled liquid and vapor, condensation effects change 
dramatically the situation. What is important is the subcooling of the 
liquid right at the location of flooding. Its prediction may be quite 
difficult, in the case, for example, of "top flooding," i.e. when steam 
enters a pool of subcooled liquid from below. The "CCFL. breakdown" observed 
in the upper plenum of BURs when cold water from the ECCS sparger subcools 
the liquid pool near the edge of the core and results in draining of liquid 
in the peripheral channels is such an example. 

Breakdown of CCFL due to subcooling of the water can occur when the 
subcooled liquid condenses a sufficient amount of counter-currently flowing 
steam. Since condensation is modelled in the two-fluid codes, subcooled 
liquid induced CCFL breakdown can also in principle be modeled; steam 
condensation reduces the vapour flux, allowing a greater liquid flux, which 
in turn increases condensation. This process is unstable so that the CCFL 
condition rapidly disappears. Since CCFL breakdown is clearly a very local 
phenomenon, the accuracy of such an approach depends very much on the mesh 
size chosen in the vicinity of the CCFL point. 

CCFL data with subcooled liquid and steam have been collected among others 
by Rothe and Crowley (1978). The parameter m of the Wallis or Kutateladze 
type correlations becomes function of the initial liquid subcooling and of 
the liquid injection rate. 
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The CCFL conditions have been studied experimentally at ful l scale in the 
Dpper Plenua Test Facility - OPTF (Weiss and Hertlein, 1988). These tests 
focussed on the simultaneous up-flov of steai and down-flow of water 
phenomena at the upper tie-plate of PVRs, on two-phase flows in the cold 
leg, on downcoBer penetration, and on the countercurrent flow conditions of 
steam and saturated water in the PUR hot leg. 

The analysis of the UPTF experimental data for the countercurrent flow of 
steam and saturated water in the hot leg indicated that the Wallis-type 
correlations of Richter et a l . (1978) and Ohnuki (1986), which are based on 
CCFL tests in snail scale models of hot legs are in fairly good agreement 
with the UPTF experimental data. Thus the Wallis parameters j . seem to be 
the right ones for the geometrical scaling of counter-current flow in the 
PVR hot leg. Evaluations and analysis of the UPTF te s t s in relation to CCFL 
are in progress and the results of this wo.x will be incorporated into the 
safety analysis codes. 
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3 PHASE SEPARATION AID STRATIFICATION PHKIOMBIA AID MIXTURE LB¥ELS 

Phase separation, s t ra t i f ica t ion and mixture levels manifest themselves as 
a discontinuity in the void fraction d is t r ibut ion . Thus their creation, 
handling, tracking, e t c . require the modelling of a mechanism for producing 
such void fraction discontinui t ies . This mechanism could be gravity or 
iner t i a driven. For example, the l iquid has the natural tendency to s e t t l e 
by gravity when the ine r t i a l forces do not dominate, creating s t r a t i f i ed 
flows. Steam and droplets can be driven out of the mixture creating a 
mixture level . Phase separation or mixing can occur a t s ingular i t ies of the 
piping such as bends, or if ices , valves, pumps, e t c . The nature of the flows 
coming out from small breaks situated above or below the liquid level in 
s t ra t i f ied flows have been recently investigated. 

The mixture models are in principle not capable of t reat ing complete phase 
separation and s t ra t i f i ca t ion phenomena, unless they are externally forced 
to do so, for example by specifying a strong discontinuity in the void-
fraction — quality relationship a t a certain value of the quali ty. In fact 
the proper description of phase separation s i tuat ions was one of the main 
incentives for developing codes based on the two-fluid formulation. 

The numerical schemes used in the two-fluid codes have the natural tendency 
to smooth out discontinuit ies, including void fraction discontinuit ies . 
Moreover, the properties such as void fraction are not defined as point 
quanti t ies , but rather as volume (node) averages. Thus these models have 
some d i f f icu l t ies in tracking mixture levels and in producing separated 
flows, as discussed below. 

In rea l i ty , there may be a sharp discontinuity in the void fraction in a 
given ce l l ; in the code calculations, the cel l void fraction i s constant 
throughout the c e l l . Since the code tends to smooth out discontinuit ies, i t 
also "diffuses void fraction," and the solution of the fluid flow equations 
may result in an a r t i f i c i a l ly high transport of vapor in the l iquid-rich 
direction and of liquid in the gas rich direct ion. To minimize t h i s 
a r t i f i c i a l diffusion, one should be able to predict the existence of two-
phase levels that may occur in vert ical ly oriented ce l l s and to account for 
t h i s in the solution of the equations. Such a level tracking model i s 
included in TRAC-BF1 but not in RELAP5/M0D2, although i t will be included 
in the newest version of the code RELAP5/MOD3. An interfacia l sharpener 
scheme i s included in TRAC-PF1 (Liles e t a l . , 1988). 

3.1 Vertical S trat i f i ca t ion 
Vertical s t ra t i f ica t ion can occur during slow t ransients (typically small-
break LOCAs) that allow enough time for the phases to separate and possibly 
thermal non-equilibrium to develop. Examples are the presence of possibly 
subcooled liquid below a volume of superheated vapour in the pressurizer 
and in other locations in the primary coolant system. 

In RELAP5/MOD2, a vert ical ly s t ra t i f ied flow regime i s included in the 
vert ical flow regime map; a vert ical hydrodynamic volume i s considered as 
being vert ical ly s t ra t i f ied if the difference between the void fraction in 
the volume above and that in the volume below i s greater than O.S. Provided 
a certain criterium i s satisfied (Ransom et a l . , 1985), a l inear 
interpolation i s used between the normal flow regime values and the 
vert ical s t ra t i f ica t ion flow regime values for the interfacial closure laws 
as well as for wall heat transfer. If a volume i s ver t ical ly s t ra t i f ied , 
the interphase mass, drag and wall heat transfer coefficients are also 
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modified. 

An interfacial sharpener is used in certain codes such as TRAC-PF1 (Liles 
et al.. 1988) to lessen the numerical diffusion problems mentioned at the 
end of the previous section. This model is used in the lower plenum and the 
core of the 3-D vessel module to improve the liquid distribution during 
reflooding. Through a series of tests, the core reflood model determines in 
which level the quench front is located, and it assumes that a sharp 
discontinuity in the void fraction distribution occurs there. Subsequently, 
a pool-entrainment corrrelation is used and the model calculates the void 
fraction for convection out from the top of the cell; this is always 
greater or equal to the cell-centered void fraction. Since velocities are 
calculated at cell edges, the interfacial drag closure relations at the top 
of this cell are calculated based on this corrected void fraction; 
additionally, the scalar field equations use this new value in the axial-
direction connective terms. This model actually restricts the liquid flux 
from the top of a mesh cell and is referred to as the "interfacial 
sharpener." 

3.2 Horizontal Stratification 

The flow can also become stratified in horizontal piping components. In 
codes l ike R&AP5/H0D2. there exists a horizontal flow regime map for 
interfacial shear and heat transfer, consisting of bubbly, slug, and 
annular-mist regimes. The flow field i s considered as being horizontally 
stratified i f the vapour velocity fa l l s below a certain value given by the 
Taitel-Dukler (1976) criteria for stratified flow in pipes. 

3 .3 Vapour and Liquid Pull-Through From Small Breaks 
In small-break LOCAs, situations can arise where the break i s located in a 
pipe or vessel where the flow after a certain time becomes stratified. Such 
situations can exist , for example, in a vessel where a mixture level has 
formed, or in a horizontal pipe with stratified flow. The break can be 
located at the bottom, the side, or the top of the pipe. We are thus led to 
the modelling of vapour pull-through from a break (modelled as the branch 
of a tee) at the bottom of a pipe with stratified flow or Xi03ili 
entrainment from small breaks at the side or the top of pipes or vessel? 
containing either a mixture or stratified liquid. 

Regarding modelling of these situations in computer codes, under stratified 
flow conditions, the void fraction for flow through a junction may be 
different from the upstream-volume void fraction. Within the solution 
method employed in codes like RHLAP5/MDD2, the regular scheme used to 
determine the donor void fraction for junction void fraction i s no longer 
appropriate because of such pull-through phenomena. 

In RELAP5/MOD2, incipient liquid entrainment i s obtained when the vapour 
velocity exceeds a certain value given by a correlation; this correlation 
i s different for upwards and for centrally oriented junctions (Ransom et 
a l . , 1985). The condition for the onset of vapour pull-through i s similar. 

Assessment of this RELAP5/M0D2 model (Ardron and Bryce, 1988) indicates 
that i t tends to significantly underpredict discharge quality in many cases 
and the correlations used in RELAP5/M0D2 do not account for al l the 
situations that could arise in transient calculations. The modified 
horizontal-stratification entailment model presented by Ardron and Bryce 
(1988) results in improved comparisons of calculations with experimental 
data. The modified model contains a tentative procedure for modelling the 
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separation/entrainment processes at high mass fluxes, when the flow regime 
in the main pipe i s not necessarily stratif ied; further separate-effects 
tests are required to confira this aodelling approach. 

The pull- .-ough situations hare been studied experimentally in several 
laboratorites. including the Kernforscbungszentrue Karlsruhe (KfK) (Smoglie 
et a l . , 1987) and acre recently at the Super-Mody-Dick faci l i ty in France 
(Micaelli and Meaponteil. 1989). The experiment al results can be f i t ted 
with relatively simple analytical descriptions and correlated to yield the 
conditions at the beginning of entrainment and the quality in the side 
branch. Such work i s already or i s being incorporated into the safety 
analysis codes. 

3 .4 Droplet Batrainment mud De-Entraimment 
Droplet entrainment and de-entrainment are also forms of phase separation. 
Hater can, for example, be entrained by sufficiently high steam velocit ies 
from the bottom of the reactor vessel and be carried out of the vessel . 
Thus water can be lost from the liquid inventory in the vessel. 

Droplets carried out of the reactor core by rising steam during reflooding 
can be de-entrained by impinging on the various structures situated in the 
upper plenum. This situation i s beneficial since these droplets do not 
reach the steam generator tubes (where they may vaporize creating 
additional steam binding) and, on the contrary, may fa l l back into the 
core. 

Clearly, such entrainment and de-entrainment phenomena are controlled by 
interfacial shear discussed in the following section. 

Entrainaent of liquid droplets from a mixture level in the core enhances 
cooling of the hot, dried out upper part of the core during reflooding. 
Such phenomena are discussed in Section 3.5 (paragraphs i i and i i i ) below 
in relation to dispersed-flow film boiling. 

3.5 The Importance of Modelling of Inter fac ia l Area and Shear 
Correct modelling of the interfacial shear force i s crucial for the 
adequate prediction of a number of phenomena. Moreover, the implementation 
of incorrect interfacial shear models in the codes may result in a number 
of either unphysical situations or numerical instabi l i t ies . The interfacial 
shear models vary according to the flow regime: 

i ) Bubblv/Slug Flow Regime. There i s a number of transients whose correct 
prediction depends on proper modelling of the interfacial shear force 
between the two phases in the bubbly/slug flow regime; two examples of such 
transients are a Small Break LOCA (SBLOCA) in which there i s a slow boil-
down in the core, and low reflooding rate cases. In either of these 
situations, the amount of liquid carry-over in the form of droplets and 
consequently the core liquid inventory will depend strongly upon the 
interfacial shear force in the bubbly/slug flow regime which exists below 
the water level . 

In codes such as TRAC-BD1/M0D1 (Taylor et a l . , 1984) and RQ.AP3/M0D2 
(Ransom et a l . , 1985), the interfacial shear in the bubbly/slug flow regime 
i s modelled by correlations derived from experiments in tubes. Recent work 
by Bestion (1985) has shown that in rod bundles, the interfacial shear in 
this flow regime should be much lower than the one for tubes having the 
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same hydraulic disaster; moreover, the difference between the two 
geometries increases as the pressure decreases. 
A slightly modified version of the drift-flux-aodel based on Bestion's 
correlation was implemented in TRAC-BD1/H0D1 (Analytis, 1986) and analysis 
of low pressure (1-5 bar) boil-off experiments in a rod bundle resulted in 
excellent agreement between measured and predicted collapsed liquid levels 
(CLL's) which were previously underpredicted due to excessive liquid carry
over. The same correlation was implemented in RO.AP5/M0D2 (Analytis and 
Richner, 1986) and the same good agreement between measurements and 
predictions resulted. Additionally, the CLL's of low flooding rate 
(< 1.5 cm/s) experiments which were underpredicted before, were now much 
closer to the measured ones. 

In a recent study by Putney (1988), a set of void fraction correlations has 
been identified which i s believed to cover the ful l range of geometries and 
flow conditions encountered in PVR safety analysis. These recommendations 
are being implemented in a developmental version of RQ.AP5/M0D3. 

i i ) Drv Halls. The dry-wall interfacial shear (in the inverted-slug and 
dispersed-flow regimes) i s also of paramount importance for the correct 
prediction of rod surface temperature histories during a transient, and in 
particular during the blowdovn and the reflood phases, since i t largely 
determjnes the liquid fraction in the post-dryout region of the core. Heat 
transfer depends in turn upon the amount of liquid available. 

Unfortunately, the problem i s quite complex since interfacial shear as well 
as interfacial area and wall heat transfer are intimately related and, 
generally, any attempt to change one of these quantities i s bound to affect 
the others and hence, the liquid fraction. An example i s again offered by 
low-flooding rate reflooding during which, for a rather long time, the 
liquid fraction in the core i s very small. Under these conditions, the 
vapour temperature (and hence, the heat flux to the vapour) wil l depend 
almost exclusively on the interfacial area per unit volume (Analytis et 
a l . , 1987a) ( i . e . the droplet diameters) as well as on the velocity of the 
droplets which i s directly related to the interfacial shear force. 

Interaction effects between droplets should also be investigated much more 
carefully, since their neglect may be the reason for the failures of the 
interfacial correlations employed; indeed these have usually been derived 
from single-droplet experiments and then applied to dispersed flows. 

In both TRAC and RELAP5/M0D2, the average droplet diameter i s obtained by a 
Weber number criterion, 

PQAu d 
We * — g — « constant 

something that occasionally results in unphysical predictions. Indeed, 
according to this criterion, the droplet diameter d increases when the 
difference between the phase velocit ies Au decreases. Thus in the case of 
dispersed flow, for example, as the droplets above the dryout point are 
being accelerated by the steam flow and Au decreases, their diameter 
increases. 

COBRA-TF includes an interfacial area transport equation. This i s 
physically more real is t ic , but a number of additional, largely unknown 
parameters are required, such as entraiiment and de-entrainment rates (e.g. 
at the spacers). In general, recent work has shown that codes l ike 
RELAP5/M0D2 overestimate the interfacial shear and the average interfacial 
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area in dispersed flow. 

i i i ) Droplet Bntrainaent and De-Entralnaent Effects at Spacers During 
Poat-Drvout Cooling of the Core. The problem of droplet breakup at the 
spacers, as well as the enhancement of heat transfer and the decrease in 
Tapour temperature downstream from a spacer, are complicated processes 
which cannot be yet modelled mechanistically. Neither TRAC nor RELAP5/M0D2 
are modelling these spacer effects . CCBRA-TF contains some empirical 
correlations for the enhancement of heat transfer due to wetting of the 
spacers, while the droplet diameters downstream from a spacer are decreased 
to simulate droplet breakup. 

In general, one can say that for real is t ic modelling of the hydrodynamics 
of dispersed flow, a mulci-field droplet approach may be needed, with the 
droplets distributed in diameter groups. (This i s further discussed in 
Section 5.3 on Dispersed Flows.) The complicated effects induced by the 
presence of spacers can, under certain conditions, play the dominant role 
by modifying the droplet size distribution controlling the global 
interfacial heat transfer. In spite of the need to consider several droplet 
groups, the additional complexities (as well as number of constitutive 
relations) introduced by such a multi-field dispersed-flow approach may not 
be practically justif iable. 

iv) Effect of unphvsical osci l lations. Both in TRAC and in RELAP5/M0D2 
there are under-relaxation schemes for interfacial shear and heat transfer. 
Their purpose i s to damp down unphysical oscillations induced by large 
differences in the values of these quantities at two consecutive time 
steps. Such differences may be, for example, due to a flow-regime 
transition. Under-relaxation i s achieved by "old-time" averaging of the 
interfacial quantities; the procedure i s different in the two codes. 

Even so, under certain conditions, unphysical results may appear due to , 
for example, the actual functional form of the wall-to-liquid heat transfer 
coefficient, if the latter i s an explicit function of the void fraction; a 
small change in void fraction can result in a large change in the wall heat 
flux. Steam generation and velocity "spikes" may appear whicb, in the case 
of reflooding, result in "numerical" liquid carry-over. This has been shown 
to be the case in low flooding rate calculations (Analytis et a l . , 1987b) 
and the problem can be solved, for example, by introducing small 
modifications of the void fraction dependence of the heat transfer 
coefficient (Analytis et a l . , 1987b). Up to now, not much attention bas 
been paid to these problems which, nevertheless, can result in misleading 
conclusions regarding the required improvements of the physics of the 
codes. 

3.< Hater Packing 

Large pressure spikes that cannot be physically explained are at times 
encountered when Eulerian type codes having fixad spatial nodes are used. 
These may be due to what i s called "water packing." A physical analog to 
water packing i s the water hammer (Habaffy and Liles, 1983): when cold 
water surges through a dead-end pipe f i l led with steam, a large pressure 
spike occurs when the steam finally collapses and water f i l l s the pipe; the 
short duration and large amplitude of this spike result from the low 
compressibility of the liquid. 



- 24 -

In a l l Eulerian finite-difference schemes, the boundary of a aesh c e l l 
behaves l ike a dead-end pipe in a water-hammer. The siaplest way for 
eliminating these water-packing spikes i s to increase the tiae-step since 
the aoaentua change during a tiae step i s the product of the tiae-step and 
the pressure gradient and hence, for a large tiae step, the saae aoaentua 
Changs can be achieved by Baking a proportionally saaller pressure change. 

This recipe can seldoa be applied, however, to a reactor transient during 
which very small time-steps are required. For this reason, alaost a l l 
thermal-hydraulic transient analysis codes include a water-packing 
detection logic in which the moaentua equations are aodJfied in such a way 
that only small pressure changes wil l occur in the voluae that f i l l s with 
water. 
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4 CRITICAL HEAT FLUX 

The occurrence of the Critical Heat Flux (CHF) condition under forced 
convection si tuations i s governed al ternatively by two mechanisms 
(Dahlquist et a l . . 1985): 

(a) thermally limbed CHF. usually occurring under nucleate boiling 
conditions, and therefore also referred t o as Departure from 
Nucleate Boiling (DNB)» and 

(b) liquid limited CHF. In t h i s case CHF typically occurs due to 
drvout of the liquid film in annular flow. 

In the thermally-^pi^ted CHF case, one may distinguish at leas t two 
different phenomena in i t i a t ing the CHF-condition: 

(al) at very low void fractions or high subcooling, CHF may occur 
when the heat flux i s sufficiently high to prevent rewetting of 
the heated surface under departing bubbles. 

(a2) for higher mass flow ra tes , growth of the "bubble boundary 
layer" may cause vapour blanketing, leading to CHF. 

In the case of liquid-limited CHF. again two phenomena may be 
distinguished: 

(bl) at low flow rates, evaporation of the liquid surrounding a 
larger slug gives r i se to dryout. 

(b2) at higher flow rates, dry out may occur when the liquid film 
thickness in annular flow f a l l s to zero. 

The occurrence of c r i t i ca l heat flux can be predicted using ad-hoc 
mechanistic models in a certain number of s i tuat ions, such as dryout in 
long tubes, e.g. Bennet et a l . (1965). However, as no comprehensive 
theoretical model covering a l l CHF conditions i s available, CHF predictions 
today s t i l l require the use of empirical or semi-empirical correlat ions. 
These are based on the vast amount of existing CHF data. For safety 
calculations no attempt i s made to model theoretically CHF behaviour from 
f i r s t principles either; certain correlations used, however, may be based 
on mechanistic considerations. 

The CHF correlations are generally developed for conditions expected to be 
encountered during normal operation. Since there i s a range of such 
conditions, th is has led to the development of hundreds of such 
correlations covering the various conditions. On the other hand, the two 
mechanisms mentioned above s t i l l form the physical basis from which CHF 
should be predicted and correlations are often specialized for the one or 
the other case. 

The effects of the various flow variables such as quality, mass flux, 
pressure e tc . over widely varying ranges are not always well understood. 
Indeed, these determine the two-phase flow-pattern, which i s a lso diff icul t 
to predict. Thus in practice, any CHF correlation may have only vague 
l imits on i t s ranges of applicabil i ty. For example, CHF correlations with 
overlapping ranges can predict CHF values that differ by more than 100 %. 
Examples are cited by Dahlquist et a l . (1985) for the W-3 (Tong, 1967) and 
the Blasi (1967) correlations, which in the region -0 .2<x<+0 .2 , 

p«6.7 MPa, m = 1500 kg/m2 s differ by about 50%. 
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To circumvent some of the difficulties inherent in the use of correlations 
with limited ranges of applicability, the "look-up table" method 
(Groeneveld et al., 1986) has been proposed. This consists in storing CHF 
data as multidimensional tables which are interpolated for the particular 
conditions of interest. The table look-up method will be implemented in 
RB.AP5/M0D3, which is under preparation. 

Another difficulty with the correct prediction of CHF comes from the fact 
that practically all the available CHF data and correlations have been 
derived from stationary measurements in test rigs. Consequentely, 
additional questions rise with respect to the CHF mechanisms under 
transient conditions, flow stagnations or flow reversals, especially when 
the transient is sufficiently fast to preclude the use of available 
correlations under the assumption that the phenomena can be described in a 
quasi-steady-state fashion. Furthermore, nonuniform axial heat flux 
profiles (history effects) and geometrical singularity effects (e.g. 
spacers) may play additional important roles. 

Since even for a complex best estimate code like TRAC or RB.AP5 it seems 
impossible to determine the actual, local CHF mechanism as described above, 
one has to rely upon the use of more or less general CHF correlations which 
can easily be implemented into such codes. The CHF predictions of both TRAC 
and RELAP5 are linked to the Biasi (1967) correlation because this 
correlation can be easily treated in codes and is applicable for both 
thermally- and liquid-limited CHF's, using either a low-quality (thermally 
limited) or high quality (liquid limited) port. The Biasi correlation is 
intended to cover the whole range of applications of TRAC and RELAP5 

2 
(pressures 0.3 to 15 MPa, mass fluxes from 200 to 6000 kg/m s, qualities 
from -0.2 to 1.0 and hydraulic diameters from 6 to 30 mm). On the other 
hand, its accuracy has been questioned recently by an extensive assessment 
of RELAP5 against dryout experiments carried out by Swedish researchers 
(Sjoberg et al., 1986), who clearly confirmed some deficiencies of the CHF 
predictions of RHLAP5. 

Most CHF correlations lead to unphysical answers when they are extrapolated 
to zero flow conditions. To avoid some of the difficulties related to the 
prediction of CHF under transient flow-stagnation conditions, for mass 

2 
fluxes lower than 100 kg/m s (and only in RELAP5), a Zuber (Zuber et al., 
1961) pool-boiling CHF correlation modified as proposed by Bjornard and 

2 
Griffith (1977) is used. For mass-fluxes between 100 and 200 kg/m s, a 
linear interpolation between the Biasi (200 limit) and the modified Zuber 
(100 limit) correlations is implemented. After refill and during reflooding 
(i.e. when the reflood option has been triggered), the modified Zuber 
correlation is used for the entire range of mass fluxes. In TRAC-PF1, for 

2 
mass fluxes less than 200 kg/m s, the CHF value predicted by the Biasi 

2 
correlation for 200 kg/m s is used. 

No attempt has been made in the modern codes to take into account the 
"history" effects of the axial heat flux profile. This can be accomplished 
by correlations that include other variables (such as channel or boiling 
length - the approach taken in TRAC-BF1) in addition to the local 
conditions, but is difficult to implement in the codes. 

The effects of flow transients, stagnation or reversals influencing 
dynamically the value of the CHF are usually not modelled because of the 
lack of an appropriate theory. Finally, the effects of geometrical 
singularities (spacers, etc.) are also often not included due to the lack 
of analytical expressions suitable for computer codes. It is well known, 
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however, that CHF often occurs at such flow obstacles. 
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5 POST-CHF BEAT TRAISPBB 

In boiling heat transfer, a dramatic decrease of the heat transfer 
coefficient, by one or more orders of magnitude, i s observed as soon as the 
l iquid no longer wets the wall. Boiling heat transfer beyond t h i s point i s 
called post-drvout or post-CHF heat transfer, or generically film boil ing. 
I t i s the low thermal conductivity of the vapour, compared to that of the 
l iquid, that i s responsible for the low values of the heat transfer 
coefficients in post-burnout heat transfer. 

Post-CHF heat transfer i s in i t i a ted as soon as the c r i t i c a l heat flux i s 
exceeded. Coming from the high temperature end, post-CHF behavior pe rs i s t s 
unt i l quenching or rewetting of the surface occurs (see Section 6) . 
Figure S.l i l l u s t r a t e s the sequence of post-CHF heat transfer modes. 

IN POOL BOILING 

q" contr. system 

nudaats 
boiling DNB 7 

T contr. system 

IN FLOW BOILING: 

low 
quality: C5D 

high 
quality: 

. Dryout 

Rewetting 

\ 

Fig. 5.1 Boiling and post-burnout regimes and t rans i t ions . 

Depending on the part icular situation, a "boiling curve" may be distributed 
along a heated section with the various regimes following each other along 
the channel, or a series of heat transfer regimes can succeed one another 
in time a t the same location; t h i s i s the case during t rans ients . 

Reviews of post-CHF heat transfer in general were prepared by the Nordic 
Liaison Committee for Atomic Energy (Abel-Larsen et a l . , 1985), Wang and 
Weisman (1983), Groeneveld and Rousseau (1983), and others. Up to date 
information and s ta te-of- the-ar t reviews were presented a t the 
"International Workshop on Fundamental Aspects of Post-Dryout Heat 
Transfer" (US NRC, 1984). 
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Figure 5.2 i s a generalization of the classical pool-boiling curve. I t i s a 
three-dimensional representation of the variation of the heat flux with 
wall temperature and quality at constant mass flux and pressure forming the 
boiling surface concept described by Nelson (1975). The flow quality 
introduces a third dimension to the problem that was not present in pool 
boiling. For a channel at constant heat flux* one notices that in certain 
regions there are more than one alternative contour l ines , just as there 
are three values of the wall temperature for a given heat flux in the pool 
boiling characteristic. 

Fig. 5.2 The boiling surface. 

The post-CHF heat transfer modes in flow boiling can be classified, 
Fig. 5.3 as: 

- transition boiling at low quality 

- transition boiling at high quality 

- inverted-annular flim boiling (IAFB) associated with subcooled or low-
quality flow 

- dispersed-flow film boiling (DFFB) associated with intermediate and 
high quality flow 
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convection * " ' ' r-
Low Hooding rate High flooding i*\t 

Fig. 5.3 Post-CHF reflooding heat transfer modes (Yadigaroglu, 1978). 

Before discussing each one of these regimes in more detail, the importance 
of certain heat transfer enhancement phenomena that are evident imjieoMafcoiv 
downstream of the CHF or quench points should be mentionned. Indeed, most 
models of post-CHF heat transfer fall to describe such observed 
enhancements. It appears that phenomena not normally accounted for in the 
analyses, such as additional turbulence or thermal-entry effects, or 
vigorous liquid contacts with the wall are responsible for this 
enhancement. Evans et a l . (198S) report, for example, the existence of a 
"transition" region downstream of the CHF point where enhanced liquid-
vapour contact kept the vapour superheat low. 

Such local enhancement phenomena are usually not modelled in most of the 
safety analysis codes. It seems, however, that successful predictions of 
reflooding transients, and especially of heat transfer downstream of the 
quench front can only be achieved by models or correlations taking into 
consideration the distance from the quench front (see e.g. the work of 
Gottula et a l . , 1985). Such a model has been implemented in the French 
CATHARE code. 
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Another class of phenomena, probably related to the above, seem to be 
responsible for observed upstream history dependences. Shiralkar et al . 
(1980) and Kirillov et a l . (1982) describe post-CHF experiments in which 
the flow pattern, as set by the conditions in an upstream region, 
influenced greatly the heat transfer regime downstream. Thus wetting of the 
wall depended not on wall temperature but rather on the conditions 
immediately upstream. Such effects should be kept in mind when describing 
post-dryout heat transfer by a "boiling surface" such as that of Fig. 5 .2. 

5.1 Transition Boiling 

Transition boiling refers to situations in which the heat transfer surface 
is only partly or intermittently wetted. It is usually characterized by a 
negative slope of the heat flux - wall superheat characteristic, just as in 
pool boiling. 

In aubcooled or low-Quality flow, transition boiling occurs following DHB: 
the flow regime in this case is bubbly or intermittent (recently referred 
to as "inverse slug"). Nucleate boiling and film boiling alternate on the 
hot surface; the phenomena are probably quite similar to those encountered 
in pool boiling. 

In saturated flow, transition boiling occurs following drvout. At high 
quality, the wall is periodically wetted either by liquid slugs or by small 
rivulets of liquid left on the wall downstream of the dry out point. 
Typically these meander on the hot surface providing the intermittent 
wetting. 

Dnder reletting conditions, i.e. when coining from the high-temperature end 
of the boiling curve, the subcooled case will be associated with inverted-
annular flow, while the saturated case could appear with dispersed flow. 

The duration or the length of the transition boiling regime is usually very 
short, and the situation is unstable, due to the usually negative slope of 
the beat transfer characteristic; thus there are serious difficulties in 
obtaining reliable heat transfer coefficient mesurements. 

Figure 5.4 shows the parametric trends observed in transition boiling. At a 
given wall superheat, the heat flux increases with subcooling of the liquid 
and with mass flux (Ragheb et al. 1981). Note that the slope of the 
transition boiling characteristic changes from negative to positive at high 
values of the quality for medium and high mass fluxes. Ragheb et al. (1981) 
note that upstream history can have a strong influence on transition 
boiling. Such effects are not accounted for in the available correlations. 

Very few physically based models of transition boiling have been proposed. 
Groeneveld and Rousseau (1983) reviewed the available correlations for 
transition boiling. They conclude that there is no correlation of general 
applicability. This reflects the fact that the available data cover only 
narrow ranges. 

The available prediction methods can be categorized as follows: 

- strictly empirical, often dimensional, correlations 

- superposition methods combining nucleate boiling and film boiling 
contributions 

- mechanistic models. 

Correlations in the first category (e.g. Ellion, 1954) cannot be 
extrapolated outside their strict range of applicability. 



- 33 -

•oil suptrtitaf ,TW - Tj — » 

Fig. 5.4 Parametric trends in transition flow boiling 
(Groeneveld and Rousseau, 1983). 

Several ways of superposing nucleate and film boiling contributions or 
alternatively of interpolating between a critical beat flux (CHF) and a 
"minimum film boiling" (MFB) point have been proposed (see e.g. Groeneveld 
and Snoek, 1986). An example of a simple superposition method is the one 
used in TRAC (see e.g. Bjornard and Griffith, 1977) where 

a" = a» «f + a" »(l- f) qTB qCHF qMFB 

The beat fluxes appearing on the right are those corresponding to the CHF 
and MFB points and f can be interpreted as the fraction of the surface in 
the "wet" (nucleate boiling) heat transfer mode. Appropriate expressions 
then must be provided for the minimum (MFB) and maximum (CHF) heat fluxes 
and for f. TRAC uses 

CHF XMFB 

The exponent 2 gave the best agreement with experimental data of Ramu 
presented by Groeneveld and Fung (1976). 
Other transition-boiling correlations are reviewed by Wang and Weisman 
(1983) and more recently by Abel-Larsen et al. (1985) and by Groeneveld and 
Snoek (1986). Abel-Larsen et al. (1983) found that the simplest empirical 
correlation of Bjornard and Griffith (1977), was the one that related best 
to the test data. 
Comparisons of available correlations with data were presented by 
Groeneveld and Gardiner (1977). It was fairly evident tbat no correlation 
fitted well the data. 
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The work of Iloeje (1974) i s representative of the Mechanistic •odels of 
film boiling and transition phenomena. Focusing on the behavior of the 
droplets in dispersed flow, his model considers explicitly, a) heat 
transfer to the droplets hitting the wall, b) connective heat transfer to 
the steam, and c) augmentation oi the latter due to the disturbance of the 
boundary layer by the droplets approaching the wall. According to the 
situation of Fig. 5.5. the droplets are repelled by the vapour thrust force 
created by the steam evaporating from their surface, as they approach the 
wall. If they have sufficient radial momentum they hit the wall and 
establish contact. Furthermore, if the contact temperature i s below a 
certain limiting value, nudeation will occur. As a result of violent 
nucleatioc, a portion of the droplet i s ejected back into the main stream, 
while the remaining liquid stays on the wall, where i t evaporates. The 
model results in a complex expression for heat transfer from the wall to 
the contacting droplets. Interestingly the total heat flux exhibits a 
minimum value and that the droplet-contact contribution has the trends 
observed in transition boiling. 

Fig. 5.5 I loeje's model of transition and DFFB. 

Regarding the use of appropriate expressions for transition-boiling heat 
transfer, Groeneveld and Rousseau (1983) suggest that the CHF and the 
minimum film boiling (MFB) points be connected simply by a straight l ine in 
log-log coordinates. The method has at least the advantage of providing a 
smooth transition between the two points. The problem of correctly defining 
the MFB point remains, however, and their recommendation simply shifts the 
problem. Indeed, in several of the heat transfer correlation packages that 
are used in modern computer codes for reactor accident analysis, a rather 
unsuccessful attempt i s made to use correlations for the heat flux or the 
wall superheat at the MFB point. I t i s quite possible, however, that in 
flow-boiling situations there may not be any "magic" minimum values and 
that one should follow an approach like the one proposed by Iloeje in 
describing the various components of the total heat flux and adding these 
to obtain the total flux. Other investigator? Insist , however, that the 
various revetting observations (including the point of MFB) are 
manifestations of the same fundamental mechanism. Additional discussion on 
rewetting can be found in Section € on Reletting Phenomena. 
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5.2 Iaverted-anmalar Film Boi l ing 

Inverted-annular film boiling (I1FB) i s a rather unusjal and essentially 
transient node of film boiling that has been studied recently extensively 
in relat ion to the so-called reflooding phase of the LOCA in LHRs. IAFB has 
been associated in the l i t e r a tu re with high reflooding ra tes , but i t can be 
shewn that i t exists only as long as the flow a t the quench front ( i . e . a t 
the upsteam boundary of IAFB) regains essential ly subcooled (Tadigaroglu 
and Tu, 19S3). Indeed, a t low pressure, sufficient voids are created even 
at very lew quality to increase the void fraction rapidly and turn the flow 
into dispersed. 

The IAFB regime can be described as consisting of a long l iquid column or 
"liquid core." separated fro* tae wall by a vapour f i l e . The core nay 
contain vapour bubbles. Heat i s transported by conduction and radiation 
through the vapour f i l a to the interface fron where i t i s conducted into 
the subcoolsd liquid core. Modelling of IAFB depends c r i t i ca l ly upon the 
interfacial heat trar.sfer law between the superheated vapour and the 
usually subcooled liquid core. Indeed, the net interfacial heat transfer 
determines the ra te of vapour generation and therefore also the f i l a 
thickness. Fig. 5.6. 

wall in t . l iquid 
i/ L 

Fig. 5.6 The wall and interfacial heat fluxes in IAFB. 

Rapid steam generation accelerates the low-viscosity, low-density vapour 
more easily than the denser core and produces a high steam velocity. Thus, 
a t low quality, the transit ion-boil ing and IAFB sequence resembles the 
analogous situations in pool boiling but i s certainly much more complex. 
When the velocity in the vapour annulua reaches a certain c r i t i ca l value, 
the liquid core becomes unstable and breaks up into large fragments. 
Following a transi t ion zone, dlspersed-droplet flow i s established. 
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Experimental observations show that the heat transfer coefficient in the 
IAFB region increases rapidly with liquid subcooling. Indeed, a higher 
subcooling promotes heat transfer to the liquid in the core and reduces 
vapour generation and the thickness of the vapour film, thus enhancing beat 
transfer, it high flow rates, a strong increase of the beat transfer 
coefficient with aass flux is observed. At low flow rates this effect may 
disappear. 

The classical Brouley-type analysis of film boiling does not account for 
these effects. Andersen (197(b) did a comprehensive study of the problem 
and proposed a "modified Bromley" correlation. He considers the fact that 
the presence of waves on the interface causes the boundary layer to restart 
over each wavelength and eliminates the continuing decrease of the heat 
transfer coefficient with distance, which is typical of growing laminar 
flow. Reflooding experiments clearly show, however, an exponential decay of 
the heat transfer coefficient with distance from the QF for a length 
extending some 20 or 30 cm above the QF. 

Two-fluid models are necessary for describing correctly the IAFB situation 
(e.g. Analytis and ladigaroglu. 1987; Kawaji and Banerjee. 1987; Denhaa, 
1983). The computer codes used for LWF safety analysis provide the 
necessary framework, but there are limitations regarding the size of the 
nodes that can be used: the entire length of the IAFB region may be 10 to 
30 cm. which, in certain cases, is smaller or comparable to the node size 
used for the core in safety analyses. Thus the details of the spatial 
variation of the heat flux cannot be considered, unless the size of the 
nodes is drastically reduced. Nevertheless, the Analytis and Yadigaroglu 
(1987) model has recently been implemented in RH.AP5/M0D2 and used to 
successfully predict reflooding transients (Analytis, 1989, 1990). 

The main challenge in implementing IAFB models into two-fluid codes resides 
in the proper choice of the interfacial heat and momentum exchange 
correlations. Interfacial beat exchange enhancements may be due to 
turbulence in the film, violent vaporization at the QF, liquid contacts 
with the wall near the quench front, or possibly to the effects of the 
developing boundary layer in the vapour film. The large amount of vapour 
that may be generated right at the quench front (release of the heat stored 
in the wall due to quenching) must also be taken into account. There is a 
great uncertainty regarding this, since vapour at the quench front is 
generated violently under highly non-equilibrium conditions. 

In general, there are too many adjustable parameters and assumptions 
influencing the results (introducing "degrees of freedom" into the model) 
and difficulties in measuring flow parameters, in addition to the value of 
the heat transfer coefficient, to verify these. 

De Jarlais et al. (1986) simulated the IAFB situation with adiabatic 
turbulent water jets enclosed in gas annuli. They measured velocities, jet 
length, shape, break-up mode, and dispersed core droplet sizes. Such 
information, in spite of limitations due to the adiabatic character of the 
experiment, etc. could be valuable in the development of IAFB models. 

Groeneveld (1984), in a review paper summarizes much of the available 
information on IAFB, including sources of experimental data. Ishii and de 
Jarlais (1985) review some of the literature on IAFB, as well as on film 
boiling in general. 
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5.3 Dispersed Flow F i l a Boi l ing (DFFB) 
At high void fractions (> 80%) post-CHF heat transfer takes place in the 
presence of dispersed flow. i . e . with the l iquid phase distributed as 
entrained droplets in the vapour phase. This heat transfer regime can be 
encountered during the blow-down period as well as in the fora of 
precursory cooling during the reflooding phase of a LOCA. 

The experimental work shows tha t in t h i s heat transfer regiae. significant 
departures fro» phase-velocity and thermal equilibrium are to be expected. 
Thus, the departures from equilibrium and the evolution of the phases Bust 
be assessed dynamically along the channel. In the presence of important 
departures fron equilibrium, mixture models are in t r ins ica l ly not able to 
predict the overall heat t ransfer ra te from the rods t o the mixture. On the 
contrary, the two-fluid models implemented in the modern codes have in 
principle the capability to account for the interfacia l heat and momentum 
transfer mechanisms that determine these departures from equilibrium and 
influence greatly the heat transfer r a t e . Figure S.7 i l l u s t r a t e s the 
various energy exchanges between the phases and the wall that take place. 

WALL 

total heat flux 

wan - to - drop 
direct contact heat transfer 

mm 

VAPOR 

wall - to - vapor convection 

radiation 

vapor - to - drop convection 

vapor generation 

Fig. 5.7 The heat and mass transfer mechanisms in DFFB. 

The most important contributor to the overall heat exchange between the 
mixture and the rods is the convection from the wall to the superheated 
vapour. In this respect, the actual vapour temperature plays the 
determining role; the superheat of the vapour is governed by the rates of 
corrective heat transfer from the hot wall to the vapour and from the 
vapour to the entrained droplets. 
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"fit t»in?fer from the superheated vapour to the droplets can be considered 
as being proportional to the driving temperature difference and to the 
interfacial area. The interfacial area is clearly a dependent hydrodynamic 
parameter controlled by the dynamics of interfacial shear, droplet 
generation, break-up, and coagulation mechanisms, and evaporation history. 
It is the single most difficult parameter to predict. At the same time, the 
correct calculation of the interfacial area is the key for predicting the 
wall temperatures (Analytis et al., 1987). 

There are basic difficulties in determining experimentally important 
parameters such as the interfacial drag coefficient. Since the spectrum of 
droplet sizes may vary from case to case, and the closure laws depend on 
droplet diameter, the formulation of universally valid closure laws is 
difficult. 

An estimation of the characteristic mean droplet diameter is the first 
thing needed for the analysis, the inadequacy that is inherent in the 
calculation of the maximum droplet diameter from an aerodynamic stability 
criterion that depends only on the relative velocity between the phases was 
already noted in Section 3.5. In reality the characteristic mean droplet 
size should be dependent on flow history and on the mechanism creating the 
liquid droplet entrainment. In this respect codes that use an interfacial 
area transport equation (such as CCBRA/TRAC) should be considered superior 
to the codes (such as RELAP5 and TRAC) that use local conditions to 
determine the droplet diameter and, thus, the interfacial area. 

In general, one can say that for realistic modelling of the hydrodynamics 
of dispersed flow, a multi-field droplet approach may be needed, with the 
droplets distributed in diameter groups. Such detailed accounting seems to 
be important, however, only in the vicinity of the quench front, where the 
droplet distribution is rapidly evolving; the wall cooling mechanisms 
downstream of the quench front cannot be modelled using an average droplet 
diameter having the "usual" size. Unfortunately, no experimental 
information on the droplet distribution immediately downstream from the 
quench front is presently available. Moreover, there are experimental 
findings according to which all droplets above a certain size travel with 
the same axial velocity, at least under (lev el oped-flow conditions (e.g. Lee 
et al., 1982; McMinn et al., 1988). Thus a multi-field approach may not 
always be necessary. 

A second contributor to the overall heat transfer is the direct wall-to-
droolet interactions. The calculation of the direct contact heat transfer 
term is totally empirical. It relies on correlations that are either 
developed for situations physically different (Bromley, 1950), or are 
strongly dependent on coeificients that lump together many effects 
(Forslund and Robsenow, 1968), such as the effective droplet deposition 
rate. The latter should depend not only from the interaction of the 
droplets with the vapour, but also from the initial conditions that created 
the droplets. This is especially true at locations near the point of 
inception of DPFB where the wall temperatures may be sufficiently low to 
allow for direct contacts. Unfortunately, a better approach has not yet 
been proposed. 

Radiation heat transfer is also Important at high temperatures (> 800 C) 
and, as demonstrated by Wong and Hochreiter (1980), in bottom reflooding of 
a rod bundle can account for up to 50 % of the total heat transfer rate (if 
the rod temperature is as high as about 1000 C). The radiation models 
implemented in the large safety codes are based on the assumption that the 
mixture is optically thin. This assumption has been too easily accepted and 
can yield significant errors, especially at pressures higher than a few 
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bar. 

Host of the codes neglect the oresenee of the spacer grids, that according 
to the experimental evidence presented, among others by Tao et al. (19S2). 
Toder et al. (1983). and Lee et al. (1984) act as cooling fins. The grid 
spacer effect is aore pronounced during the reflooding phase: in the 
ezperiaents of Ihle et al. (1984), the cladding temperatures were up to 
100 E lower downstream of the grid spacer at the bundle midplane. The 
spacer grids also aodify the droplet population spectrum, since the impact 
of the largest droplets onto the grids creates a shower of smaller 
droplets. 

Considering the above mentioned limitations, the models implemented in the 
codes to calculate heat transfer in DFFB are in principle not fully 
adequate for a mechanistic best-estimate calculation. A detailed survey of 
the DFFB models implemented in the safety analysis codes in comparison with 
other information available in the literature and recommendations for 
improvements were recently published by Andreani and Tadigaroglu (1989*. 

S.4 Spray Cooling 

The uncovered cere of a BHR can be cooled and then quenched by reflooding 
from below and/or by spray cooling from above. The spray droplets also form 
a liquid film on the bundle surfaces. Droplets fall through the upper tie 
plate when core sprays are operating, or when coolant from the low-pressure 
coolant injection (LPCI) system fills the region between the bundles (core 
bypass region) and then overflows into the fuel channels. 

The physical phenomena taking place in the upper part of a fuel channel 
under these conditions are shown in Fig. 5.8. The complicated 
tbermohydraulic phenomena occuring at the upper part of the bundle, between 
the top of the rising water level and the top of the channel can be 
modelled by relatively simple correlations for licensing type calculations. 
Good aechanistic models are required, however, for accurate cladding 
temperature predictions. Such predictions are most important when bottom 
reflooding is delayed and quenching from the top plays an important role in 
preventing high cladding temperatures from occuring. 

The C0REC00L (Andersen, 1976a) and TRAC-BD (Taylor et al., 1984) codes 
•odel the important phenomena on a realistic or best-estimate basis. 
Specific features of the CORECOOL code are: 

- Separate modelling of the steam, water droplets, and falling film 
which enables separate fluid temperatures (steam superheat) and 
countercurrent flows to be calculated. 

- Multiple modes of heat transfer between surfaces, steam and 
droplets. 

- Radial and axial beat conduction in the fuel and cladding, which 
enables the film (quench) front propagation to be calculated from a 
conduction limited sputtering model. 

- Multi-mode radiation heat transfer including emission, absorption, 
reflection, geometric view factors, path lengths, and optical 
properties varying with temperature. The cladding temperatures need 
to be greater than 800 C before radiation heat transfer has any 
significant Influence on cladding temperature response. 
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In the TRAC-BD code, falling-film and bottom flood quench fronts are 
tracked by moving meshes on each rod group and on the channel walls. The 
presence of a liquid film is inferred from the heat transfer mode 
calculated by the code. Volumetric heat sources and detailed radiation heat 
transfer calculation above 800 C are included, and a method for averaging 
void fractions near a quench front is employed. Component models are 
developed for the fuel channels (rods in a pipe) with reflood heat transfer 
capability. A special upper plenum component model calculates the mass and 
energy deposited at the top of the core by the core spray water, either in 
the form of spray or submerged water. The assessment of the reflooding 
model in TRAC-BD (Analytis, 1986) indicates that the code has numerical 
problems while tracking the quench front using the fine moving meshes for 
bottom reflooding. There are no independent assessment cases for spray 
cooling available in the open literature using TRAC-BD. 

Fig. 5.8 Spray cooling of a hot channel. 



- 41 -

References for Sec t ion 5 

Abel-Larsen, H. et a l . (1985) "Heat transfer correlations in nuclear 
reactor safety calculations." SAEK-5 (RISO-M-2504), Nordic Liaison 
Committee for Atomic Energy (June 1985), Vols. I and I I . 

Analytis, G.Th. (1986) "Assessment of TRAC-BDl/Modl with boil-off and 
reflooding experiments: Model improvements and numerical problems," Paper 
presented at the Fi rs t Specialist Meeting of Code Users (ICAF), Erlangen, 
FRG, 9-11 June 1986 

Analytis, G.Th. (1989) "Implementation of a Consistent Inverted Annular 
Flow Model in RELAR5/M0D2," Trans. ANS. 6_0, 670-671. 

Analytis, G.Th. (1990) "Implementation and Assessment of an Inverted 
Annular flow (IAF) model in RELAP5/M0D2," paper presented a t In t . Code 
Assessment and Application Program (ICAP) Meeting, Madrid, 7-9 May 1990. 

Analytis, G.Th. and Yadigaroglu, G. (1987) "Analytical modelling of 
inverted annular film boil ing," Nucl. Eng. and Design. 9_£, 201-212. 

Analytis, G.Th., Richner, M., and Aksan, S.N. (1987) "Qualification of 
modifications of interfacial shear and wall heat transfer of 
RELAP5/M0D2/36.02 during reflooding," Trans. Amer. Nuol. Soe.. 54, 705. 

Andersen, J.G.M. (1976a) "C0REC0QL: A model for the temperature 
dis tr ibut ion and two-pha3e flow in a fuel element under L0CA conditions," 
Generic Electric Report NED0-21325 (July 1976). 

Andersen, J.G.M. (1976b) "Low-flow film boiling heat transfer on ver t i ca l 
surfaces," ASME-AIChE Heat Transfer Conference, St.Louis, Missouri, August 
1976. AIChE paper 53. 

Andreani, M. and Yadigaroglu, G. (1989) "Dispersed flow film boiling. An 
investigation of the possibil i ty to improve the models implemented in the 
NRC computer codes for the reflooding phase of the L0CA," Paul Scherrer 
Ins t i tu te report Nr. 51 (December 1989). 

Bjornard T.A. and Griffith, P. (1977) "PWR blowdown heat t ransfer ," pp 17-
39 in Thermal and Hydraulic Aapeots of Nuclear Reactor Safety. ASME, New 
York, Vol. 1 . 

Bromley, L.A. (1950) "Heat transfer in stable film boil ing," o Chem. Engng. 
Progr.. 4£ (5) 221-227. 

Chen, J.C. (1984) "Review of post-dryout heat transfer in dispersed two-
phase flow," paper presented at The Flrat In t . Workshop on Fundamentala of 
Post-Dryout Heat Transfer. Salt Lake City, Utah, USA, April 2-4, 1984. 

Chen, J.C. (1986) "A short review of dispersed flow heat transfer in post 
dryout boil ing," Nuel. Eng. and Das.. 21 , 375-383. 

Chen, J.C. e t a l . (1979) "Vapor heat transfer in post-CHF region including 
the effect of thermodynamic non-equilibrium, "Nucl. Eng. and Pea.. i±, 143-
155. 

deJar la is , G., I s h i i , M., and Linehan, J. (1986) "Hydrodynamic s t ab i l i t y of 
inverted annular flow in an adiabatic simulation," J . Heat Tranafar. Trana. 



- 42 -

ASHE. 108. 84-92. 

Denham, M.K. (1983) "Inverted annular film boiling and the Bromley Model." 
AEEH-R 1590. 

Dougall, R.S. and Rohsenow, W.M. (19(3) "Film boiling on the inside of 
vertical tubes with upward flow of the fluid at low qual i t ies / ' MIT Report 
9079-26. 

Ellion, M.E. (1954) "A study of the mechanism of boiling heat transfer," 
California Institute of Technology Report JPL-MEMO-20-88. 

Evans, D., Webb, S., and Chen, J.C. (1985) "Axially varying vapor 
superheats in convective film boiling," J. Heat Transfer. 107. 663-669. 

Forslund, R.P. and Rohsenow, V.M. (1968) "Dispersed flow film boiling," £,. 
Heat Transfer . T r a n s r f?fff- 2ft, 3 9 9 - 4 0 7 . 

Gottula, R.C., Condie, K.G., Sundaram, R.K., Neti, S. , Chen. J.C., and 
Nelson, R.A. (1985) "Forced convective. nonequilibrium, post-CHF heat 
transfer experiment data and correlation comparison report," N0REG/CR-3193 
(March 1985). 

Groeneveld, D.C. (1984) "Inverted annular and low quality film boiling: A 
state-of-the-art report," Keynote paper presented at The First Int. 
Workshop on Fundamental Aspects of Post-Drvout Heat Transfer. Salt Lake 
City, Utah, 2-4 April 1984. 

Groeneveld, D.C. and Fung, K.K. (1976) "Forced convective transition 
boiling - Review of the literature and comparison of prediction methods," 
AECL-5543, Chalk River Nuclear Laboratories (June 1976). 

Groeneveld, D.C. and Gardiner, S.R.M. (1977) "Post-CHF heat transfer under 
forced convective conditions," pp. 43-73 in Thermal and Hydraulic Aspects 
of Nuclear Reactor Safety. Vol. 1: Light Water Reactors, O.C. Jones and 
S.G. Bankoff (eds.) , ASME, New York. 

Groeneveld, D.C. and Rousseau, J.C. (1983) "CHF and post-CHF heat transfer: 
An assessment of prediction methods and recommendations for reactor safety 
codes," in Advances in Two-Phase Flow and Heat Transfer. S. Kakac and M. 
Isbi i , editors, Martinus Nijhoff Publishers, Boston, Vol. I, pp. 203-238. 

Groeneveld , D.C. and Snook, C.W. (1986) "A comprehensive examination of 
heat transfer correlations suitable for reactor safety analysis," pp. 181-
274 in Multiphase Science and Technology. G.F. Hewitt, J.M. Delhaye and N. 
Zuber (editors). Vol. 2, Hemisphere, Washington. 

Bile, P. et al . (1984) "Grid spacer effects in reflooding experiments using 
rod bundles of different fuel rod simulator design," pp. 171-178 in Ihe. 
First Int. Workshop on Fundamental Aspects of Pogt-Prvont Heat Transfer, 
Salt Lake City, Utah, USA 2-4 April 1984, NUREG/CP-0060. 

Iloeje, O.C. (1974) "A study of wall rewet and heat tranfer in dispersed 
vertical flow," Ph.D. thesis, M.I.T. 

Ishi i , M. and de Jarlals, G. (1985) "Flow visualization study of Inverted 
annular flow of post dryout heat transfer region," in Proceedings of Third 



- 43 -

October 15-18, 1985, C. Chiu and G. Brown ( e d s . ) , paper l . C . 

Kawaji, M. and Banerjee, S. (1987) "Application of a mult i f ie ld model to 
reflooding of a hot vert ical tube: Part 1 - Model structure and interfac ia l 
phenomena," J . Heat Transfer. Trans. ASME. 109_. 204-211. 

Kir i l lov , P.L., Kokorev, B.V., Remizov, O.V., Sergeev, V.V. (1982) "Post 
dryout heat transfer." Proc. 7th Int. Heat Transfer Conf. Munchen. FRG, 
1982. 

Lee, N.. Wong, S . , Yeh, H.C., and Hochreiter, L.E. (1982) "PWR FLECHT 
SEASET Unblocked Bundle, Forced and Gravity Reflood Task. Data evaluation 
and analys is report," EPRI NP-2013. NUREG/CR-2256, WCAP-9891. 

Lee, S.L., Sheen, H.J., Cho, S.K., and Issapour, I . (1984) "Measurement of 
droplet dynamics across grid spacer in mist cooling of subchannel of PWR," 
pp. 619-642 in The First In t . Workshop on Fundamental Aspects of Post-
Drvout Heat Transfer. Salt Lake City, Utah, USA, NUREG/CP-0060. 

McMinn, K.W., Tee, W.H., and Denham, M.K. (1988) "Measurement of droplet 
s i z e and speed in dispersed flow film boi l ing," pp. 838-842 in Experimental 
heat transfer, f luid mechanics, and thermodynamics 1988. R.K. Shah, E.N. 
Ganic, and K.T. Yang, editors , (Dubrovnik, Yugoslavia, 4-9 September 1988), 
Elsevier, New York. 

Nelson, R.A. (1975) "The heat transfer surface technique," LOCA Heat 
Transfer Workshop, Idaho Fa l l s , Idaho. 

Ragheb, H.S., Cheng, S.C., and Groeneveld, D.C. (1981) "Observations in 
transi t ion boi l ing of subcooled water under forced convective conditions," 
Int. J . Heat Mass Transfer. 24., 1127-1137. 

Shiralkar, B.S. , Hein, R.A., and Yadigaroglu, G. (1980) "The 'boi l ing 
curve' in high quality flow boi l ing ," Proceedings of the ANS/ASME/NRC Int. 
Topical Meeting on Nuclear Reactor Thermal-Hydraulics. Saratoga Springs, 
October 5-8, 1980, NUREG/CP-0014, Vol 2 , pp. 1131-1141. 

Taylor, D.D. e t a l . (1984) "TRAC-BD1: An advanced best-estimate computer 
program for BWR transient analys is . Vol. 1: Model description," NUREG/CR-
3633. 

US NRC, United States Nuclear Regulatory Commission (1984) The Firs t 
International Workshop on Fundamental Aspects of Post-Drvout Heat Transfer. 
Salt Lake City, Utah, 2-4 April 1984, NUREG/CP-0060. 

Wang, S.W. and Weisman, J. (1983) "Post-crit ical heat transfer: A survey of 
current correlations and the ir appl icabi l i ty ," Progr. in Nucl. Energy. XL 
(2) 149-168. 

Wong, S. and Hochreiter, L.E. (1980) "A model for dispersed flow heat 
transfer during reflood," Proc. 19th Nat. Heat Transfer Conf., Orlando, 
F l . , USA. 

Yadigaroglu, G. (1978) "The reflooding phase of the LOCA in PWRs. Part I: 
Core heat transfer and f luid flow," Nucl. Safety. 12, 20-36. 

Yadigaroglu, G. and Yu, K.-P. (1983) "Flow regimes and carryover during 
reflooding," European Two-Phase Flow Group Meeting, Zurich, June 14-17, 



- 44 -

1983. 

Yao, S.C. et al. (1982) "Heat transfer augmentation in rod bundles near 
grid spacers," J, Hffilt Transfer 101, 76-81. 

Yoder, G.L. et al. (1983) "Dispersed flow film boiling beat transfer data 
near spacer grids in a rod bundle," Nucl. Techn.. ££, 304-313. 



- 45 -

C BBfBTTIK PHBiOMKHA AID QDBICH FiOiT PBOPAGATIOI 
Understanding the rewetting mechanism of hot surfaces i s essent ia l to the 
modelling of core recovery. The rewetting phenomena are briefly discussed 
f i r s t below; the i r treatment in the safety analysis codes i s then reviewed. 

6 .1 Mechanisms 
Two principal mechanisms are of importance for the rewetting of a surface: 

1 . HvdrodYnflmio mechanism. The separation of the liquid-vapour interface 
from the wall can l a s t only as long as the vapour generation ra te i s 
sufficient to maintain a stable vapour film. If the conditions near the 
wall are modified and t h i s vapour generation ra t e i s affected, then the 
vapour layer may collapse, and rewetting occurs. This i s the basis of 
models such as those of Berenson (1961), Henry (1973), and Shoji and Takagi 
(1983). 

2 . Thermoflvn^fJo flgch?niffB- I t i s assumed that the liquid can never exist 
beyond a "maxJrum liquid temperature'', which depends only on the l iquid 
properties. Thus, a heated surface whose temperature i s beyond the maximum 
liquid temperature cannot support l iquid contact; examples of th i s approach 
are the models of Spiegler et a l . (1963), Blander and Katz (1975), and 
Lienbard and Karimi (1981). 

Both mechanisms may enter in play during a rewetting s i tuat ion: the 
hydrodynamic condition must be satisfied f i r s t to allow contact of the 
l iquid with the wall; the temperature of the interface between the wall and 
the liquid must then be below the thermodynamic l imit for wetting to occur. 

Two new approaches are based on the adsorption character is t ics of the 
system. For a s t a t i c configuration, surface wettabi l i ty i s suitably 
expressed by the l iquid-solid contact angle. The knowledge of the 
dependency of the contact angle on temperature enables determination of the 
temperature which corresponds to various contact s i tuat ions; e.g. Segev and 
Bankoff (1980), and Qlek e t a l . (1988a). For a dynamic configuration i t i s 
claimed that wetting in a non-isothermal system i s controlled by a thin 
film (the primary film, at leas t a monolayer in thickness) that pul ls some 
l iquid to form an evaporating meniscus which transfers the energy from the 
hot surface. As long as the temperature allows the formation of a t l eas t 
one monolayer of l iquid molecules on the surface, wetting i s possible. When 
the temperature i s increased above a specific value, no continuous 
monolayer (or close packed patches of adsorbate) can be formed, and i n i t i a l 
spreading of the liquid over the surface will terminate; e.g. Segev and 
Bankoff (1980). 

A detailed discussion of rewetting phenomena can be found in the recent 
a r t i c l e of Nelson (1996). 

6.2 Types of Rewetting 
There are a variety of rewetting phenomena and these are not necessarily 
controlled by Identical mechanisms and parameters. Iloeje e t a l . (1973) 
isolated three different controlling mechanisms for forced convective 
rewetting. These are: impulse cooling collapse, axial conduction controlled 
rewetting, and dispersed flow rewetting. Groeneveld (1982) presented 
various types of rewetting as shown in Fig. 6 . 1 . This figure includes the 
three mechanisms mentioned above (Cheng et a l . , 1985). 
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i ) Impulse cooling collapse. When the wall temperature i s higher than the 
rewetting temperature in the inverted annular film boiling regime, the 
liquid-vapour interface i s wavy and i t fluctuates about a mean position. If 
the wall temperature or beat flux are lowered, the vapour thickness 
decreases and eventually the liquid may contact the wall. Depending on the 
temperature level and the rate of heat supply to the cooled region of the 
material beneath, the liquid-wall contact i s either maintained, or the 
liquid i s pushed away from the wall with the formation of vapour. In the 
latter case, each contact i s equivalent to an impulse cooling of the 
surface. In a quenching process, repeated contacts wil l lower the surface 
temperature enough to permit rewetting. Impulse-cooling-collapse type of 
rewetting has been studied by Groeneveld and Stewart (1982) and Cheng et 
a l . (1982). Preliminary correlations for the so-called true quench 
temperature of this type of rewetting were proposed by these authors. 

i i ) Axial conduction controlled rewetting. In a system with an already 
wetted upstream surface, i . e . the type II (top flooding) and III (bottom 
flooding) configurations of Fig. 6.1, the transition from film boiling to 
nucleate boiling appears to be governed by axial conduction. Wall 
conduction transfers the beat from the high-wall-temperature film-boiling 
side to the low-temperature nucleate-boiling side and causes the axial 
surface temperature profile to move along the wall, as shown in Fig. 6.2. 
Transition from film boiling to nucleate boiling occurs when the wall 
temperature at a given point (the quench front) fa l l s below the rewetting 
temperature. 

Fig. 6.2 Temperature and heat flux fields in a wall during 
axial-conduction-controlled rewetting (Summers, 1981). 



- 48 -

Of importance to LOCA analysis are both top and bottom flooding. Under 
conditions of top spray cooling (type I I in Fig. 6.1) or bottom flooding 
(type I I I in Fig. 6.1), revetting i s indeed characterized by a slow 
advancing quench front; usually the si tuat ion i s considered as being 
controlled by axial conduction, mainly in the cladding. 

i i i ) Dispersed flow rewetting. In the dispersed-flow regime, I loeje e t a l . 
(1973) postulated that t ransi t ion was controlled by the combined effects of 
two processes; namely, heat transfer to the vapour (assuming no effect of 
the existence of droplets), and heat transfer due to the presence of 
droplets, which may or may not be touching the surface. The f i r s t effect 
increases with wall temperature, while the second decreases. Their combined 
effects control the to ta l heat flux which has a minimum at a certain wall 
temperature, the so-called AT' . The AT obtained in th i s fashion i s not 
a thermodynamic property, but depends on t i e flew conditions. 

Note that t h i s rewetting type-IV of Fig. 6.1 i s not necessarily 
characterized by the presence of a propagating quench front (types V and VI 
of Fig. 6.1 belong also to t h i s group). I t i s thus similar to the type-1 
film boiling configuration, except that the .-liquid phase i s dispersed in 
the vapour instead of being continuous. 

Types V and VI do not refer to forced convective rewetting, but rather to 
no-flow s i tua t ions . For type V, the l iquid i s dispersed in the continuous 
gas phase, while for type VI the gas forms a film on the surface; the 
liquid phase i s continuous. 

lyj Sudden rewetting bv large masses of liquid without progression of a 
quench front i s discussed in the following section. 

6.3 Sudden Rewetting by Large Masses of Liquid without Progression 
of a Quench Front 

An important phenomenon, observed for the f i r s t time in the LOFT large-
break LOCA experiments, was core-wide cooling of the fuel cladding and 
quench during the blowdown phase. This phenomenon i s important regarding 
heatup of the core, because i t removes a large part of the stored energy 
from the fuel during the early phases of the t ransient . 

The blowdown-phase quench was caused by the hydraulic response of the 
primary system during the t ransi t ion from subcooled t o saturated choked 
flow at the break and by the operational character is t ics of the primary 
coolant pumps. These hydraulic processes and the result ing core thermal 
behavior provide a diff icult challenge to the system codes and the 
resul t ing analysis led to a r eva lua t ion of c r i t i c a l heat flux and post-
c r i t i c a l heat transfer models. 

The thermal-hydraulic conditions leading to the rapid cooling of the 
cladding and the early quench that took place have been reviewed and 
discussed by Aksan (1988). In summary, the rapid cooling of the cladding 
was primarily a resul t of low-quality, high upward core flow a t a time when 
the system pressure was s t i l l relat ively high (7 MPa). The velocity of the 
rapidly moving fluid through the core was estimated to be approximately 
1.8 m/s. This moving fluid wave caused quench propagation a t approximately 
1.0 to 1.5 m/s, as can be deduced from Fig. 6 .3 . Nelson (1982) s ta tes that 
under these conditions: (a) no applicable data base exis ts , and (b) the 
velocity of the quench fvont I s far too high for axial-conduction-limited 
quenching to be the controlling factor. I t i s quite l ikely that the 
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correlations currently used in the advanced codes cannot handle adequately 
such blowdown quench phenomena (Modro et al. 1988). 

A x i a l P r o f i l e Modu l 5 
(Control b u n d l e ) ( C I U S t e r H 6 ) 

Fig. 6.3 Rapid quenching observed in the LOFT experiments. 

The research reported by Gottula et al. (1985) provides additional non-
equilibrium, post-CHF data for the development and verification of post-CHF 
heat and mass transfer models important to fuel rod quenching. The 
comparison of these data with wall heat transfer and vapour generation 
correlations shows that current heat transfer correlations are in poor 
agreement with the experiments. 
Further experiments in simple geometries (with a single rod and a nine-rod 
bundle) with well quantified inlet hydraulics and at 7 MPa system pressure 
were conducted in the LOFT Test Support Facility (LTSF). Both of the LTSF 
high-pressure blowdown experiments provide important information for 
assessing the capability of best estimate computer codes in predicting 
blowdown-phase quench behaviour. One should note, however, the fuel rod 
simulators such as the ones used in these tests do not have the gap between 
pellets and cladding that exist in actual fuel rods; thus their quenching 
behavior may be significantly different (see e.g. Erbacher et a l . , 1984). 
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Calculations performed, using RQ.AP5/MDD2 (Aksan, 1989) indicate that 
additional analytical work i s necessary to bet ter represent the fi lm-to-
nucleate boiling transi t ion heat transfer and the subsequent quench 
behavior. These code calculations and comparisons also indicate the need 
for further experimental measurements of variables that wil l enable the 
characterization of the phenomena a t the quench front, such as entrainment 
and s l i p between the phases downstream of the quench front . This i s 
necessary to enable advanced computer codes to model the processes from a 
phenomenological point of view. There i s also a need for further post-CHF 
model development that includes such factors as conditions at the quench 
front and distance from the quench front, as already noted in Section 5. 
These are needed to predict post-CHF thermal non-equilibrium and the 
quenching phenomena. 

The re su l t s of code calculations of the LOFT-LB-0 2-6 large break 
experiments (e.g. Modro e t a l . , 1988; Lubbesmeyer, 1988; Analytis and 
Lubbesmeyer, 1988) clearly indicate that the current generation system 
codes are not predicting correctly the post-CHF heat transfer and sudden 
blowdown phase quenching. The exception i s some recent work (Analytis and 
Lubbesmeyer, 1988) where modifications in the heat transfer package 
produced improvements in the code predictions; extensive validation has not 
been carried out, however. 

6.4 Modelling of Axial-Conduction-Controlled Kewetting 
There are numerous axial conduction-controlled rewetting models (Elias and 
Yadigaroglu. 1978) which predict with par t ia l success the rewetting 
veloci ty. Common to most of these models i s the use of a wet-side heat 
transfer coefficient and a rewetting temperature as input parameters. 
Models which take into account precursory cooling of the rod by the flow 
ahead of the quench front require additional input parameters. All these 
input parameters are derived from experimental information (e .g . Tu e t a l . , 
1977), correlated so that i t can be used for the calculations. The major 
disadvantage of these models i s the arbi t rar iness introduced by the choice 
of these parameters, for one can always play with one parameter against the 
other to obtain satisfactory f i t t i n g of the resu l t s of a specific model 
with several groups of experimental data. 

Olek e t a l . (1988b) attempted to reduce the number of these rather 
arbi trary parameters by t reat ing top-flooding of a single rod in an 
unconfined geometry as a conjugate beat transfer problem. The assumptions 
used are, however, limiting application of the model to the par t icular flow 
configuration for which i t was derived only. 

There are, in general, additional d i f f icul t ies in using axial-conduction 
models and correlations with fuel rod bundles. One of the d i f f icu l t i es i s 
i n t r i n s i c to the nature of the problem: the sharp discontinuit ies in the 
heat transfer that are assumed to exist a t the quench front . These 
discontinui t ies cause accuracy problems when using certain analytical 
methods, such as separation of variables (e.g. Blair , 197S), and impose 
very fine meshes when applying numerical techniques (O'Mahoney, 1988). Such 
fine (submillimeter) meshing i s incompatible with the general structure of 
safety codes. 

Recent solutions of the axial conduction problem were published by Olek 
(1988a, 1990) and are collected in a recent PSI report (Olek, 1988b). 
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6.5 The Treatment of l e v e t t i n g i n Safety Codes 
The heat transfer process associated to revetting i s modelled in the safety 
codes in different ways. 

In the French code CATHARE (Rousseau, 1984; Micaelli et a l . , 1988) the 
quench front progression i s expl ici t ly calculated by a special two-
dimensional axial-heat conduction module using a moving fine mesh. The heat 
transfer coefficients entering into play are obtained from an ad-hoc 
empirical correlation adjusted using data from rod-bundle reflooding 
experiments. The quench front location i s defined as the point where the 
burn-out temperature i s reached. This burn-out temperature i s calculated as 
the intersection of the heat flux during nucleate boiling and the c r i t i c a l 
heat flux from Zuber's pool boiling correlat ion. 

In RELAP5/M0D2 (Ransom e t a l . , 1985), a fine mesh-rezoning scheme i s 
implemented to use the two-dimensional conduction solution available in the 
code for reflood calculat ions. The fine nodes are inserted in the nucleate-
boiling and transi t ion-boil ing regions where a steep axial temperature 
gradient along the cladding ex i s t s . The heat transfer correlations known to 
apply for the reflood process a re employed for low pressures and low mass 
flow ra t e s . The revetting or quench temperature i s calculated as the 
intersection temperature of the transit ion-boil ing and film-boiling regimes 
and compared with a lowest value set by an empirical formula. At each time 
step a l l heat structures in a heat structure geometry are searched to find 
the positions of the quench temperature, c r i t i c a l heat flux temperature and 
incipience of boiling temperature. Then, the number of axial mesh internals 
needed in a heat s tructure i s determined according to predefined ru les . 

In TRAC-PF1 (Liles e t a l . , 1986) a similar fine mesh rezoning scheme with 
two-dimensional heat conduction i s implemented for reflood calculations. 
Additional nodes are inserted whenever the temperature difference between 
adjacent rod surface nodes exceeds a user specified value. In the heat 
transfer package, the minimum stable film boiling temperature i s provided 
by a correlation. The algorithm bui l t into the program can analyze multiple 
quench fronts simultaneously. 

As shown by detailed convergence studies (O'Mahoney, 1988), the size of the 
mesh must be very small (a fraction of the millimeter) for the axial 
conduction calculations to converge. The safety analysis codes mentionned 
above can in principle use any fine mesh size, but use of sub-millimeter 
mesh sizes i s not possible in practice; thus a l ternat ive means of 
conducting the calculations must be found. 

In the DRUFAN/FLUT code package (Burwell et a l . , 1983), the FLUT code 
(Teschendorff, 1984) calculates the upper and lower quench fronts 
explici t ly by the classical one-dimensional axial conduction analytical 
solution (Semeria and Martinet, 1965 or Yamanouchi, 1968) for which 
empirical input parameters must be supplied. 
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7 THERMAL NON-EQUILIBRIUM 

Thermal non-equilibrium i s present in most post-dryout heat transfer 
s i tuat ions discussed in Section 5. I t i s also present, however, i n 
condensation s i tuat ions when subcooled l iquid comes into contact with 
saturated or superheated vapour. Thermal non-equilibrium during d i rec t -
contact condensation i s discussed in th i s section. 

7.1 Thermal Non-Equilibrium Effects During Liquid-7apour Nixing 
Direct-contact condensation often takes place at very rapid heat and mass 
transfer r a t e s . Violent pressure osc i l la t ions due to the rapid condensation 
of steam and the resul t ing volume reductions have been observed in several 
s i tuat ions when a subcooled l iquid i s brought into intimate contact with 
steam. For example, such osc i l la t ions can take place at the ECC injection 
points. 

Mixture models typically incorporate a condensation relaxation time to 
smooth out these osc i l la t ions or to avoid them altogether. This 
a r t i f i c i a l l y delays the attainment of thermal equilibrium or, in effect , 
a r t i f i c i a l l y reduces the condensation heat and mass transfer r a t e s . The 
physics of the condensation process are not treated mechanistically. 

The two-fluid codea usually employ very high heat transfer coefficients for 
in ter fac ia l heat exchange in the case of condensation. Thus similar violent 
pressure osc i l la t ions can also be produced by the codes. Whether these are 
always physical i s a d i f f icu l t question to answer. Indeed, experimental 
evidence shows that the occurence of condensation driven osci l la t ions may 
be dependent on the par t icular geometry of the problem, the de ta i l s of 
which cannot always be taken into consideration by the general volume-and-
junction geometry of the codes. The occurence of numerical osci l la t ions may 
depend on the grid size used. 

The s t ab i l i ty of the calculations i s part icularly sensit ive to non-physical 
rapid steam generation and the accompanying pressure and velocity spikes 
(Analytis e t a l . , 1987), or the pressure spikes from a r t i f i c i a l water 
packing discussed in Section 3.6. 

Some of the complex flow patterns 5bvserved during ECC injection bear no 
similari ty to the assumed flow regimes from which the closure relat ionships 
used in these codes were drawn. Thus the condensation models must be 
adjusted to f i t the empirical data. 

Interfacial heat and mass transfer laws and the result ing condensation 
models are as accurate as the in terfacia l area models they use. In a three-
dimensional, highly unsteady, two-phase flow si tuat ion, interfacial area 
can change rapidly by orders of magnitude. Two-fluid codes employ an 
average in ter fac ia l area over a chosen numerical grid which, in practice, 
may be orders of magnitude larger then the character is t ic mixing dimensions 
of the flow. Thus predictions of mixing and condensation are often very 
dependent on the discret izat ion chosen for a problem. 
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8 PUMP BEHAVIOR 

In the various safety analysis codes, the pumps are described by separate 
modules that account for the in teract ion of the system fluid with a 
centrifugal pump. This model calculates the pressure different ia l across 
the pump and the pump angular velocity as a function of the fluid flow ra te 
and the fluid properties. The models implemented in the modern codes can 
t r ea t any centrifugal pump and allow for the inclusion of two-phase 
ef fects . 

The only problem mentioned by code users in t h i s area i s the lack of the 
inclusion of the pump energy source term in the f luid energy equation (see 
NRC CIP, 1987). A practical l imitat ion in using pump models i s the 
diff iculty of obtaining specific pump performance data, even for single-
phase flow operation. 

The assumptions inherent in the pump model for two-phase flow include 
(Ransom et a l . , 1985): 

1. The head two-phase mult ipl ier , which i s determined empirically for 
the normal operating region, i s assumed to be valid as an 
interpolating factor i n a l l other operating regions. 

2. The relat ionship regarding the two-phase to single-phase behavior 
of the small Semiscale pump used in developing the model i s assumed 
to be applicable to large reactor pumps. This assumes that the two-
phase flow pump model i s independent of pump specific speed. 

There i s a major diff iculty in obtaining experimental data concerning the 
degradation of the pump character is t ics in two-phase flow. Usually a 
simplified two-phase degradation model in which the two-phase mult ipl ier 
depends on the void fraction only i s used in the computer codes. The main 
deficiencies of t h i s model may be identified by examining some recent 
findings. 

Kreps and Kennedy (1977) pointed out that the pump performance in two-phase 
flow i s related not only t o the void fraction, but also to pressure level 
and flow regime. 

Kastner (1983) showed that the pressure has a strong influence over the 
head degradation and gave evidence of the difference in performance between 
axial (typical of KWU reactors) and mixed flow (typical for American 
reactors) primary pumps, and radial-flow pumps (Semiscale pump). The 
comparison between steady-state and transient r e su l t s did not show any 
remarkable difference. 

The experimental work of Mauzano-Ruiz and Wilson (1984) showed that 
significant degradation characterizes operation in the "normal" quadrant 
(forward flow and ro ta t ion) , while no difference in performance up to a 
quali ty of 20% i s observed in reversed-operation mode (reverse flow and 
ro ta t ion) . 

Furuya (198S) found that the head degradation i s mainly caused by higher 
acceleration of the liquid phase and deceleration of the gas phase than in 
the case of single phase flow. 

Sami and Tran (1987) considered the three-dimensional effects, as well as 
the effect of different flow regimes and of the s l ip between the phases, 
and pointed out that , depending on the size and location of the break, the 
coolant may be choked in the pump. Some Improvements in the modelling of 
the complex interaction between the Impeller and the two-phase mixture have 
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been proposed by Mikielewicz e t a l . (1978) that elaborated a semi-empirical 
approach. 

More recently, two analytical models have been developed by Sami and Tran 
(1987) and Furuya (1985), based on the conservation equations within a 
control volume. These were intended for implementation into PWR system 
codes. The final formula obtained by Furuya (1985) has been demonstrated to 
correlate properly the head degradation for the pumps tested by Babcock and 
Wilcox (1/3 scale) and Creare (1/20 scale) . 
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9 MDLTIDIMHfSIOMAL EFFECTS 
Nearly al l two-phase flow phenomena are inherently three-dimensional and 
unsteady on a fluid-element scale. This multi-dimensional noise i s ignored 
in a l l practical problems, and space-time averaging of the conservation 
equations f i l t e r s i t out. Only the global three-dimensional, instationary, 
characteristics of the flow over a scale dictated by the integration 
process are retained. Within this average framework, the terms for the 
production and convection of fluxes of mass, momentum, and energy are a l l 
specified in a mathematically rigorous form. However, the averaging process 

generates unknown distribution coefficients on the convective terms and a 
multitude of unknown coefficients for the wall- and interface-transport 
terms. Distribution coefficients are usually taken to be unity. Transport 
or constitutive relationships are more often than not assumed to be 
algebraic relationships involving parameters such as friction factors, drag 
coefficients, and heat-transfer coefficients, derived from fully-developed 
situations and related to one-dimensional variables such as the cross-
sectional-average velocity; a l l these have to be established empirically. 

Notwithstanding the mathematical implication of specifying algebraic 
relationships for what could essentially be derivatives of dependent 
variables (Lahey, 1986), the simplifications imply, in practical terms for 
both mixture and two-fluid models; 

i ) that none of the transport coefficients generally employed are 
applicable in truly multi-dimensional flows, since they have 
nearly al l been established from measurements in one-dimensional 
f a c i l i t i e s under stationary conditions. The simple algebraic 
approach may give good engineering answers in situations where 
multi-dimensional effects are small. An example here i s the 
cross-flow modelling of the dominantly axial flows in rod-bundles 
(sub-channel analysis codes). However, a more rigorous treatment 
of the transport terms i s limited by the dif f icult ies involved 
with their physical interpretation and their actual measurement. 

i i ) that only the convective and pressure gradient terms in the 
equations retain any semblance to a rigorous approximation of 
global, instationary, three-dimensional flows. 

On the whole, the rather restricted or tight nature of LWR primary-system 
geometries tends to force most LOCA phenomena to be nearly one-dimensional 
on a global or integral basis. Many two- and three-dimensional phenomena 
have a small Influence and, i f not explicit ly modelled, appear as 
uncertainties or as a spread in the one-dimensional results. This i s the 
reason why one-dimensional two-fluid codes such as RcLAP5 do quite well 
with LOCA analyses. 

For some LOCA phenomena, i t i s the convective terms which have a 
controlling influence on three-dimensional effects . Typical examples 
Include the distribution of subcooled liquid or voids in pressure vessel 
plena, and downcomer flows in PWRs during ECC injection. A two-fluid code, 
such as TRAC, gives good global, three-dimensional, results for these 
situations (Alamgir, 1983). 

the distribution coefficients appear as the ratio of the averages of 
products divided by the products of the averages. 
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I t must be stressed that "global" in th i s context means averaged over a 
length scale of 0.5 m or so, which i s a typical mesh size chosen for a 
plenum in a large reactor pressure vessel . Ignoring the three-dimensional 
effects altogether may not seriously influence the predictions for the main 
parameters of i n t e r e s t . Uncertainties involved with a one-dimensional 
approximation would have to be assessed from experiments. 

Where transport terms do play an important role , for example, in 
controlling the ECC spray dis tr ibut ion in the condensing/evaporating 
environment of a BWR upper plenum during uncovery, recourse has s t i l l t o be 
made to fu l l - sca le experiments (Eckert, 1981) i f re l iab le predictions are 
required. Until progress i s made with the modelling and measurement of the 
three-dimensional transport coefficients, t h i s s i tuat ion i s unlikely to 
change in the near future. 
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10 C01CL0DI1G HBHMIS 

Two-fluid models provide the means for a more realist ic/mechanist ic and 
more precise analysis of many dominant or controll ing ECC phenomena, which 
cannot be analysed by mixture models other than fully empirically. Such 
phenomena include: phase separation, entrainment, mixing, condensation, 
counter-current flows, post-dryout heat t ransfer , e t c . The price of t h i s 
precision i s the additional empirical information required for closure laws 
a t the two-fluid in te r fac ia l l eve l . Much remains to be done in t h i s area. 

Comparisons (Forge e t a l . , 1988) of codes based on a two-fluid formulation 
have shown tha t , despite large modelling and numerical differences a t the 
closure-law level , engineering parameters important to safety and licensing 
are predicted with acceptable precision for design-basis accident 
evaluations in which conservative margins are applied to cover 
uncertaint ies . Analogous conclusions may be drawn for similar evaluations 
based on mixture models, where an additional layer of conservatism i s 
applied t o cover mixture model deficiencies. 

This s i tuat ion changes when best-estimate codes are required to support the 
development of plant analysers or simulators, to help assess operator 
procedures or for investigating s i tuat ions beyond the design bas is . 
Cr i t ical remarks on two-fluid models, which have been discussed in t h i s 
chapter and elsewhere (Forge e t a l . , 1988; Yadigaroglu, 1988; Yadigaroglu 
and Andreani, 1989) and which are summarized below, are then relevant to 
research and development effor ts : 

- The current formulation of the closure laws may be too crude an 
approximation for the general application of two-fluid models to a 
wide variety of geometries and scales . Interfacial relat ionships need 
to be improved, part icularly where geometry effects have a strong 
influence. 

- Closure-law formulations in the codes are selected ei ther directly or 
on the basis of flow-regime maps. All of these are established from 
steady-state experiments, often in simple one-dimensional geometries 
a t very small scales , and over a limited parameter range. Application 
of such formulations to fu l l -scale conditions outside the i r tested 
range i s s t i l l a questionable procedure. 

- Closure-laws for identical physical phenomena are often based on 
flow-regime maps which are different for momentum- and heat- transfer . 
Such inconsistencies should be recoved. 

- Many of the two-fluid models s t i l l rely heavily on global, mixture-
type, correlat ions or conditions for predicting when or where a 
part icular phenomenon occurs. This applies, for example, to boiling-
t rans i t ions , phase separation, entrainment, vapour and l iquid pul l -
through, bypass-flows and loop-seal clearing. More mechanistic, local 
approaches could be an improvement. 

- The part i t ioning of energy and momentum transfers between phases and 
structures involves the specification of interfacial areas; t h i s i s a 
very di f f icul t task since such areas are almost impossible to 
measure. Their choice in the codes i s largely arbi t rary, yet they 
have a very strong influence, for example, on mixing, condensation 
and counter-current flow phenomena. New instrumentation developments 
are needed to obtain such badly needed measurements. 

- Space and time nodalisatlons in the codes are controlled by the user. 
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The choice can seriously influence: the abil ity to model some very 
local phenomena, the appearance of real or numerical ins tabi l i t i es , 
the abil ity to achieve convergence of solutions and the applicability 
of predictions to large scales. The basically i l l-posed nature of the 
closed equation system adds to these d i f f icul t ies . 

Many of the shortcomings l i s ted above have not been removed in spite of 
continuing efforts over the past several years. 

References for Section 10 

Barre, F., Serre, F., Porrachia, A. Miraucourt, J.M., and Catalan!, L. 
(1988) "An overview of CATHARE code assessment," pp. 623-642 in NOCSAFE-88, 
Proc. of the Int. EHS/ANS Conf. on Themi^ ^eanf.or Safety. Vol. 3 . 2-7 
October 1988, Avignon, France. 

Forge, A. e t a l . (1988) Comparison of thermal hydraulic safety oodes for 
PWR systems. Graham and Tortman, London and Boston. 

Yadigaroglu, G. (1988) "Modeling of post-dryout heat transfer and revetting 
for LWR safety analysis," The 3rd Int. Topical Meeting on Nuclear Power 
Thermal Hudraulics and Operations, 14-17 November 1988, Seoul, Korea. 

Yadigaroglu, G. and Andreani, M. (1989) "Two-fluid modeling of thermal-
hydraulic phenomena for best-estimate LWR safety analysis," pp. 980-995 in 
NORETH-4. Proc. Fourth Int. Topical Meeting on Nuclear Reactor Thermal-
Hvdraulics. (Karlsruhe, 10-13 October 1989), U. MUller, K. Retime, and K. 
Rust, Editors, Vol. 2, G. Braun, Karlsruhe. 



- 62 -

Appendix 

FLOH BEG1MB MAPS 

The two-fluid model of two-phase flow i s used in a l l best-estimate LWR 
thermo-hydraulic analysis codes. The predictive capability of th i s model 
depends largely on the formulation of the laws govering the interphase 
mass, momentum and energy t ransfers . In part icular , the codes require 
closure laws for the interphase drag force, which depends on the 
d is t r ibut ion of phases, i . e . the flow pattern in each calculational volume 
or c e l l . To establish the prevailing flow pattern, the codes use 
simplified flow regime maps. The flow regime boundaries on these maps are 
functions of the geometry and orientat ion of the channel, of the void 
fraction, and ei ther the mass flux or the superficial phase ve loc i t ies . 
The relat ionships used to determine the flow regime maps used in 
RELAP5/MOD2 (Ransom et a l . , 1985), TRAC-PF1/M0D1 (Liles et a l . , 1986) and 
TRAC-BD1/M0D1 (Taylor et a l . , 1984) are summarized, as examples, in Table 
A-l. Figures A.l to A.5 also i l l u s t r a t e how the flow regime maps are 
implemented in these codes. Among the various flow regime descriptions 
available, the description used in the RELAP5/M0D2 code i s the simplest, 
yet , as described in Table A.l, i t accounts for channel orientation 
(horizontal or vert ical) and pre-CHF or post-CHF fluid conditions. Three 
flow regimes are u t i l ized in R£LAP5. There are ver t ica l and horizontal maps 
for flow in pipes, and a high-mixing map for flow in pumps. These flow 
regime maps are based on the work of Taitel and Dukler (1976), Taitel e t 
a l . (1980) and I sh i i and De J a r l a i s (1982). The vert ical flow regime map 
in RELAP5 i s modeled as seven regimes, three of which are for pre-CHF heat 
t ransfer , three for post-CHF heat transfer, and one for ver t ica l 
s t r a t i f i ca t ion . For pre-CHF heat t ransfer , the regimes modeled are the 
bubbly, slug, and annular-mist regimes. For post-CHF heat transfer, the 
bubbly, slug and annular-mist regimes are transformed into inverted 
annular, inverted slug, and mist regimes, respectively, as suggested by 
I s h i i and De J a r l a i s (1982). The ver t ica l ly s t ra t i f i ed regime may exis t a t 
low flow conditions. The RELAP5 horizontal flow regime map i s similar to 
the ver t ica l flow regime map except that the post-CHF regimes are not 
included, and a horizontal s t r a t i f i ca t ion regime i s modeled that replaces 
the ver t ical s t ra t i f i ca t ion regime. This horizontal flow regime map 
therefore consists of the hor izonta l ly-s t ra t i f ied , bubbly, slug and 
annular-mist flow regimes. The high-mix:'ng flow regime consists of the 
bubbly, t rans i t ion and mist regimes, as shown in Figure A.3, and i t can be 
used for a well mixed region such as a pump discharge. The basic flow 
regime maps used for the three-dimensional vessel and the one-dimensional 
components in TRAC-PF1 and in the TRAC-BD1/M0D1 code (Figs A.4 and A.5) are 
the same and consist of three main regimes, namely: bubbly, slug, annular-
mist or annular (in TRAC-BDl only annular-mist). Relatively large 
t rans i t ion zones are inserted between the bubbly-to-annular and slug-to-
annular-mist regimes, depending on the mass flow ra te s . Since a t lower 
mass fluxes, s t ra t i f i ed flow may occur in the horizontal pipes of a PWR 
system, TRAC-PF1 and RELAP5 use the s t ra t i f ied flow model of Taitel and 
Dukler. There i s no need to include such a model in the BWR codes. As i t 
can be noticed from Figs A.2 t o A.5, a l l flow regime maps use dimensional 
coordinates. This ra ises the question of scale-independence of these maps. 
The flow regime maps are based on pipe experiments with a limited range of 
diameters: therefore, there i s also some doubt about the applicabil i ty of 
these maps to heated rod bundles (Analytis e t a l . , 1986; Rohatgi e t a l , , 
1987) and near bends a,nd pipe entrances. Another important point i s that 
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presently often the flow regime maps are used without consideration of the 
prevailing heat t ransfer regime. In the real physical s i tuat ion, there i s 
only one flow regime controlling both momentum and energy exchange laws. I t 
i s necessary that some connection between the logic used to establish the 
flow regime (and consequently model the interphase forces) and the logic 
implied by the choice of the heat transfer models be introduced in the 
codes. Ideally, th i s logic should r e l a t e these complicated interact ions to 
the common flow regime s tructure . I t appears, however, that a completely 
consistent relationship between a l l the const i tut ive equations and the 
fluid flow regime structure i s beyond the s t a te of the a r t a t the present 
time. All of the present codes contain inconsistencies in t h i s regard. 
Especially uncertainties exis t in the t rans i t ion regions between the basic 
flow regimes. I t has also been found out that smooth flow regime 
t ransi t ions are helpful if numerical calculations are to proceed smoothly. 
In th i s respect major improvements will come from a bet ter mechanistic 
understanding of flow patterns and the analytic t rans i t ion c r i t e r i a that 
will resul t from such mechanistic models. Even though simplified models are 
used today for most physical circumstances, the de ta i l s of the processes 
and the accuracy of the models are the object of continuing research. 
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Table A.l Ccmparison of flow regime maps used i n RH.AP5/M0D2. 
TRAC-PFl/MODl and TRAC-BDl/MODl. 

RELAKMOD2 TRAOTFUMOD1 
(PWR) 

TKACBD1/MOD1 
<BWR) 

Ifcttical pipe 

Horizontal pipe 

High Mixing 
Region 

Heated section 

llajbtay wxm 
0 < • < am-s 
<*»-* = /(Ak, fi,.K,*,G) 

ShgHow 
am-s < « < am-s 
<*S-A - / (» .*#,« .* , ) > 

0.75 

MR 
ft > *S-A 

Stratified flow i 
bated on critical vapor 
velocity. Fw 
higher flows, vertical map is 
used with boundaries as 

a s s - 0.25, and 
os-A = 0.8. 

Pump exit, etc. OB-S = 0.5. 
mist regime for « > 0.95. 

For post-CHF regime, 
vertical map includes: 

Inverted Annular 

» < ae~s 

Inverted Slug 

OB-S <o < OJ-A 

Misi-Flow 
o > OS-A 
on-s and o s . , 1 are the same 
as the vertical unhealed section 

SaaeasTRAC-PFUMODl foe 

BabMy 

0 < « < ft»-s 

«»-s = /f>»»*t<*) 

A—kr-Mtt 
« > • » _ * + 0 . 1 

«•-£ < ft < «»-s + 0.1 

Fori 

Babbtyflow 

0.0 < ft < 0.3 

— » «• - -

m « a 1 r of 751 

Slag flow 

0.3 < <r < 0.5 
0 < C < 2000 kg/Ws 

Anrmiir-Mist 
or Annular 
0.75 < a < 1.0 

Stratified flow considered 
based on critical velocity 
byTaiielif tbeangle 
from tbe horizonul is 
less than 10% 

None 

In the case of wall lemperaure 
exceeding T..,, all the 
liquid is in the droplet field 
of the annular-mist regime. 

Saoe as IXAC-FFUMODl for 
Imtrfat ial mass transfer. 

Only Annular-Mist 

None (not cssencitl 
forBWK) 
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There is no distinction 
for healed surface on 
flow regime maps. 
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Fig. A.l Sketch of the vertical flow regime map used in RH.AP5, 
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Fig. A.2 Vertical flow regime map including the vertically 
stratified regime used in RELAP5. 
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A.3 Flow regime map for the high mixing region used in RELAP5. 
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A.4 Flow-regime map for three-dimensional hydrodynamics, used 
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Fig. A.5 Flow regime map used in TRAC-BDl. 


