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PREFACE 

The purpose of this document is to describe the basic thermal-hydraulic 
models and correlations that are in the TRAC-PlA code, as released in March 
1979. It is divided into two parts, A and B. Part A describes the models in 
the three-dimensional Vessel module of TRAC, whereas Part B focuses on the 
loop components that are treated by one-dimensional formulations. The report 
follows the format of the questions prepared by the Analysis Development 
Branch of USNRC and the questionnaire has been attached to this document for 
completeness. 

Concerted efforts have been made in understanding the present models in 
TRAC-PlA by going through the FORTRAN listing of the code. Some discrepancies 
between the code and the TRAC-PlA manual have been found. These are pointed 
out in this document. Efforts have also been made to check the TRAC 
references for the range of applicability of the models and correlations used 
in the code. 

Finally, the authors would like to thank Dr. D. R. Liles and Dr. D. A. 
Mandell of LASL for a number of helpful telephone conversations on the basic 
models in TRAC. Suggestions and comments of ·Dr. o. C. Jones, Jr. and Dr. w. 
Wulff of BNL, of Dr. N. Zuber of NRC, and of the other members of the Advanced 
Code Review Group are also appreciated. Typing of Ms. T. Rowland and Mrs. J. 
v. Muller is also appreciated. 
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Liquid field 
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Mixture quantities 

Metal-water reaction 
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Attachment I 

List of Questions Concerning the Basic Thermo-Hydraulic Mndels in TRAC code. 

Part A: Liquid/Vapor and Fluid/Solids Interactions in Vessel Module of TRAC. 

Part B: Liquid/Vapor and Fluid/Solids Interactions in other System Components. 

Detailed answers are requested to all questions that are relevant to the TRAC-PlA· 
code released to the public during the first half of calendar yeat 1979. 

In future answers to similar questions, related to future versions of TRAC, please 
indicate either "no change" or give details of the changes made. 

The Advanced Code Review Group may recommend changes to this questionnaire since 
not all. of the listed effects may be thought important enough to r~quire their 
consideration in the systems code. However, in the first·. iteration, on TRAC-PlA, 
answers to all questions are urged. 

At the end of each section in Parts A and B, describe, wherever possible, the 
data base used in fonnulating models and assi~~ing coefficients. Indicate the 
range of applicability and disc;uss limitations- and uncertainties. 

A. LIQUID/VAPOR AND FLUID/SOLIDS INTERACTIONS IF VESSEL MODULE OF TRAC ••••• 

1.0 Flow Regime Recognition Criteria. 

1.1 Describe General Criteria 

1.2 Describe specific criteria, if such exist in code, for: 

v l R R f LOCA v 1 fl esse eg1on eg1me o ery ow ows 
(Slowdown, Refill, Reflood) Small Breaks 

Down comer 

Lower Plenum 

Core 

Upper Plenum 

as in 

Enter 11 No" when specific criteria are not used. Otherwise indicate 
subsection number where the criteria are described in this document. 

1.3 Describe how transition is handled in the code between adjacent flow 
regimes. 
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2.0 Liquid/Vapor Mass Exchange Models. Also Source/Sink Te·rms for Non-
Condensible Gas. 

2.1 Describe (a) Evaporation Model(s) 

(b) Condensation Model{s) 

2.2 How are they related to general flow regime criteria? 

2.3 How are they related to specific flow regime criteria indicated in 
Table on pg. 1, or any other criteria? 

2.4 How related to flow magnitude {turbulence ·1evel)? 

2.5 Oestribe models for source.and sink terms for noncondensible gas. 
where applicable. 

2.6 Do mass exchange models account for the presence of (a) solids 
(nucleation sites). (b) noncondensible gas. and how? 

2.7 Are nucleation delays or superheat thresholds handled? 
·' 

3.0 Liquid/Vapor Momentum Exchange Models 

3.1 Describe the models for momentum exchange at liquid/vapor or 
liquid/gas interfaces. as functions of generalized flow regime map. 

3.2 As functions of specific flow reg.ime criteria related to vessel 
region and/or regime of LOCA and/or very low flows {small break). 

3.3 Are they functions of flow orientation (upflow, downflow, lateral 
and/or inclined flow)? If so give details. 

4.0 Solids {Walls or Embedded Hardware) to Fluid Momentum Exchange·Models 

4.1 Describe models as function of generalized flow regime map. 

4.2. Also as functions of specialized flow regime criteria if such are 
employed; 
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4.3 Give details of treatment for inclined and lateral flow in reactor 
core and in Upper Pl en um, as functions of flow regime. How are the 
form losses calculated and how are friction losses calculated in 
sing-le and two-phase flow regimes? 

4.4 How are two-phase pressure drops calculated for abrupt changes in 
flow area (e.g. at ·core inlet and outlet support plates, core 
grids, junctions between nozzles and vessel plena and/or downcomer)? 

4.5 If more than one phase {or fluid component) are adjacent to solids 
within the same computational cell, how is the momentum exchange 
partitioned? . 

4.6 Is the momentum exchange a function of solid's surface temperature 
(that indicates whether the solid can be wetted by the liquid or not}? 

5.0 Liquid Entrainment and Deposition 

Describe the models if such are used in the code and indicate dependance 
on flow orientation, magnitude of absolute and/or relative flow {between 
liquid and steam), flow path geometry, temperatures, pressure, etc. 

6.0 Counter-Current Flow Limitation and Liquid Fallback at the Core Support 
Plates 

Give modeling details and, if special, empirically based models are used 
describe the criteria which trigger their use. 

7.0 Energy Transfer Between Liquid and Vapor Fields 

7.1 Describe the models used to obtain heat flux to, or from, the bulk 
fluid and the liquid/vapor interface within the computational cell. 

7.2 Indicate how these are related to the mass exchange model(s). 

7.3 Indicate how the energy transport models, at interfaces, are related 
to generalized and/or specialized flow regimes. 
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8.0 Energy· Transfer .Between Solids ~Wa.lls, Internal Structure, Fuel Eods.) 
and Fluid · 

8.1 Describe the models and relate them to flow and heat transfer regimes. 
, 

8.2 Ust all heat transfer regimes considered for the reactor core and 
indicate if all, or a selected subgroup, are employed for treatment 
of heat transfer to and from the walls and internal structures. 

8.3 Define selection criteria used to identify· each heat transfer regime. 

8.4 Describe heat transfer correlations for each re0ime, indicating 
dependance on flow and fluid state parameters. 

8.5 How is heat transfer handled for flow (component) perpendicular 
to fuel rods?_ 

8.6 In flow regimes where both ltquid and vapor are adjacent to solids 
in the same comp~tational cell, indicate how the energy is partitioned. 
Such situations occur, for example, when liquid, or .froth, interface 
is traversing any computational cell containing walls or solid 
structures. 

8.7 Describe model(s) for quench front propagation and indicate if 
multiple (two or more) quench fronts can be monitored. . 

8.8 How does the quench front propagation model handle flow reversals 
and the effects of grid spacers? 

B. LIQUID/VAPOR ANO FLUID/SOLID INTERACTIONS IN LOOP COMPONENTS OF TRAC •••• 

1.0 Flow Regime Recognition Criteria 

1.1 Describe general criteria 

1.2 Describe specific criteria, if such exist, for steam generator, 
pressurizer, horizontal vs. vertical pipes, etc., and if functions 
of LOCA regimes. Is special treatment being used, and where, for 
very small break LOCA and for natural circulation (of Refiux 
Boiler type). 
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1.3. How are tr,nsitions handled between flow regimes? 

2.0 liouid/Vapor Mass Exchange Models and Noncondensible Gas Source/Sink 
Tenns 

2.1 Describe (a) Evaporation model 

(b) Condensation model 

2.2 How are the evaporation and condensation models related to the flow 
regime criteria and is special treatment being used for individual 
loop components? If so, please give details. 

2.3 Are turbulence effects modeled (either directly or indirectly)? 
Any other flow magnitude effects? 

2.4 Is the presence of embedded solids and walls taken into account and 
how? 

2.5 Are the effects of noncondensible gas treated and how? 

2.6 Is nucleation delay (or incipient superheat) handled, and how? 

2.7 How are the mass exchange models related to the interfacial energy 
exchange models and, where appropriate, to solids/fluid energy· 
exchange models? 

2.8 How &re sources and sinks for noncondensible gas described (for 
example, for gas coming out of solution or being 'forced back into 
solution)? 

3.0 Liquid/Vapor Momentum Exchange Models 

3.1 Describe the model(s) and indicate which is used in what flow regime 
and whether special treatment is given to some loop components. 

3.2 Are the models functions of flow orientat1on (upflow, downflow, 
horizontal flow, and counter-current flow) and, if so, give details? 

3.3 What steps are taken to prevent smearing of the liquid/vapor interface 
in analysis of small breaks (to assure that (a) proper heat transfer 
regimes are handled and proper fluid fluxed to nozzles)? 

4.0 Walls-to-Fluid Momentum Exchange Models 

4.1 Describe models as functions of flow regimes and indicate if any 
special treatment is given in particular loop components. 
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4.2 Describe treatment of two-phase flow pressure drop for flow area 
expansion, contraction, orifices. 

4.3 How is the void fraction distribution handled for flow through ~es, 
and also for flow into steam generator tubes, in steady and transient 
flow conditions? If these effects are handled through liquid/vapor 
momentum exchange models (or through vapor drift models) please 
indicate these answers in Section "".O. 

4.4 If more than one phase are adjacE::t to walls within the same computational 
cell (as during the rise or fall of liquid level or in stratified flow 
in the horizontal pipes), how is the wall-to-fluid momentum exchange 
partitioned? This particular question is pertinent to the two-fluid 
fonnulation. 

5.0 Liguid Entrainment and De~osition Models 

Is entrainment and deposition of liquid modeled in the code (for loop 
components) and, if so~ how? 

6.0 CCFL 

Are any special models being used to account for counter-current flow 
limitation? If so, give details. 

7.0 Models for Energy Transfer Between liquid and Vapor 

7.1 Describe the models and indicate how are they related to flow regimes? 

7.2 How are they related to interfacial mass transfer models? 

8.0 Energy Transfer Between Solids (Walls) and Fluid 

8.1 Describe the models and relate them to flow and heat transfer regimes. 

8.2 List all heat transfer regimes considered in (a) Steam generator primary 
and the secondary side, (b) other loop components. 

8.3 Define selection criteria used to identify each heat transfer regime 
including the S.G. secondary side. 

8.4 Describe the heat transfer correlationsthat are different from those 
shown in Part A. Othentise indicate that they are the same. 

8.5 In flow regimes where both liquid and vapor are adjacent to solids 
in the same computational cell, indicate how the energy is partitioned. 
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INTRODUCTION 

Brookhaven National Laboratory (BNL) is involved .in an ongoing task of 
reviewing and assessing various versions of the TRAC code as they are released 
to the public. This task, in principle, should consist of assessing the con­
servation laws, the intrinsic constitutive relations (material properties), 
the extrinsic constitutive laws (i.e., the models and correlations for the 
transfer laws), the ·numerical techniques and the coding quality assurance. 
However, the emphasis at BNL has been to assess the extrinsic constitutive 
laws by checking the formulations as coded in TRAC and by comparing the TRAC 
predictions with the various basic and separate-effects tests. 

This report has been prepared in response to a two part (A & B) question­
naire provided by the Analysis Development Branch of USNRC. The list of 
questions has been attached at the beginning of this report. The first part 
(i.e., Part A) deals with the three dimensional, two-fluid formulation for the 
vessel, while the second part (Part B) deals with the one-dimensional drift 
flux formulation for the remaining loop components. Each of these parts has 
been further divided into eight sections, which describe various topics such 
as flow regime recognition criteria, liquid/vapor mass, momentum and energy 
exchange, liquid entrainment and deposition, counter-current flow limitation 
and finally, solid/fluid momentum and energy exchange. 

This report is in the form of answers to the specific questions on these 
eight topics, and it should be read along with these questions. The emphasis 
here has been to describe what exists in the TRAC-PlA documentation and the 
code, and to point out any differences between them. Furthermore, the models 
and the correlations in TRAC-PlA have also been checked with the original ref­
erences, wherever possible, to indicate any discrepancy in their use and also 
to provide the limitation of these models and the data base used to develop 
them. The authors have also provided their opinion on these models wherever 
deemed necessary. 

Therefore, this report will not only supplement the TRAC-PlA documentation 
for describing the models in the code but can also be used as a limited review 
of the constitutive relationships used in the two-fluid and the drift-flux 
formulations of TRAC-PlA. 
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A. LIQUID/VAPOR AND FLUID/SOLID INTERACTIONS IN THE VESSEL MODULE OF TRAC 

The vessel module has a two-fluid, three-dimensional formulation. The 
balance equations consist of mixture and vapor mass balances, mixture and 
vapor energy balances and the momentum conservation for the liquid and the 
vapor phases. These balance equations require descriptions of relative veloc­
ity, Vr, vapor generation rate, rv, interfacial drag, interfacial heat and 
mass transfer, interfacial velocities, interfacial area, wall heat transfer 
for the liquid and the vapor and corresponding wetted areas. All these de­
scriptions depend on flow regimes. 

1.0 Flow Regime Recognition Criteria 

1.1 In the vessel module, TRAC uses a very simple flow regime map, which is 
based only on cell centered void fraction. This map is shown in Figure 
A.l. This map has bubbly flow, slug flow and annular or annular mist 
flows. LASL refers to a BNL Quarterly report (Lekach, 1975) for this 
map, however it is somewhat different from the reference. 

1.2 There is no specific flow regime criterion for different components such 
as downcomer, lower plenum, core, and upper plenum. These are treated 
as part of the vessel module with internals. However, there is a 
special flow regime criterion for reflood conditions, and it has been 
described in Section A.8.1. 

1.3 The TRAC documentation (TRAC-PlA, 1979) identifies the use of the flow 
regime map given in Figure A.l for computing interfacial heat transfer. 
However, TRAC uses a somewhat different map, which is shown in Figure A.2. 
This map has a transition region between the bubbly and slug flow re­
gimes in mass flux direction and another one between slug or bubbly flow 
and annular mist regimes. In all these transition regions, a linear 
interpolation function based on either mass flux or void fraction is 
used. TRAC-PlA documentation defines bubbly to slug flow transition at 
a = 0.25, while in the TRAC-PlA code, the transition takes place at a = 
0.3. 

2.0 Liquid/Vapor Mass Exchange Model 

2.1 Mass Transfer between the phases takes place at the interface and is re­
lated to heat transfer rates there. 

r = 
v 

-q. - ql..o l.g N (A.2.1) 

Here rv is the vapor generation rate, qig and qiJl are the rate of 
heat transfer per unit volume from the interface to the vapor anQ 
from the interface to the liquid, respectively; while h and h JI, 

are saturation enthalpies for vapor and liquid, respect~~ely. s 
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Also, 

h. A. (T - T )/vol ig 1 s g 

(A.2.2) 

(A.2.3) 

Here Ai is the interfacial area, hit and hig are the heat transfer 
coefficients on the liquid and the gas side of the interface, and vol is 
the fluid volume of the cell. 

2.1.1 Bubbly Flow 

The flow regime map as shown in Figure A.2 is used to provide inter­
facial area and the heat transfer coefficient for the liquid side. When 
the cell center void fraction is less than or equal to 0.30 or if the 
mass flux is greater than 2700 kg/m2s and void fraction is less than 
0.50, a bubbly flow exists. In this flow regime, it is assumed that all 
the bubbles are of the same size and their diameter can be obtained from 
a critical Weber number. It is stated in the TRAC documentation that 
the results are not very sensitive to this Weber number and a critical 
Weber number of 50 is used in the code. 

= 50 (A.2.4) 

Here Vr is the relative velocity between the vapor and the liquid. 
This relative velocity is computed in the code by taking the differ­
ences of the magnitude of the vapor and liquid phase velocities. How­
ever, .if Vr is less than l.Om/s, it is set equal to the larger of 
l.Om/s or one fifth of the magnitude of the liquid velocity*. There 
seems to be no justification for these steps. Db and cr are the bubble 
diameter and the surface tension, respectively. The bubble diameter 
calculated from the above equation and the void fraction provide the 
number of bubbles and thus the interfacial area, as shown below: 

A. = 
1 Web O 

(A.2.5) 

*This constraint has been removed in corrected TRAC-PIA vessel module, 
but retained in loop components. 
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The heat transfer coefficient for the liquid side is obtained from the 
larger of the two expressions given here. 

Nu 
= _3---'(_T_9-_-_T_s-")_P_9-_c_.P.....,,'--.9., 

pg hfg TT 
(A.2.6) 

Nu 2·0 + 0.74 Re o.s 
b 

(A.2. 7) 

where 

p.9., v Db 
Reb 

r (A.2.8) 
µ.9., 

The first of these expressions is obtained from the Plesset-Zwick (1954) 
bubble growth expression by replacing time in the denominator in terms 
of bubble radius. However, following this procedure one obtains four 
times the Nusselt number given in Equation (A.2.6), and the correct ex­
pression should be 

TT 

(T -T ) p c 
.9., s .9., p, Q, 

pg hfg 
(A.2.9) Nu 

12 
=-

The TRAC code has this correct expression. How5ver, the (Ti - Ts) 
term .i.n the code io restrictea hetween l and 10 K. The second ex­
pression (A.2.7) is claimed to be from Lee & Ryley (1968). However, 
they studied heat transfer between water droplets and superheated steam, 
and their expression is given as 

Nu 2 + 0.74 Reo.s Pr 0 • 33 (A.7-.1.0) 
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This expression was obtained from 92 tests on water droplets with the 
following conditions: 

Initial nominal diameter of droplets 230 - 1126 µm 

Droplet Reynolds number 64 - 250 

Degrees of superheat 3 - 38°C 

Steam pressure 1.013 - 1.992 bar 

Steam velocity 2.68 - 11.94 mis 

The Prandtl number effect of the surrounding medium has apparently been 
neglected in Equation (A.2.7). This assumption is justified since the 
Prandtl number of water at high temperature (> 150°C) is close to 1.0. 

The interf acial mass transfer alsq requires the heat transfer coef­
ficient at the interface on the vapor side. In the bubbly and slug flow 
regimes, the heat transfer coefficient is assumed to be a constant. 

2.1.2 Slug Flow 

When the cell center void fraction is between 0.3 to 0.5, and the cell 
average mass flux is less than 2000 kg/m2s, the flow is in the slug re­
gime. In this regime it is assumed that the void fraction of the mix­
ture in the liquid slug (or the trailing bubble) region varies from 0.3 
to 0.2 as the total mixture void fraction varies from 0.3 to 0.5. That 
is to say that at a = 0.30, all the voids are in the liquid slug region 
and a Taylor bubble just starts to form. Whereas, at a = 0.50, only 40% 
of all the voids are in the liquid slug region and the remaining 60% 
form the Taylor bubble. Govier & Aziz (1972) on page 402 show the re­
sults from the experiments done by Akagawa & Sakaguchi (1966) with air­
water vertical flow in a 2.77 cm diameter tube, with superficial 
velocities for air and water limited to 1.49 m/s and 0.79 m/s, re­
spectively. The authors concluded from their results that the void 
fraction of the mi'xture in the liquid slug (or the trailing bubble) re­
gion is at most only 10%. The heat transfer coefficient and the inter­
facial area in the trailing bubbles are computed in the same way as in 
the bubbly flow regime. While, for the Taylor bubbles, the heat trans­
fer coefficient is computed as for a film on the wall (see Section 2.1.3), 
and its interfacial area is given by the following expression 

Ai = 5 (Vapor Volume in Taylor bubble)/Dh 

However, in the intermediate range of mass flux between 2700 kg/m2s 
and 2000 kg/m2s, a linear interpolation between the slug regime and 
the bubbly regime heat transfer rates is used. 
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2.1.3 Annular/Annular Mist Flow 

The annular flow or annular mist flow exists when the void fraction is 
between 0.75 and 1.0. In this regime the mass fraction of liquid in the 
form of entrained droplets is computed from the Wallis correlation as 
given here (see Section A.5 for details). 

where 

E = 1 - exp ( - 0.125 (J,,. - 1.5) ) 
g 

1/2. 

J ... 
g 

= ( ~~ ) 

(A.2.11) 

(A.2.12) 

and E is the mass fraction of the liquid in droplet form. The remaining 
liquid is in the form of a film on the wall. The interfacial area is 
sum of the areas of the film and of the droplets. The droplets are 
assumed to have the same size and their diameter is obtained from a 
critical Weber number, in the same way as for the bubbles. However, a 
critical Weber number of 2 is used. The expressions leading to the heat 
transfer coefficient on the liquid side of the droplet are 

v 
rd 

= 

15000 ki/Dd 

(A.2.13) 

(A.2.14) 

(A.2.15) 

The TRAC-PlA manual does not cite any reference for the above equation. 

The interfacial area d1,1e to the liquid film is calculated in TRAC-PlA as 
follows: 

A. 
l. 

(TIDh ~z) (1-E)•Multiplier 
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where ~z is the cell length and, 

Multiplier = 5.0 for vessel 

Multiplier 500 for loop components 

The TRAC-PlA documentation does not give this expression and also does 
not justify using (1-E) and the multiplier. 

The heat transfer coefficient for the liquid film is given as 

(A.2.17) 

There is no reference given for this expression. However, it seems that 
the· expression is obtained from the work of Linehan (1968). 

The interfacial heat transfer rate on the liquid side, qit• for an­
nular mist flow is then computed from the volume average between the 
droplet and the film heat transfer coefficients times the corresponding 
interfacial areas and the temperature differences. 

In the annular mist regime, TRAC-PlA computes the heat transfer coef­
ficients on the vapor sides of the liquid-vapor interfaces at the liquid 
film and at the droplets and volume averages them. The heat.transfer 
coefficient on the vapor side of the droplets is computed from the ex­
pression given in Equation (A.2.10). However, for the film it is 
similar to Equation (A.2.17) and is given by 

h. = 0.0073 p k v Iµ i.g g g g g 
(A.2.18) 

There is a mistake in the TRAC coding of this expression in one­
dimensional components. The code has 0.00073 instead of 0.0073. 

2.1.4 Transition Regime 

The region of void fraction between 0.50 and 0.75 is a transition 
region. A linear interpolation function based on void fraction is used 
between the computed values of interfacial heat transfer coefficient 
times the interfaci.al area at a.= 0.5 and at a.= 0.75. However, the 
computation of relative velocity for the purpose of determining the 
interfacial area in this region seems to be in error. 
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2.1.5 Condensation Regime 

In case of condensation, a film type of model is used to compute qi£• 
This means that all the liquid is assumed to be in the film on wall. 
However, the interfacial area in this case is computed in the code as 
five times the vertical flow (or cross-sectional) area, i.e., 

Ai = (vol/~z) * 5 (A.2.19) 

This is not consistent with the film type model assumed for the inter­
facial heat flux calculation. The TRAC-PlA documentation gives this 
area as ten times the flow area. 

2.1.6 Some General Features 

2.2 
& 

So far we have discussed the interfacial heat transfer rates for various 
flow regimes and for condensation. The TRAC-PlA code has certain re­
strictions on these rates which are not documented and apply to all the 
flow regimes. The heat transfer coefficient times the interfacial area 
on the vapor side (CHTI) is corrected by an exponential of vapor sub­
cooling. 

CHTI = CHTI * EXP (Ts - Tv) 

Here vapor subcooling is restricted between 0°C and 7°C. Furthermore, 
CHTI is set to be at least equal to the cell volume times 107. In 
case of loop components, it has also a lower limit of flow area times 
1000. On the other hand, the CHTI is further limited in the vessel by 
expressions which are functions of time step and old CHTI. 

The heat transfer coefficient times the interfacial area on the liquid 
side (ALV) is in general restricted to be greater than flow area times 
1000. However, it is further limited in the vessel by expressions which 
are functions of time step and old ALV. These restrictions on CHTI and 
ALV do not seem to have any physical basis. 

2.3 Relationship with flow regime has been described in 2.1 

2.4 TRAC-PlA accounts for flow magnitude through Reynolds number in heat 
transfer coefficients at the interface. 

2.5 There is no model to account for noncondensible gas. 

2.6 The mass exchange models do not account for nucleation sites or non­
condensible gas. 

2.7 There is no mechanism to handle nucleation delays or superheat 
thresholds in TRAC-PlA. 
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3.0 Liquid/Vapor Momentum Exchange Model 

3.1 The vessel module is described by two fluid formulations. 
separate momentum balance equations for the liquid and the 
interfacial momentum transfer terms appearing in the vapor 
liquid equations of motion are given here. 

c. v v 
1 r r 

Cl. pg 

Ci Vr I Vr I 
(1-a) Pt 

There are 
vapor. The 
and the 

(A. 3 .1) 

where Ci is the shear coefficient and Vr is the relative velocity. 
The shear coefficient Ci is a function of flow regime as shown in 
Figure A.2. 

3.1.1 Bubbly Flow 

When the cell center void fraction is less than 0.30 or the mass flux is 
greater than 2700 kg/m2-s with a < 0.5, there is bubbly flow. The 
bubble size and the interfacial area are obtained from the critical 
Weber number and the cell center void fraction as has been shown in 
Section A.2 .1. 

R~ 

w~ a 
P vz 

.II, r 
(A. 3. 2) 

(A. 3. 3) 

In TRAC-PlA, the shear coefficient Ci is related to a bubble drag 
coefficient Cb as 

= 
(A.3.4) 

However, this expression should correctly have 3/4 instead of 1/2. 
Furthermore, here Cb is obtained from the standard formula for a sphere 
(Govier & Aziz, page 366), except for Reh < 0.1. 

= 240 Reb < 0.1 

24/Reb 0.10 < Reb < 2, Db < O.OOlm (A.3.5) 

18. 7 /R~ o. 68 
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where 

(A.3.6) 

This description of drag coefficient is not continuous at Re= 2. 
Furthermore, if the bubble Reynolds number increases further, the bub­
bles will deform and this method of computing the bubble drag coeffi­
cient will not be correct. Also, the bubble drag coefficient will be 
much larger as given by the following expressions (Govier & Aziz, 
Page 366). 

= (A.3. 7) 

(A.3.8) 

The TRAC-PlA has only expressions (A.3.5) which are consistent with the 
spherical bubbles. Furthermore, the code applies these expressions 
beyond the upper limits on the bubble diameter and the Reynolds number 
as given in (.!\.3.5). However; it does have the lower constraint on Cb. 

s, > o. 44 (A. 3. 9) 

3.1.2 Slug Flow 

When the mass flux is less than 2000 kg/m2s and the cell center void 
fraction is between 0.30 and 0.50, the flow is in the slug regime. In 
this regime, the void fraction of the mixture in the trailing bubble 
region is assumed to be between 20% and 30% (see Section A.2.1). The 
interfacial shear on these bubbles is computed as is done for the bubbly 
flow regime. The remaining vapor is in the form of a Taylor bubble and 
a drag coefficient of 0.44 is assumed for it. The TRAC-PlA documenta­
tion states that the interf acial drag in the slug regime is volume aver­
aged between this Taylor bubble and the trailing bubbles. However, the 
contribution of the Taylor bubble to the interfacial shear stress could 
not be found in the code. 
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3.1.3 Annular/Annular Mist Flow 

When the cell center void fraction is greater than 0.75, the flow is 
either annular or annular mist flow. The amount of the entrained liquid 
which forms the mist is computed by Wallis's entrainment correlation, 
which has probably been obtained by curve fitting the tube data de­
scribed in Section A.5. The droplet field is treated similar to bub­
bles. The droplet size is obtained as explained in Section A.2-1. The 
expressions leading to the interfacial shear coefficient on droplets are 
the same as in (A.3.5) and given as follows: 

Red 
pg vrd Dd 

µg 
(A.3.10) 

Cd = 240 Red < 0.1 

= 24/Red O•l S. Red s. 2 (A.3.11) 

18.7/Red 0. 6 8 
Red > 2 

The drag coefficient in Equation A.3.11 is not continuous at Rea 2 
and jumps from 12 to 11.67. 

The shear coefficient on the liquid film is computed from the following 
expression 

c. 
1 

0.01 (1+300 (l~a) (1-E)) (A.3.12) 

The expression is at variance with Wallis' (1970) correlation for the 
annular film flow and the correct expression is given here as 

0.01 (1+75 (1-a) (1-E)) (A.3.13) 

This correlation was developed from the data obtained from air-water 
flow in tubes up to 7. 62 cm in diameter. 'The liquid film on the wall 
was thin (c/D < 0.04). 

The net interfacial shear stress in annular/annular mist flow regime 
is computed by volume averaging shear stress on the droplets and on the 
film. 

3.2 The effect of flow regime on the liquid vapor momentum exchange has been 
shown in previous sections. Furthermore, there is no special modelling 
for it for small breaks. 

- 12 -



,TRAC-PlA computes interfacial shear coefficients for the axial direction 
which is then used to find she~r coefficients in the radial and the 
azimuthal directions. This is shown in Section 3.3. 

3.3 The TRAC formulation requires interfacial shear stresses in axial, 
radial and azimuthal directions. The axial and radial component of 
interfacial shear are assumed to be the same and are computed on the 
basis of axial conditions, and the flow regime map as shown in Figure 
A.2. In this calculation, the magnitude of the fluid vel~city is used 
to compute the Reynolds number. 

However, the azimuthal component is treated slightly differently. 
First, tqe Reynolds number is based on azimuthal component of the veloc­
ity, and secondly the flow regime map in this direction has the bubbly 
flow regime up to CL = 0. 5, instead of .the slug regime between CL = 0. 30 
and CL= 0.5. TRAC-PlA computes void fractions at the cell sides by 
averaging the cell center void fractions of the cells sharing this 
side. Also, as shown in Eq. (A.3".4), the shear coefficient for a given 
direction is obtained by multiplying the drag coefficient by the cor­
responding void fraction. This void fraction has been constrained in 
the code to be greater than 0.01. TRAC-PlA has no other special treat­
ment for flow orientation. 

4.0 Solids to Fluid Momentum Exchange Model 

4.1 There is no special treatment of the momentum exchange between the solid 
boundary and the fluid as a function of flow regime. 

4.2 There is no explicit effect of any flow regime on the solid/fluid 
momentum exchange. The flow regime (based on CL) is only used for 
partiti'oning the frictional loss to both phases when both exist. This 
will be explained in Section 4.5. 

4.3 TRAC-PlA has two equations of motion for the liquid and the vapor and 
each of them requires the computation of friction on solid surfaces. 
The friction terms in these equations are as follows: 

cwi v.11, I v.11, I 
(1-a) P.11, 

c v I v wg g g 
ct p 

g 
(A.4.1) 

Here Cw£ and Cwg are coefficients of friction on the wall. They are 
related to friction factors Cfg and Cf£ obtained from· the standard 
Harwell correlations. 

c wg 
= a P g 

(A.4.2) 

(A.4.3) 
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The Harwell correlation is of proprietary nature and so the details will 
not be given here. This correlation provides friction factors for co­
current two phase mixtures in pipes and goes to correct single phase 
limits both at a = 0.0 and a = 1.0. It also has the computations for 
single phase friction and a two phase multiplier. TRAC-PlA uses it to 
compute friction factor on solid surfaces for both the phases as shown 
here 

cf io 0.1 

24/Reio 600 < Reio < 2000 (A.4.4) 

= 0.0055 + 0.40/Rel~333 Reio 2 2000 

cfg cfR.o <P~o (A. 4. 5) 

Cf_g. = cfio <Pio 
(A.4.6) 

Here ~io is a two phase multiplier and is proprietary. Also notice 
that the friction factor for all liquid flow, Cf.Jlto' is not continuous 
at Reynolds number of 600 and 2000. TRAC-PlA also uses this correlation 
for counter current flow situations by putting the following constraints 
on the quality calculation in the Harwell correlation 

for V* = Max { 1 !: V } 
m s' m , G = p V* 

mm 

(A.4. 7) 

and x (A. 4. 8) 

This does not seem to have any basis. 

The momentum transfer from the wall to the liquid and to the vapor is 
partitioned as discussed in Section 4.5. TRAC-PlA has an option of pro­
viding additional friction losses at each cell boundary to account for 
grid spacers and other area changes. However, it does not have any 
other computation of form losses in the vessel module. 

TRAC computes friction losses in the same manner, throughout the vessel 
in all the directions. However, the code has a slight difference in 
computing the friction factor in azimuthal direction, where it is based 
on the velocity on that face, unlike in the other two directions, where 
the friction factor is based on cell-averaged velocity. It seems that 
in Equation (A.4.4) TRAC should have 64 instead of 24 for laminar flow 
range (Re < 2000) and 0.55 instead of 0.40 for the turbulent flow range. 

4.4 There is no special model for the area changes in the vessel. The ves­
sel module requires that the area of the side of the cell at which the 
pipes are connected be equal to the pipe cross sectional area. This 
eliminates the need of a sudden area change model. 
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4.5 When there are more than one phase present at the wall, the momentum ex­
change is partitioned between them. If the void fraction at the wall is 
less than 0.90, all the momentum exchange is attributed to the liquid 
phase. However, when the void fraction is between 0.9 and 0.9999; the 
momentum exchange partition is linearly interpolated. Finally, when the 
void fraction is greater than 0.9999, all the momentum exchange is with 
the vapor phase. 

= 0.9) (0.9999 - a) I 0.1 a> 0.9 (A.4.9) 

c fg(a. = 1) 
(a - o.9) I 0.1 a> 0.9 (A.4.10) 

4.6 There is no mechanism to connect the friction coefficient with the wall 
temperature, other than that it will effect the void fraction, which 
will in turn change the partition function. 

TRAC-PlA uses the HTFS correlation for computing the wall friction coef­
ficient. This correlation was developed for pipes. For radial and 
azimuthal flow, the fluid is in transverse direction and a pipe flow 
correlation may not be appropriate. TRAC-PlA also computes flow quality 
(Equation A.4.8) and restricts the mixture velocity to be greater than 
1.0 m/s in the code. This does not seem to have a justification. 

5.0 Liquid Entrainment and Deposition 

TRAC-PlA has only one model of liquid entrainment to form mist in the 
annular flow. This model is described by the W?llis correlation and has 
been coded, as given here. 

E = 1 - exp [~ 0.125 (J~ - 1.5)] (A~5.1) 

wh!i!re 

1/2 

= 
(A~5. 2) 
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TRAC-PlA also restricts the value of "percent entrainment," E, between 
0.07 and 1. However, in the TRAC-PlA documentation, this entrainment 
correlation is different as shown here~ 

E = 1 - exp [- Q.125 (J; - 2.1)] (A. 5. 3) 

This correlation is referred to Wallis (1969). However, the above ex­
pression could not be found in that reference. It seems that a curve 
fit for Figure 12.10 of that reference is used. The correlation is a 
modified form of the Paleev and Filippovich correlation (1966) and is 
discussed by Wallis (1968) in further detail. The correlation is devel­
oped from the air-water data taken at near atmospheric pressure and both 
the horizontal and vertical tubes of various inside diameters. However, 
the correlation does not seem to predict the effects of liquid flow rate 
well (Wallis, 1968). In addition, this correlation may not be appropri­
ate for the flow channels in the vessel, due to cross flow. 

6.0 Counter Current Flow Limitation and Liquid Fallback at the Core Support 
Plates 

TRAC vessel model does not have any special formulation or empirical cor­
relations for counter current flo,w or liquid fall back at the core sup­
port plate. However, as the vessel module is based on a two fluid 
formulation, interfacial shear stress should be able to compute counter 
current flow situations. 

7.0 Energy Transfer Between Liquid and Vapor Fields 

7.1 This has been explained in detail in Section A.2.1. 

7.2 See Section A.2.1. 

7.3 See Section A.2.1. 

8.0 Energy Transfer Between Solids (Walls, Internal Structure, Fuel Rods.) 
and Fluid 

8.1 TRAC-PlA has the same description of convective heat transfer coeffi­
cients for one-dimensional components and the vessel internals. This 
package includes a boiling curve and the heat transfer correlations for 
various regions of the boiling curve. These convective heat transfer 
coefficients are described in detail in part B, Section 8.1. However, 
in case of reflood, the heat transfer coefficients are different and 
specialized for the core only. The test for reflood regime is based on 
core temperature and amount of liquid available. TRAC-PlA first checks 
the fuel rod temperature to see if the temperature is greater than the 
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Leidenfrost temperature and then checks if the void fraction is less 
than 0.995 to ensure the existance of quench front. The Leidenfrost 
temperature in TRAC is defined as follows 

T0 = Ts + 100 (K) (A.8.1) 

It would seem that the minimum stable film boiling temperature as de­
scribed in Section 8.3.2 of Part B would be more appropriate. TRAC-PlA 
has two methods of reflood, falling film and bottom reflood. In the 
case of a falling film the heat transfer coefficient for film region is 
assumed to be a constant as given here 

hi = 6000 W/m2 K (A.8.2) 

This constant value has not been justified, and from the correlation 
developed by Yu, Farmer and Coney (1977), it seems that this heat 
transfer coefficient should be a function of pressure and the 
Liedenfrost temperature as shown here 

where 

F 4 .52 X 10
4 

(1 + 0.03 ~T G ) 
q q p 

~T 
q 

(1 + 1. 216 log p) In G o • o 76 s/p 
10 p 

T 
0 

T 
s 

(A.8. 3) 

(A.8.4) 

(A.8.5) 

Here G is the flow per unit perimeter (kg m-1 sec-1) and p is in 
bar. ~his correl::it.:i.on was _developed for saturated and subcooled water 
with the test constraints given in Table 4 of Yu, et al (1977). This 
table is given here ~g::iin as Table 1. 

In the case of bottom reflood, the heat transfer coefficient for the 
film is computed from the correlation developed by Yu, et al (1977) and 
is given here 

h = (F /t.T ) 2 
Jl q q 

(A.8.6) 
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Table 1 

Range of parameters used in the experiments 

Test 
section 

Falling film experiments 
Type 321 
Stainless steel 
O.D. 15.9 mm 
Wall O. 71 mm 
Length 830 mm 

Bottom flooding 
Type 321 
Stainless steel 

A. O.D. 15 mm 

Wall O. 71 mm 

O.D. 16.3 mm 
B. 

Wall 1.8 mm 
Length 1 m approx. 

Initial dry 
wall temperatures 

(oC) 

200-650 

300-800 

- 18 -

Coolant 
flowrate 
(g sec-1) 

3-50 

A. 1-200 

B. 2-150 

Coolant System 
subcooling pressure 

(°C) (.bar) 

0-90 

0-70 

1-14.8 

Atmospheric 
only 



where 

!:J.T 
q 

F = q 

F = s 

= 

T T 
0 s 

a.F 
s 

It 4.24X 10 VR, 

(1 V AT 2) Ool3 + R,Llq 

(A.8.7) 

(A.8.8) 

(A.8.9) 

0. 3 It 6 

(A.8.10) 

This ht is also restricted to be greater than 6000 W/m2K in TRAC. The 
data base and the range of experiment is given in Table 4 of Yu, et al., 
(1977). The liquid velocity in the film is obtained from the cell 
boundary, as it is one of the variables. [Note that Yu et al., (1977) 
have suggested a different expression for Vt for tubes as given here: 

4 M (A. 8.11) = 

where Mis liquid mass flow rate]. 

8.2 The heat transfer regimes which are needed for the reactor core ·under 
blowdown conditions are described in B.8.1 and for special situations 
such as reflood, they are discussed in Section A.8.1. 

8.3 Selection criteria for these heat transfer regimes are explained in 
Sections A;8.1 anrl R.8.1. 

8.4 This has been dona in SPr.tions A.8.1 and B.8.1. 

8.5 The vessel module in TRAC-PlA computes heat transfer coefficient at the 
solid boundary based on the cell center values. However, it currently 
computes these coefficients by using only the axial velocities for 
liquid, vapor and mixture. So there is no special method of computing 
heat transfer coefficients for flow perpendicular to the fuel rods. 

8.6 In situations where liquid and vapor are both at the walls, the heat 
transfer is shared between the liquid and the vapor phases. TRAC-PlA 
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has two energy equations, vapor energy balance and mixture energy bal­
ance. The energy transfered to the liquid and the vapor phases is given 
by the following expressions, 

= 

~g 
= h wg 

(Tw - T JI,) /vol 

A (T - T )/vol 
wg w g 

Where hwt and hwg are the heat transfer coefficient to the 
and the vapor phases, while Awt and Awg are the portion of 
area wetted by these phases. In TRAC-PlA, these areas are 
equal to the wall areas, i.e., 

A =A 
wg w 

(A. 8.12) 

(A.8.13) 

liquid 
the wall 
taken to be 

(A.8.14) 

This assumption of using the same areas is good only in nucleate boiling 
and film boiling regions where convective heat transfer coefficient for 
one or the other is zero. However, in the transition regime this assump­
tion will overpredict the energy transfer from the wall to the vapor and 
the liquid. 

8.7 TRAC-PlA has the capability to monitor a falling film and the bottom re­
flood for each of the flow channels. This meano that it l:an handle two 
quench fronts at the same time. Also, TRAC uses a correlation developed 
by Dua & Tien (1977) for the quench front velocity as given here. 

where 

B = 

B 

T = 

e = 
0 

k 
pc o 

p 
[ B (1 + 0-40 i!) J 

B/T2 

hR. o/k 

e 0 ii 2I<1-8 0) 

(T - T ) / (T - T ) w 0 w s 
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and hi is the film heat transfer coefficient and T0 is the Leidenfrost 
temperature, as described in Section A.8.1. Further, o is the clad 
thickness and k is the thermal conductivity of clad material. 

8.8 TRAC-PlA does not have any special treatment fo.r the grid spacers. How­
ever, it does account for the effect of flow reversal on quench front 
motion. .During the bottom reflood, there are two possible situations 
with flow reversal. In the first situation, the core has low void frac­
tion and an inverted annular flow regime exists. In this case, there is 
sufficient liquid .available in each cell to propagate the quench front. 
On the other hand, the second situation is connected with high void 
fraction. In this case TRAC makes a test with the amount of liquid 
available in each cell, and if sufficient liquid is available, the 
quench front is propagated, otherwise the quench front velocity is put 
to zerQ, and the fuel temperature is computed with a decrease in heat 
transfer rate. This leads to heating up of the fuel and retreat of the 
quench front. 
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B. LIQUID/VAPOR AND FLUID/SOLID INTERACTION IN LOOP COMPONENTS OF TRA~ 

All the loop components in TRAC are formulated by a five-equation, one­
dimensional drift-flux model. The five conservation equations are: 
Mixture mass, vapor mass, mixture equation of motion, vapor thermal 
energy and the mixture thermal energy equations. In addition, specifica­
tions of relative velocity between the phases, the volumetric phase 
change rate, vapor-liquid interfacial heat transfer rates, wall shear, 
and the wall heat transfer are needed. These are supplied by 
constitutive relations which usually depend on flow regime. 

1.0 Flow Regime Recognition Criteria· 

1.1 There are two different flow-regime maps for the loop components in 
TRAC-PlA. One is used to calculate the relative velocity Qetween the 
vapor and the liquid phase, and the other to calculate the interfacial 
area and heat transfer. 

The first flow-regime map, i.e., the map used to determine the flow­
regime for relative velocity calculation, is shown in Fig. B.1. Flow­
regimes in this map depend both on mixture mass flux and void fraction. 
There are four transition regions in the map. No particular reason or 
reference for selecting this map was presented in the TRAC-PlA manual. 

The second flow-regime map, i.e., the map used to calculate interfacial 
area and heat transfer, is the same as used in the Vessel module. See 
Part A, Section 1.1, for details. 

It is worth noting that these two flow-regime maps are not consistent 
with each other, and there is no apparent reason for using two different 
maps for the same flow. 

1.2 There is no special flow-regime criterion for a specific loop component, 
pipe orientation or LOCA regime. There is no special treatment for very 
small break LOCA or natural circulation. 

1.3 For the first flow regime, the relative velocity is linearly interpo­
lated with respect to void fraction (for G < 2000 kg/m2-s) in the 
transition regions. For 2000 < G < 3000 kg/m2-s, the relative 
velocity is linearly interpolated with respect to mass-flux as well as 
void fraction (if needed). 

2.0 Liquid/Vapor Mass Exchange Models and Noncondensible Gas Source/Sink 
Terms 

2.1 The evaporation and condensation models for the loop components are es­
sentially the same as for the vessel module. See Part A, Section 2.1 
and 2.2 for details. In loop components the bubble Weber number of 25, 
(rather than SO as used in the vessel), and the droplet Weber number of 
2 are used. 

2.2 No special treatment for individual loop components. 
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2.3 See Part A, Section 2.4. 

2.4 TRAC does not handle the effects of embedded solids and walls in liquid/ 
vapor mass exchange models. However, it is well known that embedded 
solids and wall characteristics influence nucleation, and can affect the 
rate of phase change. 

2.5 TRAC-PlA does not handle the effects of non-condensibles. 

2.6 TRAC does not handle nucleation delay. This is a major shortcoming be­
cause a number of flashing flow experiments (run at Moby-Dick, BNL, 
etc.) showed several degrees of liquid superheating at the onset of 
flashing (or net vapor generation), and it is known that void develop­
ment can be strongly dependent on this superheat. 

2.7 The mass exchange term is calculated from the interfacial energy 
exchange terms as shown below: 

r 
v 

-q. - qi." 1g ~ 

where r is the mass 
are thevrate of heat 
interface to liquid, 
zation. 

(B.2.1) 

rate of-v~por generation per unit volume, q. and q.l 
transfer per unit"volume from interface to i§por ana 
respectively, and hfg is the latent heat of vapori~ 

There is no direct connection between the mass exchange model and the 
solid/fluid energy exchange model. This is correct in view of the com­
plete nonequilibrium formulation of·TRAC. 

2.8 There is no model for source/sink of noncondensible gas in TRAC-PlA. 

3.0 Liquid/Vapor Momentum Exchange Models 

3.1 As the loop components are based on a drift-flux model, rather than a 
two-fluid model, correlations for relative velocity are specified. For 
non-horizontal flow, the following correlations are used based on the 
flow-regime map shown in Fig. B.1. In each case the acceleration due to 
gravity, g, is an effective value taking into account the orientation of 
the flow channnel. 

(a) Bubbly Regime: 

(G ~ 2000 kg/m2-s and 0.01 < a~ 0.1) 

v = 
r 

1.41 
(1 - a) 

i/q 

(pR,2- pg)] 

Pg, 
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(b) Slug Regim~: 

(c) 

(d) 

with 
of ct 

(e) 

(f) 

(G .5_ 2000 kg/m2-s and 0.2 < a .5_ 0.65) 

v = 
r 

0.345 
(1 - ct) 

- P,)] 
b 

1/2 

Annular Regime: 

(G .5_ 2000 kg/m2-s, and 0.85 < ct .5.. 0.90) 

v 
v m = r 

[ (76 - 7Sa)] l_/2 
ctp 

+ _g_ 
p R, yCi" Pm 

Churn-Turbulent Regime: 

(G ~ 3000 kg/m2-s, and for all void fractions) 

v 
r 

v 
m 

(1 - C0 ct) 

(C - 1) + 
0 

C
0 

= 1.1 and ctrestricted to 
> 0.8, Vr. (ct= 0.8) is used. 

foret~0.005, Vr 

for et= 1, vr 

a maximum value of 0.8. 

0 

0 

(B.3.2) 

(B.3.3) 

(B.3.4) 

For values 

(B.3.5) 

(B.3.6) 

(g) Relative velocities in the transition regions (i.e., 0.005 < et< 

O.OlA 0.1 (ct< 0.2, 0.65 ( et ( 0.85, 0.9 < a ( l for G ( 2000 
kg/mL-s, and for 2000 < G < 3000 kg/m2-s) are-linearly interpo­
lated in void fraction and/or mass velocity, G. 

The relative velocities for the bubbly and the slug flow regimes are 
taken from the vapor drift flux correlations presented by Zuber.·and 
Findlay (1965). However, the effect of void distribution parameter, 
C , is neglected in TRAC-PIA in these regimes. The correlations, 
i&cluding the effect of void distribution para~~ter which can range 
from 1 to 1.6, have been found to agree with experimental data for 
vertical air-water and steam-water flow systems over a wide range of 
pressures (up to 40 bar) and pipe diameters (up to 610 mm). 
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The correlation for annular flow is the simplified version developed by 
Ishii (]976) and it is valid only for the co-current flows. The data' 
base for the correlation was near-atmospheric tests run in air-water, 
argon-water and argone-ethyl alcohol vertical upflow systems. The maxiz 
mum pipe diameter was 32 mm. The gas flow ranged from 152 to 1000 kg/m -
sec and the liquid flow rate ranged from 200 to 2000 kg/m -sec. 

In the churn-turbulent regime, TRAC-PlA uses a constant value of 1.1 for 
the void distribution parameter, C0 • However, ~ ijproved correlation 
(Ishii, 1977) which shows a dependence of C0 on Pg Pt is available in 
the literature. Also, the local drift term is missing from the TRAC 
formulation of the churn-turbulent regime. 

Only in the pressurizer and the accumulator components, a special corre­
lation for drift flux is used (it is not indicated in the TRAC-PlA 
manual). The correlation as coded is given by 

v 
r 

2 
-50[(1 - a. 1)a.] m/s 

l.- l. 

(B.3.7) 

where ai and ai-1 are the cell-centered void fraction above and be­
low the cell boundary where Vr is to be calculated. No reference or 
justification is given for this correlation. 

3.2 Except for the horizontal flow, the gravity term in the different corre­
lations is corrected for the angle between the pipe-axis and a vertical 
vector pointing upwards,. i.e., g = gc Cos8 where g is 9.81 m/sec2. 

c 

For horizontal flow (lg cosGI < 10-5), the relative velocity is calcu-c -lated by the churn-turbulent correlation (Eq. B.3.4) irrespective of the 
flow regime. 

There is no special treatment for the counter-current flow. 

3.3 No step is taken to prevent smearing of the liquid/vapor interface ex­
cept in the pressurizer and accumulator modules. Special values (Eq. 
B.3.7) of drift velocities are used in these two latter modules. 

4.0 Wall-to-Fluid Momentum Exchange Models 

The momentum exchange between the wall and the fluid is expressed 
through the shear stress at the wall or, in other words, through fric­
tional pressure drd'p due to the wall. The frictional pressure drop per 
unit length is written as: 

(~x) u = fTP 

\v I m (B.4.1) 

f • 
where fTP is the two-phase friction factor, Pm is the mixture density, 
Vm is the mixture velocity and Dh is the hydraulic diameter of the 
flow channel. 
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4.1 Except for the accumulator, where the friction factor is set equal to 
0.005, the user has six options for calculating friction factors in 
other loop components. These are: 

(i) 
(ii) 

(iii) 
(iv) 
(v) 

(vi) 

Constant value (User input) 
Homogeneous model 
Armand correlation 
CISE correlation 
Modified annular flow model 
Chisholm correlation 

None of the above models/correlations are an explicit function of the 
flow regime. Therefore, once a particular option is chosen, it is used 
irrespective of the flow regime. LASL has recommended the homogeneous 
model for the pressurizer and the steam generator primary and secondary 
sides. However, no reason is given in the TRAC manual. 

We shall now discuss the correlations as they appear.in the TRAC-PlA 
code. Any differences with the manual documentation are noted. 

4.1.1 Homogeneous Model 

The two-phase friction factor is written as: 

(B.4.2) 

-,o. 2 
(B.4.3) 

where 

and fi is the single-phase liquid friction factor given by: 

0.032 for ReQ, < 500 (B.4.4) 

-6 ) 0.032 - 5.25 x 10 (Re 1 - 500 for 500 < Re 1 < 5000 (B.4.5) 

(B.4.6) 
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where Re
0 

-

)I., llt 
(B.4.7) 

For ReR.. ) 5000, a combination of (B.4.2), (B.4.3) and (B.4.6) yields: 

where 

[ 

G Dµh ]-0 .2 
fTP = 0.046 

_l_ = ~ + 1-x 
µ µv µR.. 

(B.4.8) 

(B.4.9) 

The above two equations agree with equations (38) and (39) of TRAC-PlA 
manual. However, the correlations used for ReR.. < 5000, i.e., Eqs. 
(B.4.4) and (B.4.5), have not been discussed in the manual. It is not 
clear why the well accepted friction relations f.or laminar flow have 
not been used. Even in the turbulent region (ReR.. ~ 5000), no data base 
for using Eq. (B.4.8) is discussed in Ref. 6 (Collier, 1972) of the TRAC 
manual. It is only mentioned that Eq. (B.4.9) is one way of defining the 
mixture viscosity. 

4.1.2 Armand Correlation 

A two-phase multiplier <1>~ 0 is deffned such that 

(B.4.10) 

This can be rewritten as: 

(B ._4 .11) 

For the single-phase liquid friction factor, Eqs. (B.4.4) through 
(B.4.7) are used. For the two-phase multiplier, the following cor­
relations are used: 

cf>~o = 1 for a. 0 and a. 1 (B.4.12) 
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(l-x)(l-a)-1 ·~ 2 for 0.39 < (1-a) < 1 (B.4.13) 

0.478 (l-x) 2 (1-a)-2 "2 for 0.1 < (1-a) < 0.39 (B.4.14) 

1.73 (l-x) 2 (l~a)-1 " 64 for 0 < (1-a) < 0.1 (B.4.15) 

Note that Eq. (B.4.11), which is in the code, does not correspond to Eq. 
·(44) of the TRAC manual. Also note that at a= 1, i.e., all vapor, the 
Armand two-phase friction factor as it appears above, does not reduce to 
the single-phase vapor friction factor. This is a drawback of this cor­
relation. 

A check to the original Armand reference as translated by Beak (1959) 
indicated three mistakes in Equations (B.4.13) through (B.4.15). First, 
the term (1-x) in Eq. (B.4.13) should be (1-x)2. This is iri line 
with the form of the other equations above. Second, the value 0.39 
should be changed to 0.35 in Eqs. (B.4.13) and (B.4.14). Finally, the 
lower limit of (1-a) in Eq. (B.4.15) should b~ changed from zero to 
o.·001. These corrections should be implemented in the future versions 
of TRAC if the Armand correlation is retained as an option. The Armand 
correlation has been found to be in good agreement with both air-water 
data at near atmospheric pressure and steam-water data at higher pres­
sures (3-10 bar). The pipe diameters over which the correlation was 
tested ranged from 26 mm to SO mm. 

4~1.3 CISE Correlation 

The CISE two-phase friction factor as coded in TRAC-PlA reads: 

f .. 0.83 
TP 2 

-0.46 
v 

m 

-0.6 
CJ 

0.4 -0.2 
Dh ·(B.4.16) 

where CJ is the surface tension and the units are in S.I. The two-phase 
friction factor according to (B.4.16) is half of that corresponding to 
Eq. (45) of TRAC manual. 

A check of the reference (Lombardi, 1972) shows that Eq. (B.4.16) is 
correct. The correlation was obtained from vertical upflow, round tube 
data, taken with different two-phase mixtures (steam-water, argon-water, 
nitrogen-water. and argon-ethyl alcohol) and covered the following range: 

5 < D < 25mm 
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100 < L < 4000 mm 

500 2 < G < 5000 kg/m - s 

20 x 10-3 < (J < 80 x 10-3 N/m 

0.01 < x < 0.98 

15 < P51,IPg < 100 

(or, 20 < p < 90 bar for steam-water mixture.) 

It should be noted that the correlation does not reduce to single-phase 
friction factor values at either x=O or x=l. This is a major limitation 
of the correlation. Besides, it is important to recognize that ·dimen­
sional correlations like (B.4.16) are not generally amenable to extrapola­
tion and should not be used outside the range of their data base. 

4.1.4 Annular Flow Model 

The two-phase friction factor according to this model and as coded in 
TRAC-PlA is: 

fTP = f spJI, (a~ 0.9) 

where the single-phase liquid friction factor is taken as (Govier and 
Aziz, 1972): 

and 

a + b Re -c 

a = ( k )0. 225 
0.026 ~ + 0.133 

h 

b = 22.0 
(

k O.li4 

nh) 

(D
kh)0.134 c = 1.62 

Re = 
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(k/Dh) is the roughness factor. A value of k = 5.0 x lo-6m is used 
in the code. Note that Eq. (B.4.18) does not reduce to the smooth-wall 
friction factor for (k/Dh)-..O, and a certain amount of roughness 
(k/Dh - lo-6) has to be specified even for smooth pipes. 

For a > 0.9995, the homogenous friction factor as discussed in Section 
4.1.1 is used. In between, i.e., 0.9 <a~ 0.9995, a linear inter­
polation between the annular flow model and the homogenous model is 
used. 

It should be noted that there is a discrepancy between Eq. (B.4.17) and 
Eqs. (50)-(51) of TRAC-PlA manual. Moreover, Eq. (B.4.17) is only valid 
for annular flow with negligible.flow quality, Le., x~O. Also, the ex­
ponent 0.134 is missing from Eq. (69) of the TRAC manual. 

4.1.5 Chisholm Correlation 

This correlation is also based on the two-phase multiplier ~io as defined 
in (B.4.10). The correlation is written as: 

f = f (Pm) ~:o 
TP spt pt 

(B.4.23) 

The single phase friction factor is calculated from Eqs. (B.4.18) 
through (B.4.21) with k = 5.0 x lo-6m. The defini~ion of liquid Rey­
nolds number is, however, GDh/µt and differs from Eq. (B.4.22). The 
Chisholm two-phase multiplier is given by: 

where 

2 2 
1 + (R - 1) [Bx (1 - x) + x ] 

R = (p Ip ) 0. 5 
t g 

(for rough tubes). 

(B.4.24) 

The values for B are given in E~~· (14) through (56) in the TRAC manual. 

It should be noted that for a smooth pi.pe the use of R = (P/Pg)0.5, 
leads to the problem of fTP ~ fg for x = 1. In that case, the · 
complete form of the Chisholm correlation (Chisholm, 1973) with R = 
( I ) o.5 < I )0.5 ( I n/2 
\ flp llp n = p n p µ µ n) h ld h b d (b go ~o ~ g g ~ s ou ave een use ut it 
ls not in TRAC). The data base for this. corr.elation includes 
steam-water mixtures at 300 < G < 7000 kg/m2-s, 6 < p < 140 bar and 
0.015 < x < 0.8. Maximum hydraulic dlameter was 27 mm. 

4.2 The TRAC code has two different treatments for form losses due to abrupt 
expansion or contraction. If the system of equations is solved implic­
itly, i.e., IHYDRO = 1, the additional pressure drop due to expansion 
and contractions are given by: 
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For Expansion: 

- 1 lip= -
2 

and, for Contraction: 

2 
2 

1 [ Al (Al ) 

2 

] 2 lip = z O. 5 - 0. 7 A
2 

+ 0. 2 -;::; Pm V m 

(B.4.25) 

(B.4.26) 

where A1 and A2 are the smaller and the larger flow areas, respect­
ively. In the code, however, the switch from the expansion equation to · 
the contraction equation and vice-versa is done at area ratio of 0.9 
instead of 1.0. This seems to be an oversight. 

For the semi-implicit solution scheme, i.e., !HYDRO= 0, LASL states 
(but it could not be verified at BNL at the time of this writing) that 
the spatial differencing scheme by itself takes care of the form loss 
due to abrupt expansion. Therefore, the form loss term for expansion is 
set to zero. However, extra terms are added for a transition region and 
abrupt contraction. They are as follows: 

(a) Transition Region ( 0.9 < :: < 1.1) 
2 [liX_ 6~-ti.X+ (1 - AAf_) t,.p - 1/2 pm vm 

extra 

where .A_, ~ and Af are the cross-s~c;tional area of t.he 11pst:r.eam, 
downstream and the minimum flow area, respectively. t.x_ and 6X+ 
the cell lengths at the upstream and downstream, respectively. 

(b) Abrupt Contraction ( :: < O. 9) 

(B.4.27) 

are 

2 [ ti.X_ - ti.X+ ( Af) 
6p = 1/2 p v AV 1 - A_ extra m m UA>- (B.4.28) 

{ 0. 5 - 1. 3 :~ + 0. 8 ( :~) 
2

}] 

/::;.X_ - /::;.X+ ( Af ) 
The reasons for having a transition region and the term 1 - A 

/::;.X -

is not clear. If. it is ignored and we assume that the term 

!2 p V 
2 (1 - Af/ A ) 

2 
is added through the difference equation, then Eq. mm -

(B.4.28) does correspond ta Eq. (B.4.26) for abrupt contraction. 
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4.3 There is no special treatment for void fraction distribution in a TEE 
branch or in the steam generator tubes. Also, there is no separate mod­
el for the TEE component which is basically a combination of two PIPE 
components. 

4.4· For loop components there is only one momentum equation, i.e., the 
mixture momentum, per cell. Therefore, there is no question of 
partitioning the wall-to-fluid momentum exchange. 

5.0 Liquid Entrainment and Deposition Models 

Same as Section 5.0 in Part A. 

6.0 Counter-Current Flow Limitation 

There is no special model (or drift velocity) to account for the 
counter-current flow limitation. 

7.0 Models for Energy Transfer Between Liquid & Vapor 

Same as Section 7.0 in Part A. 

8.0 Energy Transfer Between Solids (Walls) and Fluid 

8.1 Based on the local surface (wall) temperature, surface properties and 
fluid conditions, the heat transfer coefficients between .the wall and 
the fluid (liquid and vapor) are calculated from a generalized boiling 
curve. This is shown in Figure B.2.· Four different heat transfer re­
gimes. are shown in the above figure.. These are: 

(a) Convective heat transfer to single phase liquid (i=l) 

(b) Nucleate boiling and forced convection vaporization (i=2) 

(c) Transition boiling (i=3) 

(d) Film boiling (i=4) 

There are several other heat transfer regimes not shown in the boiling 
curve. These are: 

(e) Free or forced convection to vapor, when 
Ct. > 0.9995 

(f) Forced convection to mixture, when CHF calculation 
is not asked for, i.e., ICHF=O 

(g) Horizontal film condensation 

(h) Vertical film condensation 

(i) Turbulent film condensation 
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Figure B.2. Generalized boiling curve 
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8.2 The same heat transfer subroutine HTCOR is called by all the components, 
including the steam generator primary and secondary side and the vessel 
module. Therefore, there is no special treatment for heat transfer in 
any particular component. 

8.3 The selection logic to identify different heat· transfer regimes is 
depicted in Figure B.3. There are two important surface temperatures-­
namely, the temperature at Critical Heat Flux and temperature at Minimum 
Stable Film Boiling which determine the boundaries between the nucleate 
boiling (i=2), transition boiling (i=3) and the film boiling (i=4) re­
gimes and these need further discussion. (There is no special selection 
criteria for Steam generator secondary side). 

8.3.1 Surface Temperature at Critical Heat Flux 

Based on the local fluid conditions, the critical heat flux ls 
calculated either by the modified Zuber pool boiling correlation~ or 
Biasi, et al. correlation or by the Bowring correlation. The Chen 
correlation for the nucleate boiling heat transfer coefficient is then 
used to calculate the surface temperature corresponding to the critical 
heat flux such that: 

T + sat 

II 

q CHF 

hCHEN 

In the code, however, TcHF is restricted between Tsat + 5°K and 
Tsat + 100°K. 

(B.8.1) 

The modified Zuber correlation for pool boiling CHF is used for -600 < G 
< 100 kg/m2-sec. This.is in line with the recommendation of Bjornard 
and Griffith (1977). However, they suggested a multiplier 0.9 for 
vertical rod geometr.y in the modified Zuber correlation, which is mis­
sing in TRAC formulation. In TRAC-PlA code, a correction term for sub­
cooled CHF has been added. But it is not reported in the TRAC manual. 
Th~ modified Zubt!t' correlation as appcaro in the code r.,_~c'I~: 

q" 
CHF 

(1 - a) [ o.131 Pg hfg l a_g [~t -Pg)} 1/4 

{ g (\- Pg)} 1/4 
+ 0.696 ~k pc 9, 9. p~. 

rg ~;t -PBr/B (tsat - Ti)] 
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Figure B.3. Heat transfer regime and correlation selection logic 
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For high flow rates, i.e., G > 200 kg/m2-sec. and G < -700 kg/m2-sec., 
the Biasi, et al. (1967) correlation is used. The correlation is 
described by Eqs. (127) and (128) of TRAC-PlA manual and will not be re­
peated here. (There are a few typographical errors in the manual and one 
error in the code, which has been corrected by LASL recently). The 
Biasi correlation has been developed from steam-water critical heat 
flux data taken in round tubes with uniform heat flux, and the range of 
validity is: 

3 < D < 37.5 mm 

200 < L < 6000 mm 

2.7 < p < 140 bar 

100 < G < 6000 kg/m2-sec. 

Xin ( 0 

1 ---...,--- < x 
1 + p ,/Pg out 

< 1 

In the intermediate range of mass flux, i.e., 100 < G < 200 kg/m2-sec 
and -700 < G < -600 kg/m2-sec, a linear interpolation between 
q"cHF,ZUBER and q"cHF BIASI is done. No particular reason for 
using the Biasi correlation is given. 

For loop components, i.e., the one-dimensional formulation, the Bowring 
correlation, based on round tubes and uniform heat ·flux data, is 
available to the user by setting ICHF = 3. 

The original Bowring correlation (Bowring, 1972) was of the form: 

q"CHF = (A+ B Hi)/(C + L) (B.8.3) 

where Hi and L were the inlet subcooling and the tube length, re­
spectively. LASL, however, has modified the above form and used the fol­
lowing: 

q"CHF = (A - B hfg x) /C (B.8.4) 

where x is the local flow quality. This modification is valid only for 
round tubes and uniform heat flux situations. 

The data base for (B.8.3) or (B.8.4) was: 

2 < D < 45 mm 

150 < L < 3700 mm 

7 < p < 170 bar 

136 < G < 18600 kg/m2-s 
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The coefficients A, B, and C are complicated functions of pressure, mass 
flux and diameter, and are given in the TRAC manual. They will not be 
repeated here. However, the definition of PR as ~iven in the TRAC 
manual is incorrect. It should be PR = 0.145 p/10 • It has been 
coded correctly. 

8.3.2 Surface Temperature at Minimum Stable Film Boiling 

This temperature determines the boundary between the transition boiling 
regime and the film boiling regime. In TRAC, the homogeneous nucleation 
mechanism has been assumed to govern the minimum temperature as per re­
commendation of Bjornard and Griffith (1977). Therefore, Tmin is 
given by: 

(B.8.5) 

For simplicity, the homogeneous nucleation temperature, THN, in TRAC 
is taken to be equal to the thermodynamic critical temperature of the 
fluid, Tcrit• The subscript w stands for wall material properties 
which depend on the surface condition, i.e., oxidation, crud formation, 
aging,· etc. However, these effects are not included in TRAC at present. 

8.4 Heat Transfer Correlations 

8.4.1 Convective Heat Transfer to Single Phase Liquid (i=l): 

The maximum of the following laminar and the turbulent (Dittus-Boelter) 
co1relalluu ls us~d. 

hR-,laminar (B.8.6) 

and 

h 
R,, turbulent 

(B.8.7) 

8.4.2 Nucleate Boiling and Forced Convection Vaporization (i=2): 

The widely accepted Chen correlation is used· in this regime. The corre­
lation has been developed from data taken in round tubes and annuli with 
water and several different organic fluids. Both upflow and downflow 
data were used. The range of data used include: 
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0.55 < p < 35 bar 

0.06 < vt,in < 4.5 m/s 

0.01 < x < 0.59 

6.2 < q"w < 2400 kW/m2 

The correlation has been described in Eq. (137) of the TRAC-PlA manual 
and will not be repeated here. 

For a < 0.995, the heat transfer coefficients between the wall and the 
liquid, ht, and the vapor, hv, are given by: 

by = 0 

whereas, for 0.995 < a< 0.9995 

h 
v 

(a - 0. 995) J 
0.0045 

(a - 0.995) 
0.0045 Max I h v,nc hv, turbulent f 

where, hv,nc and hv,turbulent are described in Section 8.4.5. 

8.4.3 Transition Boiling (i=3): 

Heat transfer to the liquid, in this. regime, is comprised of three· 
components--namely, the transition boiling heat transfer, radiative heat 
transfer to liquid and heat transfer to subcooled liquid (which is not 
documented in the TRAC-PlA manual). The transition boiling component is 
given by (following the approach of Bjornard and Griffith, 1977). 

(B.8.8) 

where 

w min 
(

T -T. )z. 
(B.8.9) 
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and q" min = (1 -a) hFB (Tmin - Tsat> (B.8.10) 

The film boiling heat transfer coefficient, hFB' is calculated from the 
modified Bromley correlation and is given by: 

where 

and 

~B 

h'fg = hfg + 0.5 cp,g (Tw 

1/2 

27T [ g (P9., a_ Pg)] 

The radiative component to liquid is given by: 

where as = Stefan-Boltzman Constant = 5.6697 X lo-8 W/m2-K4 

and F 
1 

where £ = emissivity of the wall 
a = absorptivity of the liquid 

(B.8.11) 

(B.8.12) 

(B.8.13) 

(B.8.14) 

(B.8.15) 

For subcoo'led liquid, the code has an additional heat transfer component 
to liquid (Linehan and Gro,lmes, 1970), but not reported in the TRAC 
manual: 

h = 0.012 p9.. cp,9.. v£ 
9.,, SC 

(B.8.16) 

Therefore, the heat transfer coefficient to liquid in the transition 
region is given by: 

T - TCHF (1 - a) l h -- + h hTB + w -1lAD 9.., sc 
Tmin - TCHF 

(B.8.17) 
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The vapor heat transfer coefficient is given by: 

h = a. 
v 

(Tw - TCHF) 

(Tmin - TCHF) 

(B.8.18) 

hv,DR is the Dougall-Rohsenow heat transfer coefficient and discussed 
next. 

8.4.4 Film Boiling (i=4): 

The liquid and vapor heat transfer coefficients in this regime are given 
by: 

(B.8.19) 

where hRAD and hi,sc are given by Eqs. (B.8.14) and (B.8.16), re­
spectively. 

h 
v 

(1 - a.) (B.8.20) 

where hFB is given by (B.8.11), hv,nc is discussed in Section 8.4.5 
and hv,DR is the Dougall-Rohsenow correlation expressed as: 

h v,DR 

k 
o. 023 {- { JJ 

g 

(.8 
} 

Pr 
g 

0.4 

(B.8.21) 

Although not mentioned in the TRAC manual, LASL indicated that the form 
of Eq. (B.8.20) has been adopted following recommendation of Dr. Y. Y. 
Hsu of USNRC. 

8.4.5 ·Free or Forced Convection to Vapor (i=6): 

When a. > 0.9995 and for calculating vapor heat transfer coefficient for 
transition and film boiling, the free convection heat transfer to vapor 
is calculated as (following McAdams): 
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h v,nc 
~ 0.13 D Pr 

v 

1/3 
(B.8.22) 

Note that the characteristic dimension does not have any effect in the 
above equation. The turbulent forced convection heat transfer is 
then calculated from the Dittus-Boelter correlation: 

turbulent 

k 
= 0.023 -f-Rev h v, 

a.a 
Pr 

v 

1/3 (B.8.23) 

The maximum of hv,nc an~ hv,turbu~ent is chosen for hv, whereas ht 
is set to zero. 

8.4.6 Forced Convection to Two-Phase Mixture (i=7): 

When ICHF=O, i.e., the critical heat flux calculation is not asked for 
by the user, TRAC calculates heat transfer to two-phase mixtures in the 
following manner: 

For a.~ 0.995, 

where 

hv = 0 

ht= Max \ h £,LAM• 

kt 
ht,LAM = 4 D 

ht, turb l 
0.8 

and ht turb , ~ (GµDm) 0. 023 D 
0.4 

Prt 

where \.l m 
1 

(B.8.24) 

(B.8.25) 

(B.8.26) 

(B.8.27) 

(B.8.28) 

Note that the TRAC manual refers to a two-phase thermal conductivity 
which is not, in fact, used in the code. The documentation reference to 
Dittus-Boelter is, of course, only with reference to the form of the 
correlation as applicable to single-phase flow. The form used herein 
can be considered as application of Reynolds analogy to the momentum ex­
change expressed by Eqs. B.4.8 and B.4.9. The validity of Eq. (B.8.27) 
for two-phase application could not be checked with experimental data 
due to lack of proper reference. 
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... 

For 0.995 < a < 0.9995 

h = v 

and 

a - 0.995 
0.0045 

Max {h , h v,nc v, 

[
l _ (a-0. 995)] 

0.0045 

turbulent} 
(B.8.29) 

l , l 
Max t ht, LAM' ht, turb (B.8.30) 

8.4.7 Condensation Regimes (i=ll,12,13): 

If the surface temperature is less than both the liquid temperature and 
the saturation temperature, the TRAC heat transfer logic chooses the con­
densation regimes. First, the laminar film condensation heat transfer is 
calculated in the following way: 

For g Cose< 0.5, (e > 87.1°), film condensation in horizontal pipe 
Chato: 1962)-is selected (i=ll): 

1/4 

0.296 
•(B.8.31) 

For g Cose> 0.5, i.e., vertical film condensation, TRAC uses the 
follo~ing Nusslet type correlation (i=l2): 

(B.8.32) 

The coefficient 1.132 is obtained by multiplying the original Nusselt 
coefficient of 0.943 by 1.2 to account for the waviness of the film. 
However, in the original Nusselt formulation, the characteristic dimen­
sion was the axial length and not the pipe diameter. No reference, 
which could support this change in characteristic dimension, was given. 

The correlation of Carpenter and Colburn (1951) for turbulent film con­
densation is then calculated in the following way (i=l3): 

turb 
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'[ . 

J_ (B.8.33) 



where T. 1 the interfacial friction factor is assumed to be the same as the 
wall frtction factor for vapor flow only and is given by 

°[. 
1 

-0.2 2 0.046 rg::D) pg:g (B.8.34) 

Eq. (B.8.33) has been found to be the average heat transfer coefficient 
for condensation of pure vapor of various fluids (water, methanol, 
ethanol, toluene and trichlorethylene) in a 12 mm ID, 2440 mm long 
vertical pipe with inlet vapor velocities up to 150 m/sec. 

The heat transfer coefficient to liquid is then taken as 

(B.8.35) 

8.5 In the flow regimes where both the liquid and vapor heat transfer coef­
ficients are non-zero, TRAC uses the same heated surface area for both 
parts. That is to say that: 

hwg A (Tw - Tg)/vol 

hwt A (Tw - Ti)/vol 

(B.8.36) 

(B.8.37) 

where A is the actual heated surface area in a computational cell. As 
mentioned in Section 8.6 of Part A, this assumption will overpredict the 
energy transfer from the wall to the fluid for the transition boiling 
regime. 
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