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ABSTRACT
A system thermal hydraulic analysis code is generally used for nuclear power plant safety
analysis, and it solves the fluid field equations to model two phase flow. System codes typically
solve mass, momentum and energy equations of each phase numerically by approximating a
one dimensional flow. However, the constitutive relation based on empiricism must be included
for mathematical closure of the approximated governing equations.
The best available approach to evaluate the constitutive relation models is to compare the code
results with the data from separate effect tests (SET). However, available experimental data
cover only a small fraction of the thermal hydraulic conditions in SET. Thus, there is no available
method to evaluate the constitutive relation models that include all regimes expected in
applications of the system codes. This study proposes a new method for evaluating the
constitutive relations by comparing between RELAP5 and TRACE to analyze the constitutive
relation models of the two codes.
RELAP5 and TRACE are very different in the implemented constitutive relation models even
though the field equations are almost identical. To compare the different constitutive relations of
the two codes, models and correlations of each code are studied and compared. Then
constitutive relation modules are extracted in a separate computational environment. The
developed platform is based on MATLAB and REFPROP, and it is proven to reproduce the
same values of RELAP5 MOD3.3 patch5 and TRACE 5.0 patch5, respectively.
In the wall heat transfer models, different heat transfer regimes are occasionally chosen in the
two codes and they reveal substantial deviations. In the interfacial heat transfer models, while
RELAP5 includes a void generation term, TRACE does not consider the term, which results in a
difference in the calculation of interfacial heat transfer. In the wall friction models, almost all
regimes show good agreement between TRACE and RELAP5 except for slug and transition
flow regimes. In the interfacial friction models, the interfacial drag coefficient has a larger
difference than the wall drag coefficient between TRACE and RELAP5.
This work was supported by the Nuclear Safety Research Program through the Korea
Foundation Of Nuclear Safety(KoFONS), granted financial resource from the Nuclear Safety
and Security Commission(NSSC), Republic of Korea. (No. 1903002)
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EXECUTIVE SUMMARY
System thermal hydraulic analysis codes such as TRACE or RELAP5 are often used for nuclear
power plant simulation to evaluate the safety of the system. In a system thermal hydraulic
analysis code, the fluid field equations are used to a model two phase flow. System codes
typically solve mass, momentum and energy equations for each phase. To solve field equations,
constitutive relations are needed to close the governing equations, and these correlations are
often dependent on the flow regime or heat transfer (HT) regime map. The major constitutive
relation models in the codes are the wall heat transfer, wall and interfacial friction, interfacial
heat and mass transfer. However, TRACE and RELAP5 are very different in the implemented
thermal hydraulics models and correlations even though the governing field equations are
almost identical. This report summarizes the differences in the obtained results from the two
codes by first examining the models and correlations for modeling the two phase flow. To
compare different constitutive models of the two codes, each constitutive relation module is
extracted and constructed in a separate computational environment. The platforms contain
various constitutive relations of TRACE and RELAP5: wall heat transfer, interfacial heat
transfer, wall friction, and interfacial friction. This is followed by suggesting a new evaluation
method for comparing constitutive relation models. Qualitative and quantitative comparisons of
the constitutive relation models of TRACE and RELAP5 codes are conducted with the
computational platforms.
The comparison results of the constitutive relation models of the two codes lead to the following
conclusions.
• In the wall heat transfer models, different HT regimes are often selected and show
substantial deviations. This is because the HT regime selection logics of TRACE and
RELAP5 are different. TRACE includes models for determining the temperature of the
ONB and MFB, but RELAP5 does not have this logic. In RELPA5, the temperature of ONB
is set as a value of Tsat – 0.001 and heat fluxes calculated from the transition and film
boiling HT regimes are used as the MFB condition. Whether the two codes select the same
HT regime or select another HT regime, the difference in heat fluxes calculated from the
two codes is the largest when TRACE selects the transition boiling HT regime.
• In the interfacial heat transfer, RELAP5 includes a void generation term for evaluating the
liquid interfacial heat transfer, but TRACE does not consider this term. This causes the
major differences between the two codes. In the vapor interfacial heat transfer, the order of
the heat transfer calculated between the two codes is found to be significantly different in
the bubbly flow regime, which is up to 1600 times for the vapor heat transfer coefficient
and 40 times for the interfacial area.
• In the wall friction models, there is fairly good agreement in all flow regimes, but when the
void fraction is from 0.8 to 0.9, where TRACE selects the transition flow regime, wall
friction values from the two codes differ substantially.
• In the interfacial friction models, the calculated friction values are inconsistent between the
two codes in all flow regimes and the largest difference is observed in the annular flow
regime due to the difference in the calculated interfacial area of the two codes.

xiii
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INTRODUCTION

Thermal hydraulic system analysis codes, such as RELAP5, TRACE, COBRA-TF, CATHARE,
and MARS-KS are commonly used for reactor simulation to analyze and evaluate the safety of a
nuclear power plant because full-scale experiments are very challenging. The development
projects of these thermal analysis codes were initiated in 1970s and 1980s, and the main
applications were for nuclear safety analysis and nuclear system design. Nearly all current
thermal-hydraulic analysis codes are based on the two-fluid model, which was determined after
inherent flaws were found in the previous homogeneous equilibrium model approaches. Phases
are dealt with by transferring part of the mass of each phase at the interface, and separate
conservative equations of each phase are solved by averaging the space and time ensemble of
the local governing equations of fluid with appropriate source terms, including the interfacial
transfer for mass, momentum and energy.
Because of averaging the local flow processes, information is smeared and it has to be
compensated for by additional modeling at the interface between phases or at the location near
the walls. Hence, it was very challenging to develop codes with respect to a number of such
problems [1]. The codes must be capable of covering a wide range of transients to simulate all
types of two-phase flow regimes and associated heat transfers phenomena. Additionally, since
the various flow regimes and heat transfer regimes are the most important phenomena for
evaluating safety, modeling these regimes require a special effort. The model for these various
regimes are the essence of the constitutive relations and is also important for mathematically
closing the problem. In other words, to apply the two-fluid model to the system analysis codes, it
is crucial to develop physical models to solve the system of equations.
The level of the complexity of the model must remain compatible with both the available
scientific knowledge and experimental data and the required reliability of predictions for nuclear
system safety. To validate all constitutive relation models, a very extensive experimental
program was required and the two-fluid model can be applied due to this effort. Extensive work
during the last four decades was devoted to the improvement and validation of these two-phase
constitutive relation models; this work resulted in a system with the ability to predict the main
phenomena of most accidental transients of nuclear power plants with reasonable accuracy.
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Figure 1

LBLOCA Analysis Results of Different Codes and from Different Users [2]. (a)
MARS-KS2.3 from KAERI (b) RELAP5/MOD3.3 from KINS (c) TRACE4.05 from
PSI (d) CATHARE2.5 from CEA

Utilizing the Best Estimate Methods – Uncertainty and Sensitivity Evaluation (BEMUSE) project,
we confirmed once again the importance of constitutive relation models. Figure 1 shows the
maximum cladding temperature simulated from different participants in the program and
different codes [2, 3]. Different trends can be observed, and BEMUSE projects confirmed what
causes such differences. From Figure 2, the variables affecting the peak cladding temperature
were identified and scored. The most influential parameters were identified to be the fuel and
cladding gap size, UO2 conductivity and gap conductivity. This shows that user effects have a
significant impact on the analysis. These user effects are followed by factors such as the film
boiling heat transfer coefficient and the critical heat flux (CHF), which is related to the physical
models, i.e., the constitutive relations. In other words, constitutive relation models have
substantial influence on the analysis results.

2

Figure 2

Total Ranking of the Influence on the Cladding Temperature [2]

The influence of the constitutive relation model can be identified by observing the governing
equations of the system analysis codes. Figure 3 shows the similarity of the liquid and vapor
conservation equations between RELAP5 and TRACE. The conservation equations of the two
codes are almost identical. For the mass conservation equations, time and space dependent
changes are calculated from the masses moving between the interfaces. For the momentum
conservation equations, the two codes are the same except that only the RELAP5 code
additionally considers momentum transfer due to virtual mass. The TRACE code does not use
the virtual mass term for code stability. In the momentum equations of the two codes, the
change of momentum consists of the momentum transfer due to frictional force (the sum of the
wall and the interface), the mass transfer, and the body force. For the energy conservation
equations, the equations are constructed with the same source terms except for the dissipation
term. In the energy conservation equations of the two codes, the amount of energy change of
each phase according to time and space is composed of the heat transfer at the wall surface
and the interface and the heat transfer due to mass transfers.

3

Figure 3

Similarity of Conservation Equations in System Codes (6-equation, 2-fluid
Model)

On the other hand, Figure 4 shows the dissimilarity of the constitutive relation model
implemented in RELAP5 and TRACE. The conservation equations are constructed very
similarly, while the two codes use significantly different constitutive relations. The reason why
system analysis codes have different constitutive relation models was that different approaches
were used to establish the constitutive models in each code: the fully empirical approach, the
4

empirical approach with dimensional analysis, the phenomenological or mechanistic approach,
and the semi empirical approach [1]. As a result, the safety analysis results differed depending
on the implemented constitutive relation models. The different models of the constitutive relation
models will be described in detail later, and only the importance of the constitutive relation
models is briefly mentioned in this chapter.

Figure 4

Dissimilarity of Constitutive Relation Models in System Codes (6-equation, 2fluid Model)

5

Despite the importance of constitutive relation models, it is difficult to evaluate the constitutive
relations in all possible thermal-hydraulic conditions [4, 5]. Some previous works have only
summarized the constitutive relation models that are used in the several system codes [6-8].
Currently, the best available approach to evaluate the constitutive relation models is to compare
the code results to the data from separate effect tests (SET). As mentioned above, after building
the system analysis codes, it is necessary to confirm that the selected constitutive relation
models are reasonable for modeling the actual phenomenon by comparing it with SET data, and
if it is unsatisfactory, the constitutive relation models have to be modified, improved or
developed. All these procedures are documented in the assessment manual of each code [911]. However, available experimental data covers only a limited fraction of the thermal hydraulic
conditions in separate effect tests (SET). That is, there was no available method to evaluate the
constitutive relation models including all regimes expected in applications of the system codes.
Thus, this study presents an evaluation method for the constitutive relation models.
The method is to evaluate whether the built-in constitutive relation models in the system codes
reasonably predict phenomena during the hypothetical accidents of nuclear power plants. Since
the current system analysis codes simulate accidents with reasonable accuracy [1], the
comparison between several system analysis codes can be regarded as a valid and thorough
methodology. This comparison process, identifying the strengths or weaknesses of the selected
constitutive relation models implemented in each system analysis code, will also be useful for
the future development of the safety analysis codes.
In this document, we present a new evaluation method for the implemented constitutive relation
models. Using this method, we conducted a comparative evaluation of the constitutive relation
models implemented in the selected thermal-hydraulic system analysis codes. In order to
proceed with the comparison, it was necessary to select two or more thermal-hydraulic system
analysis codes. The two codes TRACE and RELAP5 were chosen for this study. The new
evaluation method is discussed in the next chapter. Chapters 3 – 6 present wall heat transfer,
interfacial heat transfer, wall friction, and interfacial friction models, respectively. Chapters 3 – 6
include a discussion of how the constitutive relation models are composed, which constitutive
relation correlations were adopted, and why each developer chose these correlations. The last
chapter summarizes and concludes the study.
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2

2.1

METHOD

Separate Computational Platform

Firstly, constitutive relation models implemented in RELAP5 and TRACE are analyzed literately
by referring to the code manuals and source codes of RELAP5 [12] and TRACE [13],
respectively. Then, two separate computational platforms for RELAP5 and TRACE are
developed on the basis of literature studies to separate constitutive relation models from
governing equations. If the constitutive relation models are not separated, an analysis of
constitutive relation models only is not possible because of the combined effect from numerical
solutions of governing equations.

Figure 5

Flow Chart of Separate Computational Platform to Model the Constitutive
Relations of TRACE
7

Figure 6

Flow Chart of Separate Computational Platform to Model the Constitutive
Relations of RELAP5

The separate computational platform for TRACE is developed to calculate the same wall heat
transfer, interfacial heat transfer, wall friction, and interfacial friction calculated in the original
code TRACE v 5.0 patch 5. This platform uses MATLAB for the working environment and
REFPROP v.8 for the fluid properties. Figure 5 shows the flow chart of the separated
computational platform to model the constitutive relations of TRACE. Eleven variables are
required for input, which consist of thermal hydraulic conditions, geometry information, and
material properties. The required thermal hydraulic conditions are the pressure, liquid and vapor
temperatures, temperature at the wall, liquid and vapor velocities, and void fraction. The
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hydraulic diameter, flow direction, and pipe length have to be prescribed as geometry
information, and the roughness is also needed for material properties. For the prescribed eleven
variables, the CHF, heat flux on the wall, and wall heat transfer coefficient (HTC) are calculated
in the wall heat transfer function, and then the interfacial area, HTC and volumetric heat transfer
are also calculated in the interfacial heat transfer function. The wall friction and drag force in the
interface are calculated in the wall and interfacial friction function, respectively. In a similar way
as in TRACE, a separate computational platform is developed to model the constitutive relations
of RELAP5 MOD3.3 patch5, which is shown in Figure 6. With the same 11 valuables as in the
platform for TRACE, the CHF is calculated from the CHF calculation function and then the wall
heat transfer is evaluated from the wall heat transfer function. Then, the flow regime is
determined in the flow regime decision function, and from the selected flow regime, the
interfacial heat transfer, wall friction, and interfacial friction are calculated from the interfacial
heat transfer function, wall friction function and interfacial friction function, respectively.
2.1.1

Verification of Separate Computational Platform

To ensure that the developed platforms are calculating the same amount of heat transfer and
friction as with the original codes, the results calculated from platforms are compared to the
values from the original codes RELAP5 MOD3.3 patch5 and TRACE v 5.0 patch 5. The
verification procedure is summarized in Figure 7. After simple modeling as shown in Figure 7(b),
the thermal-hydraulic conditions and fluid properties from the original codes are given as the
input of the platform, and then the amount of heat transfer and friction from the original codes
are compared with the outputs from the platform as shown in Figure 7(a). For TRACE, one pipe,
one fill as the flow boundary, one break as the pressure boundary, and one heat structure are
used for the modeling. For RELAP5, one pipe, one tmdpvol with one single junction as the
pressure boundary, one tmdpjun with one tmdpvol as the flow boundary, and heat structure
components are used.

Figure 7

Verification Process. (a) Verification Procedure Chart (b) Simplified Modeling
Diagram in the Original Code
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720 data items in total were obtained by varying the conditions of pressure or flow boundary and
used for verification process. The degree matching the calculated heat transfer and friction from
the platform with the original codes can be checked in Figure 8 and Table 1. The developed
platforms have a slight difference from the original codes up to 7.14%. In the case of wall heat
transfer, the maximum error is 6.98% for TRACE and 5.80% for RELAP5 in liquid –wall heat
flux. For interfacial heat transfer case, the maximum error is 5.84% for TRACE and 4.54% for
RELAP5 in vapor – interface heat flux. For wall friction and interfacial friction, the maximum
error is 7.14% for TRACE in interfacial friction and 5.99% for RELAP5 in liquid – wall friction.
These results seem to be reasonable since the separate platform uses different computational
languages and also different property packages. Therefore, the developed platforms are
considered to reproduce the results of the original codes quite well.
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Table 1

Verification Results of Separate Platforms
variable
q’’liq
q’’sat
dP/dzliq
q’’’i,liq

2.2

Code

Max
error

RELAP5

5.80

TRACE

6.98

RELAP5

-

TRACE

6.35

RELAP5

5.99

TRACE

0.100

RELAP5

4.54

TRACE

5.84

variable
q’’vap
q’’CHF
dP/dzvap
q’’’i,vap

Code

Max
error

RELAP5

2.40

TRACE

0.228

RELAP5

2.01

TRACE

0.228

RELAP5

4.53

TRACE

0.466

RELAP5

2.65

TRACE

7.14

Comparison Method

In Figure 9, the entire comparison process is summarized. If several conditions (thermalhydraulic conditions, geometry information, and material property) are given as input of the
platform, two platforms calculate the heat transfer and friction, and then those output values are
compared. Before proceeding to the comparison results of RELPA5 and TRACE, the compared
thermal-hydraulic conditions must be defined and the compared variables have to be
determined as well.

Figure 9

Flow Chart of Evaluation Methodologies

To determine the variables to compare, governing equations of TRACE and RELAP5 are first
analyzed. Equations (2.1) – (2.12) describe the mass, momentum and energy conservation of
11

RELAP5 and TRACE. The mass conservation equations of TRACE are equation (2.1) for the
total and (2.2) for the vapor phase, and (2.3) and (2.4) are those of RELAP5 for the liquid and
vapor phases. The momentum conservation equations are shown in equations (2.5) – (2.8). It
can be observed that the friction term of both the wall and the interface in equations (2.5) – (2.8)
is applied in the same way, where f i is the force per unit volume due to shear at the phase
interface, and f wl and f wv are the wall shear force per unit volume acting on the liquid and
vapor phases. For evaluation of the wall friction models, the total wall shear force per unit
volume f wl + f wv (kPa/m) is selected for comparison. In a similar manner, interfacial shear force
fi (kPa/m) is compared between the two codes. Equations (2.9) – (2.10) and (2.11) – (2.12)
show energy conservation implemented in TRACE and RELAP5, respectively. It is confirmed
that the interfacial heat transfer term is similarly applied, so the volumetric heat transfer between
the interface and each phase qil , qiv (kW/m3) are compared. In the case of the vapor – wall heat
transfer, the same heat flux qwv is applied, but in the liquid – wall heat transfer, TRACE
distributes the liquid – wall heat flux to qwl and qwsat , where qwv is heat flux to the vapor, qwl
represents the heat flux to the liquid except qwsat , and qwsat is the heat flux to the liquid which
goes directly to boiling. For evaluation of the wall heat transfer models, the total heat flux on the
wall qwl + qwsat + qwv of TRACE and qwl + qwv of RELAP5 are compared, and the unit is kW/m2.
∂ (1 − α ) ρl + αρ g 
∂t

+ ∇ ⋅ (1 − α ) ρl vl + αρ g vg  = 0

∂ [αρv ]
∂t
∂ (1 − α ) ρl 
∂t

+

∂ [αρv ]
∂t

(2.1)

+ ∇ ⋅ [αρv vv ] = Γ

(2.2)

1
∇ ⋅ (1 − α ) ρl vl A = −Γ
A 

(2.3)

1
∇ ⋅ [αρv vv A] = Γ
A

(2.4)

+

 f i − Γ ( vi − vl ) + f wl  
∂vl
1
+ vl ∇ ⋅ vl = − ∇P + 
+g
ρl
∂t
(1 − α ) ρv

(2.5)

 f wv − f i − Γ ( vv − vi )  
∂vv
1
+ vv ∇ ⋅ vv = − ∇P + 
+g
∂t
ρv
αρv

(2.6)

 f i − Γ ( vi − vl ) + f wl 

∂vl
ρ  ∂ ( vl − vv )
1
+ vl ∇ ⋅ vl = − ∇P + 
+ Bx − Cα m 
+ vv ∇ ⋅ vl − vl ∇ ⋅ vv 
t
ρl
1
α
ρ
ρ
∂t
−
∂
(
) l
l 


(2.7)

 f wv − f i − Γ ( vv − vi ) 

ρ  ∂ (v − v )
∂vv
1
+ vv ∇ ⋅ vv = − ∇P + 
+ Bx − C (1 − α ) m  v l + vl ∇ ⋅ vv − vv ∇ ⋅ vl 
ρv
αρv
ρv  ∂t
∂t


(2.8)

∂ (1 − α ) ρl el + αρv ev 
∂t

+ ∇ ⋅ (1 − α ) ρl el vl + αρv ev vv  = − P∇ ⋅ (1 − α ) vv + α vv  + qwl + qwsat + q wv + qdl + qdv (2.9)

∂ [αρv ev ]
∂t

+ ∇ ⋅ [αρv ev vv ] = − P

∂α
− P∇ ⋅ (α vv ) + qwv + qdv + qiv + Γhv '
∂t
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(2.10)

∂ (1 − α ) ρl el 
∂t

+

∂ (1 − α ) P
1
∇ ⋅ (1 − α ) ρl el vl A = − P
− ∇ ⋅ (1 − α ) vl A + qwl + qil − Γ iv hl * − Γ w hl ' + Dissl (2.11)
∂t
A
A

∂ [αρv ev ]
∂t

+

∂α P
1
∇ ⋅ [αρv ev vv A] = − P
− ∇ ⋅ [α vl A] + qwv + qiv + Γiv hv* − Γ w hv ' + Dissv
A
∂t A

(2.12)

Finally, the total 5 variables to be compared are determined as the total wall heat transfer (
qwl + qwsat + qwv or qwl + qwv ), each phasic interfacial heat transfer ( qil , qiv ), the total wall friction
( f wl + f wv ), and the interfacial friction ( f i ). It was necessary to determine how to compare these
variables. There are many ways to compare two values, such as the absolute difference,
relative difference, ratio and so on. Among them, the sum of least squares is adopted, which is
reasonable when the amount of heat transfer or friction is compared. In other words, the Rsquared value is utilized to evaluate the difference in the calculated heat transfer and friction
between the two codes. This is useful because: (1) The R-squared value is not dependent on
the magnitude of the variables to be compared. (2) The signs of two variables to be compared
are not of concern. (3) The calculated heat transfer and friction depend on the heat transfer
regime or flow regime. Since the R-squared value varies depending on which of the two values
is true, the average of the calculated R-squared values is used as the representative value.
Using this method, one representative value can be derived for each regime.
2.2.1

Selecting Thermal-hydraulic Conditions for Comparison

After determining the variables to compare, input variables have to be defined. The total number
of variables to be determined as input is 11, and this includes three items of geometry
information and one item of material properties. Among the geometry information, hydraulic
diameter is set to a random value between 0.01 and 0.3 m and the flow direction is also set to
an angle of 0 or 90 degrees. Roughness in the wall is selected to be zero, so seven variables of
thermal-hydraulic conditions remain to be determined.
To determine the range of thermal-hydraulic conditions for evaluating the constitutive relation
models, several accident scenarios are selected among design basis accidents (DBAs) of the
Barakah nuclear power plant (NPP). DBAs are listed by Fussell-Vesely (FV) importance in
Figure 10. FV importance measures the overall percent contribution of cut sets that contains a
basic event of interest to the total risk, which is described in equation (2.13), where F ( i ) is the
risk from just those cut sets that contain event xi and F ( x ) is the total risk from all cut sets.
The top three DBAs based on the FV importance are selected for this study: loss of offsite
power (LOOP), steam generator tube rupture (SGTR) and small loss of coolant accident
(SLOCA). Evaluation is performed in the range including the minimum and the maximum
thermal-hydraulic conditions of the selected DBAs. Table 2 briefly outlines the maximum and
minimum thermal-hydraulic conditions of the selected DBAs. LOOP is considered for 4 cases:
LOOP by turbine trip, large steam line break with LOOP, total loss of reactor coolant flow with
LOOP, and single reactor coolant pump rotor seizure, which are numbered from 1 to 4. SGTR
includes 2 cases: SGTR with LOOP (case1) and SGTR without LOOP (case2). SLOCA
considers a total of 9 cases with different break sizes and locations: break in pump discharge
leg (0.5 ft2, 0.35 ft2, 0.1 ft2, 0.05 ft2), in DVI line (0.4 ft2, 0.1 ft2, 0.05 ft2, 0.02 ft2), and on the top
of pressurizer (0.03 ft2), which are also numbered from 1 to 9.
FVxi = F ( i ) F ( x )
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(2.13)

Figure 10 DBAs Based on F-V Initiating Events Importance of the Barakah NPP
Throughout all the DBAs, the maximum and the minimum pressure are 17.81 MPa and 1.38
MPa, so the range of pressure is set to from 1.38 to 17.81 MPa. In the same way, the internal
energy, mass flux, and wall temperature is set to from 200 to 2700 kJ/kg, from 7 to 120% of the
mass flux at the steady state, and from Tsat to Tsat + 350 K. There are still 3 variables to be
determined. By Zuber-Findlay [14], the range of slip ratio is set as 1 to 3, which is estimated by
assuming the distribution factor as 1.2 and this value can be seen in Figure 11(a). From the
determined slip ratio and internal energy, the void fraction at equilibrium can be defined, so the
void fraction is considered to have normal distribution with the equilibrium void fraction as the
average value. By using internal energy and pressure, the temperature of one phase can be
defined and the temperature of other phase is considered to have normal distribution with the
saturated temperature for the given pressure as the average value to apply metastable by
bubble generation or breakage as shown in Figure 11(b) [15]. The selected conditions for
comparison are summarized in Table 3.
Table 2

Thermal-hydraulic Conditions of the Selected DBAs

LOOP
SGTR

SLOCA

case1
case2
case3
case4
case1
case2
case1
case2
case3
case4
case5
case6
case7
case8
case9

P (MPa)
13.95 – 17.81
10.76 – 15.87
9.56 – 16.12
15.69 – 16.90
10.34 – 16.55
10.34 – 16.55
1.38 – 16.55
3.45 – 16.55
3.52 – 16.55
3.65 – 16.55
1.38 – 16.55
3.45 – 16.55
3.52 – 16.55
8.27 – 16.55
7.58 – 16.55

T – Tsat (∆K)
- 60.0 – - 20.2
- 95.0 – - 13.0
- 180.0 – - 8.0
- 58.0 – -20.0
- 42.0 – -15.0
- 45.0 – - 6.0
max: 122.81
max: 54.43
max: 4.09
max: 2.97
max: 194.74
max: 85.88
max: 2.71
max: 11.41
max: 1.16
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G (%)
10 – 115
10 – 100
10 – 100
8 – 100

Tw – Tsat (∆K)

7 – 103
7 – 106
7 – 112
7 – 114
7 – 106
7 – 120
7 – 113
7 - 114
7 - 114

1.28 – 212.68
2.35 – 159.44
7.86 – 166.87
18.89 – 207.97
2.43 – 346.98
12.63 – 226.41
29.02 – 213.52
30.22 – 216.87
30.33 – 220.94

Figure 11 Needed Variables to Determine Thermal-hydraulic Conditions. (a) Slip Ratio
According to Void Fraction [14] (b) p-v Diagram [15]
To sample seven thermal-hydraulic conditions, the Latin hypercube sampling method is used,
which was suggested by McKay [16]. Latin hypercube sampling is a statistical method for
generating a near-random sample of parameter values from a multidimensional distribution. A
total of 900 data sets are generated in the horizontal direction and another total of 900 data sets
are also generated in the vertical direction, in which the confidence coefficient is 0.999 and the
fraction of the population between the smallest and the largest observations of the sample is
0.99.
Table 3

Defined Conditions for Comparison
Latin Hypercube Sampling (LHS) variables
Thermal hydraulic conditions
properties

range

distribution

P

1.35 – 17.8 MPa

uniform

u

200 – 2700 kJ/kg

uniform

G

7 – 120 %

uniform

∆Tw

0 – 350 K

continuous linear

∆T

mean = 0 SD = 0.5

normal

∆α

mean = 0 SD = 0.05

normal

slip ratio

1–3

uniform

Geometry information
Dh
θ

0.01 – 0.3 m

uniform
0 or π/2

Material property

roughness

0
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3.1

WALL HEAT TRANSFER MODELS

Background

The phenomena of heat transfer from the wall to the fluid is complex due to many possible
configurations of liquid and vapor phases near the wall. Thus, when estimating the amount of
heat transfer from the wall to the fluid, it is usually divided into four regimes based on the boiling
curve, and then a different model is applied to each regime. These regimes are shown in Figure
12 [17]. The A-B region is a non-boiling region. There is only liquid near the wall, so it is called
the single phase heat transfer regime. In this region, the process of heat transfer is not
complicated, so there are many good correlations. An example is the Dittus-Boelter correlation
[18]. After point B, nucleate boiling starts, so this point is called the onset of nucleate boiling
(ONB). The B-C region is the nucleate boiling heat transfer regime, in which nucleate boiling
occurs because the temperature of the wall exceeds the saturation temperature by a few
degrees and it makes a small amount of nucleation as shown in Figure 12. These bubbles rise
quickly and collapse. Thus, this slight agitation causes heat transfer to increase more rapidly.
However, after point C, the nucleation rate becomes high enough to induce formation of vapor
film at the wall. Point C is defined as the CHF, and based on this point, whether it is a pre-CHF
or post-CHF regime can be distinguished. The C-D region is called the transition boiling heat
transfer regime, which is an unstable region between the nucleate (B-C) and film (D-F) boiling
heat transfer regimes. Point D is called the minimum film boiling (MFB) heat flux or Leidenfrost
point. In D-E region, the wall is surrounded by continuous vapor film as shown in Figure 12, and
this region is called the film boiling heat transfer regime.

Figure 12 Typical Pool Boiling Curve for Water under Atmospheric Pressure [17] and
Simplified Bubble Shape in Regions of Heat Transfer [19]
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3.2

Description of Wall Heat Transfer Modules

As explained in chapter 2.2, information on the amount of energy transfer from a heat structure
to a fluid volume is needed to solve the energy conservation equation in thermal-hydraulic
system analysis codes. This amount is calculated in the wall heat transfer modules in RELAP5
and TRACE codes. The wall heat transfer module is configured as follows: Firstly, the wall heat
transfer (HT) regime is determined based on the prescribed thermo-hydraulic conditions, as
described in section 3.1. The amount of heat transfers from the wall to the fluid is evaluated by a
correlation which matches the corresponding wall HT regime. Sometimes, if the CHF value is
required to select the wall HT regime, the CHF is also calculated with the correlation. In other
words, wall heat transfer modules of RELAP5 and TRACE have 3 components: (1) the wall HT
regime selection logic, (2) the CHF calculation model, and (3) various heat transfer models and
correlations. Figure 13 briefly shows the wall heat transfer modules of RELAP5 and TRACE.

Figure 13 Simplified Wall Heat Transfer Modules (a) RELAP5 (b) TRACE
3.2.1

Selection Logic of Wall Heat Transfer Regime

Both codes determine the wall HT regime with the wall HT regime selection logic based on the
thermo-hydraulic conditions. Table 4 shows the HT regimes implemented in RELAP5 and
TRACE. The HT regimes of both codes contain single phase, nucleate boiling, transition boiling,
and film boiling HT regimes. In TRACE, the film boiling HT regime is divided into three (inverted
annular, inverted slug, and dispersed flow film boiling HT regimes) according to the void
fraction, but RELAP5 has only one film boiling HT regime.
Table 4
regime
number
2
3
4
5
6
7
8
9
10

Wall Heat Transfer Regimes of (a) RELAP5 and (b) TRACE
regime
number
1
2
3
4
5
6
7

Wall HT regime
single phase liquid HT
subcooled nucleate boiling HT
saturated nucleate boiling HT
subcooled transition boiling HT
saturated transition boiling HT
subcooled film boiling HT
saturated film boiling HT
single phase vapor HT
condensation HT

8
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Wall HT regime
single phase liquid HT
nucleate boiling HT
transition boiling HT
inverted annular film boiling HT
dispersed flow film boiling HT
single phase vapor HT
condensation film HT
transition between film condensation
HT and liquid phase HT

In TRACE, the wall HT regime is determined by the selection logic, which is shown in Figure 14.
This figure briefly outlines the logic for the wall HT regimes but does not show the regimes that
are not investigated in this study (condensation regime, super-critical regime, etc.). In this logic,
the wall temperature is compared with the temperatures at ONB, CHF, MFB and the saturation
temperature. TRACE has correlations to model temperature of ONB and MFB. To predict the
temperature of ONB, Basu’s correlation [20] is used as in equation (3.1). The MFB point is
determined by the wall temperature calculated in equation (3.2). To model the temperature of
MFB, TRACE applies Groeneveld’s correlation [21] with the upper and lower limits due to
quenching determined from the FLUCHT-SEASET low-pressure reflood test [22] and nine THTF
high-pressure reflood tests [23, 24]. TRACE uses equation (3.4) as criteria for CHF, TCHF is
obtained from condition (3.5), in which the heat flux calculated by the model of nucleate regime
is the same as CHF, using the Newton-Rapson method.
4σ T
∆TONB = sat
Dc ρv h fg





x ⋅104
,
725
=
TMFB max  min  800, TMFB , sat −



( 2.82 + 1.22 P )  



(3.1)

(3.2)

TMFB , sat = 557.85 + 44.1P − 3.72 P 2

(3.3)

Tw = TCHF

(3.4)

q ''CHF = q ''nucleate (TCHF )

(3.5)

In a similar way, RELAP5 determines wall HT regime with the selection logic shown in Figure
15. However, in RELAP5, instead of temperature at ONB and MFB, temperature Tsat – 0.001 or
condition (3.6) are applied respectively, because RELAP5 does not have correlations to model
the temperature for ONB or MFB. Two heat flux values from film and transition boiling HT
correlations are the criteria for choosing the transition or film HT regime. Similar to the method
in TRACE, the condition (3.5) is used as the criteria for CHF. In Figure 14 and Figure 15, the
criteria of CHF seems to be different because TRACE uses the wall temperature and RELAP5
uses the heat flux to determine the criteria for CHF, but TCHF is obtained from condition (3.5)
using the Newton-Rapson method, thus the logic for CHF is the same between TRACE and
RELAP5. Although both codes have the same logic for CHF, the correlations used in the
nucleate HT regime are different, which will be explained in the next chapter 3.3 and 3.4.
q ''transition = q '' film
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(3.6)

Figure 14 Wall Heat Transfer Selection Logic Diagram of TRACE

Figure 15 Wall Heat Transfer Selection Logic Diagram of RELAP5
3.2.2

Critical Heat Flux Calculation Model

To select the wall HT regime, if RELAP5 or TRACE requires CHF information, the CHF
prediction model is used. To evaluate CHF, RELAP5 and TRACE use the Groeneveld CHF
look-up table as the default. However, the two codes use different versions of the table. TRACE
uses the 1995 version and RELAP5 uses the 1986 version. Groeneveld et al. suggested that it
is not good to model CHF for a wide range or thermal hydraulic conditions. They assumed CHF
as a function of pressure, mass flux, and quality and geometry, and then constructed a CHF
look-up table based on local conditions, i.e., CHF = f ( P, G , x,geometry ) . This table was
developed first with the Atomic Energy of Canada Limited (AECL) and the University of Ottawa
(UO), so it is called the 1986 AECL-UO Critical Heat Flux Lookup Table [25]. After that,
Groeneveld et al. updated the lookup table and newly published it in 1996 with AECL and the
Institute of Power and Physics (IPPE). The 1995 AECL-IPPE and 1986 AECL-UO Critical Heat
Flux Lookup Tables were developed based on an 8 mm tube, so TRACE and RELAP5 have
correction factors to adjust for the differences. TRACE has a correction factor k1 for the tube
diameter, shown in equation (3.7). RELAP5 has correction factors k1, k4, k5, k7 for the tube
diameter, heated length, axial power, and vertical flow, shown in equations (3.8) – (3.11),
respectively. In equation (3.9), α e is calculated from the equilibrium quality.
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k1 = max
k1 =

( 0.008

(

Dh )

0.008 Dh , 0.6

0.3333

( 0.008 0.016 )

)

(3.7)

for Dh < 0.016 m

0.3333

(3.8)

for Dh > 0.016 m

=
k4 exp ( min ( Dh L , 0.02 ) × exp ( 2α e ) )

k5 = local heat flux

average heat flux from start of boiling to point

(1 − α )

k7 =

(1 − α )

(3.10)

for α < 0.8

( 0.8 + 0.2 ρ ρ )
(α + (1 − α ) ρ ρ )
l

v

l

for − 50 < G < 10 kg/m 2 -sec

for α > 0.8

(3.11)

v

for 10 < G < 100 kg/m -sec
2

interpolate

3.2.3

(3.9)

for − 400 < G < −50 kg/m 2 -sec

Wall Heat Transfer Models & Correlations

After determining the wall HT regime, the heat transfer coefficient (HTC) or heat flux is
calculated using heat transfer models and correlations matching the selected wall HT regime in
the logic diagram. More details are given in sections 3.3 and 3.4.

3.3

Wall Heat Transfer Models and Correlations of TRACE

In the single phase HT regime, TRACE selects the largest Nusselt number among laminar,
turbulent, and natural convection Nusselt numbers. TRACE utilizes Sellars [26] correlation
(3.12) for a laminar flow and Gnielinski [27] correlation (3.13) for a turbulent flow. The friction
factor in the Gnielinski correlation is evaluated using the smooth tube formula (3.14) of
Filonenko [28], and property variation due to high wall temperature is corrected using the
Hufschmidt and Burck [29] factor. Generally, the Dittus-Boelter correlation is used for a turbulent
flow but the reason for using Gnielinski in TRACE is that the Dittus-Boelter [18] correlation overpredicts the HTC in the transition regime between the laminar and turbulent flows [13]. Figure
16 shows the over-prediction of the Dittus-Boelter correlation in the region between the laminar
and turbulent flow regimes.
(3.12)

Nu lam = 4.36

=
Nu turb

( f 2 )( Re− 1000 ) Pr  Pr
×
1 + 12.7 ( f 2 ) ( Pr − 1)  Pr



w 
l

0.5

2/3

=
f [1.58 ln Re− 3.28]−2
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0.11

(3.13)
(3.14)

Figure 16 Comparison of Heat Transfer Models for Forced Convection [13]
In TRACE, a self-developed model is used for the nucleate boiling HT regime on the basis of
additive contributions (3.15) in the Chen [30] correlation. Additive contributions were first
suggested by Rohsenow [31] in 1952, and then Gambill [32] applied the additive concept with
burnout data in 1963. After that, Chen [30] added the flow factor and the suppression factor
because convective and boiling contributions could be superimposed in the saturated boiling
regime without modifications. Using the flow factor, two-phase enhancement is accounted for
and suppression of bubbles because convection is reflected in the suppression factor.
(3.15)

hNB = F ⋅ hFC + S ⋅ hPB

TRACE utilizes the newly suggested flow factor and suppression factor, and applies different
models for the forced convection and pool boiling heat transfer terms. The forced convective
heat transfer is predicted by a correlation used in the single phase HT regime, Gnielinski [27]
correlation (3.13). Originally, in the Chen correlation, the flow factor is a function of the Martinelli
parameter with flow quality, but the flow factor has oscillation when the flow quality is ill-defined.
For this reason, TRACE uses Rezkallah and Sims [33] liquid-acceleration model (3.16) for the
flow factor, where n is the exponent on the Reynolds number for the single-phase heat transfer
model. That is, the two-phase enhancement effect can be considered by substituting the newly
defined Reynolds number (3.17) to a single-phase heat transfer model. For the same reason,
the suppression factor is not used in TRACE.
−n
(3.16)
h2φ h=
(1 − α )
l
=
Re 2φ

Gl ⋅ Dh
=

(1 − α ) ρ v D
l

µl

µl

l

h

(3.17)

The Gorenflo [34] model is adopted for the pool boiling heat transfer term in equation (3.15) in
TRACE. The reason for changing the pool boiling model is the tendency to underestimate the
heat flux in the Chen correlation. A more recent nucleate boiling correlation shows the
dependency of the boiling heat flux on the wall superheat, where the exponent n is generally
agreed to have a value between 3 and 4 [35]. Holman recommended the McAdams [36]
correlation for low pressure and the Levy [37] correlation for high pressure [38]. From this
recommendation, TRACE selects the Gorenflo correlation (3.18), which has a trend similar to
the McAdams correlation at low pressure and the Levy correlation at high pressure. Figure 17
shows the comparison of correlations for selecting the pool boiling heat transfer model. The pool
boiling model of Gorenflo has a reference point. For water, the reference point is expressed in
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equation (3.21). When the Gorenflo correlation is implemented in the code, a roughness factor
is taken as unity, so equation (3.18) becomes (3.22), and it can be rearranged as equation
(3.23).
hPB = h0 ⋅ FP ⋅ ( q '' q ''0 ) ⋅ ( R / R0 )
n

=
FP 1.73 ( P Pcrit )

0.27

(3.18)

0.133



0.68
2
+  6.1 +
 ( P Pcrit )
−
P
P
1
(
)
crit



=
n 0.9 − 0.3 ( P Pcrit )

(3.20)

0.15

h0 = 5600 ( W/m 2 -K )

(3.21)

q ''0 = 20000 ( W/m 2 )

q ''PB= hPB (Tw − Tsat )= h0 Fp ( q ''PB q ''0 ) (Tw − Tsat )
n

1 (1−n )

 5600 FP 
hPB 
=
n 
 20000 

( (T

w

− Tsat )

(3.19)

n (1−n )

)

(3.22)
(3.23)

Figure 17 Comparison of Pool Boiling Models [13] (a) at Low Pressure (b) at High
Pressure
The combination of heat flux, which is shown in (3.24), is used in TRACE instead of HTC. q ''FC
is the product of F ⋅ hFC and Tw − Tl , but q ''PB is the product of hPB and Tw − Tsat with an
interpolation function as in (3.25), since the heat flux value jumps at the point of ONB.
q=
''NB q ''FC + q ''PB

=
q ''PB q ''Gorenflo ( @ Tw ) − q ''Gorenflo ( @ TONB )

(3.24)
(3.25)

In the transition boiling HT regime, TRACE uses the interpolation approach suggested by
Bjornard-Griffith [39] as in equation (3.26), in which weighting function wfTB is only a function of
the wall temperature as shown in equation (3.27).
=
q ''l wfTB q ''CHF + (1 − wfTB ) q ''MFB ,l
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(3.26)

 T − TMFB 
wfTB =  w

 TCHF − TMFB 

2

(3.27)

As mentioned in chapter 3.2.1, TRACE divides the film boiling HT regime into 3 regimes: the
inverted annular film boiling (IAFB), inverted slug film boiling (ISFB) and dispersed flow film
boiling (DFFB) HT regimes. In each regime, wall heat transfer phenomena are simulated
differently and the heat flux or the HTC is evaluated with different models. Figure 18 shows the
heat transfer paths from wall to liquid or vapor in the IAFB and DFFB HT regimes. In the IAFB
HT regime, vapor film is near the wall and the liquid core is inside the tube. In TRACE, it is
assumed that wall heat is transferred to vapor by conduction and to the liquid core by radiation
due to the high temperature of the wall resulting from film boiling. Furthermore, an additional
term is included, which considers the heat transfer from the wall to vapor phase, from vapor to
the saturated interface, and finally from the interface to the liquid phase. Ultimately, this
additional term models heat transfers from the wall to the liquid.

Figure 18 Schematic of Heat Transfer Paths in the Film Boiling Heat Transfer Regime.
(a) for Inverted Annular Film Boiling (b) for Dispersed Flow Film Boiling
The conductive heat transfer in IAFB between the wall and vapor is simplified with laminar
theory as in equation (3.28), since it can be assumed that the vapor-liquid interface is smooth
and the vapor flow is laminar. In (3.28), δ is the film thickness, and it is calculated by the
geometric relation (3.29). A factor of 2 is multiplied to the equation, because the wall-vapor HTC
refers to the vapor temperature and this has been assumed to be an intermediate temperature
between the wall and the saturated interface. From Fung’s data [40] and Winfrith’s data [41], the
laminar theory is not satisfactory in large void fraction and pressure conditions, and also the
thickness can be a function of a void fraction and pressure [13]. TRACE develops a simple
empirical model (3.31) by referring to Cachard’s suggestion [42] and using Fung’s data while the
abovementioned additional term is added to the model as in (3.32). In equation (3.31), the term
in parentheses is the enhancement by waviness or oscillation of the liquid core. In IAFB,
radiation from the wall to the liquid core occurs due to the evaluated temperature encountered in
film boiling. A model for radiative heat transfer uses equation (3.33) suggested by Hammouda
[43], where σ SB is the Stefan-Boltzmann constant, ε l is liquid emissivity set to 0.96 by
Rohsenow [44], and ε w is the wall emissivity set to 0.7 as recommended in the RELAP5 manual
[12] for the zircaloy surface.
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hv = 2

kv

(3.28)

δ

Dh
1− 1−α
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(
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)

(3.29)

 ρv ⋅ g ⋅ ( ρl − ρv ) 

µv 2



1/3

(3.30)

δ* = δ 

Nu w =
1 + ( 0.268δ *0.77 −0.34 )

hl ,cov =
hl ,rad

kg

δ

(3.31)

Nu w

(3.32)

σ SB (Tw 2 + Tsat 2 ) (Tw + Tsat )
=
1
+ 1 −1
εw
εl 1− α

(3.33)

In the DFFB regime, there is a finely dispersed droplet mixture in which the continuous phase is
superheated, as shown in Figure 18. The major phenomena of wall heat transfer are forced
convective heat transfer from the wall to superheated vapor and thermal radiation. The forced
convective heat transfer is estimated by a similar method as in the single phase HT regime with
fluid properties of vapor phase. TRACE selects the largest Nusselt number from laminar,
turbulent and natural convection correlations, which is the same as in the single phase HT
model, but the modification term due to the property effect and the additional effect in the
Gnielinski correlation is a little different from the liquid single phase correlation. The property
effect of Sleicher [45] is adopted, and the entrance length effect of Mills [46] is added to the
model. After selecting the largest Nusselt number, the self-developed two-phase enhancement
factor is also multiplied as shown in equation (3.36). The model for radiation is implemented
with the Sun [47] model (3.37) and (3.38), where σ SB is Stefan-Boltzmann constant, and ε l , ε v ,
ε w is the emissivity of liquid droplet, vapor and wall. These values are set to 90%, 90%, and 70%
of the hydraulic diameter respectively following the recommendation of Sun. In the ISFB regime,
the HTC or heat flux is determined by interpolating values in the IAFB regime and in the DFFB
regime with respect to the void fraction.
=
Nu turb

( f 2 )( Re− 1000 ) Pr  T
×
1 + 12.7 ( f 2 ) ( Pr − 1)  T
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(3.35)
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σ SB (Tw 2 + Tl 2 ) (Tw + Tl )
R 2 (1 + R3 R1 + R3 R2 )

σ SB (Tw 2 + Tv 2 ) (Tw + Tv )
R 1 (1 + R3 R1 + R3 R2 )

25

(3.37)
(3.38)

(1 − ε )

R1 =

v

3.4

1

(3.39)

ε l (1 − ε v ε l )

(3.40)

(1 − ε )

R2 =
=
R3

ε v (1 − ε v ε l )

l

(1 − ε ε )

+

(1 − ε )
w

v l

εw

(3.41)

Wall Heat Transfer Models and Correlations of RELAP5

In RELAP5, the largest Nusselt number is selected for the single phase HT regime as in
TRACE, and Sellars [26] correlation (3.12) is implemented for the laminar heat transfer model.
Meanwhile, the Dittus-Boelter [18] correlation (3.42) is used to model the turbulent heat transfer.
The Churchill-Chu [48] correlation and McAdams [35] correlation are used for the vertical and
horizontal natural convective flows, respectively.
(3.42)

Nu turb = 0.023 Re0.8 Pr 0.4

RELAP5 applies the Chen [30] model (3.15), which is widely used in the saturated nucleate
boiling regime. The Chen model was developed for the saturated liquid condition, but RELAP5
assumes that the wall is fully wet with water and uses the Chen model in the subcooled HT
regime with a slight modification. Chen selected the Dittus-Boelter correlation for the forced
convection term in equation (3.15) and the Forster-Zuber [49] model (3.43) for the pool boiling
model with a graphically obtained flow factor and suppression factor. Butterworth fitted this
curve as shown in equations (3.44) – (3.47), which were reported by Bjornard and Griffith [39].
In the subcooled nucleate regime, RELAP5 modifies the Chen model with the modification
suggested by Bjornard and Griffith: the flow factor is set to unity and the total mass flux is used
in the Reynolds number if the regime is in the subcooled nucleate boiling. Moreover, according
to Collier and Butterworth’s suggestion [50], the Tw − Tl value is used instead of Tw − Tsat in the
forced convection term. These modifications make discontinuity in the HTC value, so the flow
factor for the subcooled liquid of 0-5K is linearly interpolated as shown in equation (3.48).
 kl 0.79 c pl 0.45 ρl 0.49
hPB 0.00122  0.5 0.29 0.24 0.24
=
σ µ h
ρv
l
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(3.44)

Retp ≥ 70

Retp = min ( 70,10−4 Rel F 1.25 )
F=

(3.43)
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(3.45)
(3.46)

0.1

(3.47)

1
Tl < Tsat − 5

F =
 F − 0.2 (Tsat − Tl )( F − 1) Tsat − 5 < Tl < Tsat

(3.48)

In the transition boiling HT regime, RELAP5 uses Chen’s transition correlation [51] as in
equation (3.49), in which the factor Af is dependent on the void fraction and mass flux in
addition to the wall temperature. While TRACE uses only the wall temperature in the weighting
factor, RELAP5 uses three parameters as shown in equations (3.50) – (3.54).
(3.49)

q ''l = Af q ''CHF

(

)

(3.50)

C G C G

=
λ max  C1 − 2 5 , 3 5 
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(3.51)

Af = exp −λ (Tw − Tsat )

C2
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0.5

C1 = 2.4C2

(3.52)
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+ 0.075α
1 − α 40

(3.53)

C3 = 0.2C2

(3.54)

The film boiling has different heat transfer mechanisms depending on the flow pattern as
discussed in section 3.2. All film boiling HT regimes modeled in RELAP5 include the following
heat transfer models: conductive heat transfers from the wall to vapor film, convective heat
transfer from the wall to vapor and droplets, and radiative heat transfer from the heated wall to
the liquid core, liquid droplets and vapor. To model the conductive wall heat transfer, the
Bromley [52] model (3.55) is implemented. The exponent of thermal conductivity was set to 2 in
the Bromley model, but RELAP5 uses 3, where h fg ' is corrected with the heat of vaporization,
which additionally contains the energy absorbed by the vapor surrounding the tube. The
parameter L is the tube diameter, which can be solved by the Berenson [53] model, but this
model was developed for heat transfer above a flat plate, so RELAP5 replaces the parameter
with the minimum critical wave length (3.56) based on the work by Breen [54]. In addition,
RELAP5 added a void fraction factor Ma , which makes the HTC smoother in a broad void
fraction range. The effect due to the liquid sub-cooling is fitted based on Sudo’s work [55] as
shown in equation (3.57). The convective heat transfer model uses the Dittus-Boelter correlation
as in the single phase HT regime with vapor phase fluid properties. The radiation phenomenon
is modeled with Sun’s [47] model (3.37) – (3.38), which is the same as TRACE, but the
assigned emissivity is defined differently and only the radiation to liquid phase is considered in
RELAP5, i.e., no radiation from the wall to vapor phase. The emissivity of the vapor and wall are
set to 0.02 and 0.7, respectively, and that of the liquid is evaluated from equation (3.58). In this
equation, L∞ is the mean path length, and al is the liquid absorption coefficient, respectively.
The mean path length can be solved as 90% the hydraulic diameter [12], and the liquid
absorption coefficient is calculated using the minimum diameter from equation (3.60).
hcon

 g ρv kv3 ( ρl − ρv ) h 'fg c pv 
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L (Tw − Tsat ) Prv
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ε l min ( 0.75,1 − exp ( −al ⋅ Lm ) )

(3.58)
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Comparison Results

Figure 19 shows that the boiling curve is calculated from separate platforms by setting no mass
flux of liquid and vapor, which means pool boiling conditions. Figure 19(a) and (b) represent the
cases of 10MPa and the ambient pressure for the system pressure, respectively, which confirms
that the calculated heat flux has a larger difference in the lower pressure case than in the higher
pressure case. More details will be explained later.

Figure 19 Pool Boiling Curve Calculated from a Separate Platform.
(a) at 10 MPa (b) at 101.325 kPa (1 atm)
There are two major reasons why the two codes calculate the heat flux differently: (1) The two
codes select different heat transfer regimes in the same thermal hydraulic conditions, which
means the HT regime selection logic is the source of the difference. (2) The two codes use
different heat transfer correlations in the same HT regime. The difference between the two
codes is shown in Figure 20. Figure 20(a) shows when the two codes selected the same HT
regime and Figure 20(b) shows when the two codes selected different HT regimes. In both
cases, they have similar errors and standard deviations.
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Figure 20 The Differences between TRACE and RELAP5 for the Case of
(a) Selected Same HT Regime and (b) Different HT Regime
Figure 21 is the comparison of the calculated heat flux values when both codes chose identical
HT regimes. In other words, the figures show the deviation of the wall heat transfer caused by
having different heat transfer correlations in the two codes. When the two codes predict a
nucleate boiling HT regime, the R-squared values are 0.7093 for a horizontal flow and 0.7178
for a vertical flow. When both codes select the transition boiling HT regime, the R-squared
values are -0.4912 for a horizontal flow and – 0.4929 for a vertical flow. When both codes
choose a film boiling HT regime, the R-squared values are -0.0277 for a horizontal flow and 0.0518 for a vertical flow. When both codes judge the TH conditions are in a single vapor
convection HT regime, the R-squared values are 0.9234 for a horizontal flow and a vertical flow.
The regime where the largest deviation exists is the transition boiling HT regime, which has a
negative R-squared value.
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Figure 21 Calculated Wall Heat Flux in the Case of the Same Selected Wall HT Regime
As explained in the previous chapter, TRACE uses the interpolation approach suggested by
Bjornard-Griffith [39] and RELAP5 uses Chen’s transition correlation [51] to calculate the heat
flux in the transition boiling HT regime, corresponding to equation (3.26) and (3.49),
respectively. In the correlation of TRACE, weighting function wfTB is only a function of the wall
temperature, whereas in RELAP5 the factor Af is dependent on the void fraction and mass flux
in addition to the wall temperature. The calculated weight function is plotted with respect to the
wall temperature as shown in Figure 22. The weighting function of TRACE changes linearly with
the wall temperature between the CHF and MFB but the weighting function of RELAP5 is
discontinuous. This causes major differences in the calculated heat flux in the transition boiling
HT regime. The effect of the weighting function is also confirmed in the boiling curve as
mentioned before in Figure 19.
In the pool boiling curve, the heat flux of TRACE varies linearly as transition boiling occurs just
after CHF, but RELAP5 has a point where the wall heat flux decreases abruptly. The reason is
that TRACE has a linear weighting function with respect to the wall temperature but this is not
the case in RELAP5.
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Figure 22 Weighting Function with Wall Temperature in the Transition Boiling HT
Regime

Figure 23 Percentages of the Selected Different HT Regimes between TRACE and
RELAP5
Next, heat flux values of the two codes are compared when TRACE and RELAP choose
different HT regimes. It can be seen that there are significant differences between the selected
wall HT regimes for the two codes. In a horizontal flow, 39.06% of the total 900 data set is
differently selected, and in a vertical flow, 22.21% is chosen differently for RELAP5 and TRACE.
Figure 23 shows how the two codes differently predict the heat transfer regime when the two
codes chose different wall HT regimes. The fraction of the case in which TRACE predicts the
transition boiling HT regime while RELAP5 chooses the film boiling HT regime is the highest
among the cases. As presented in Figure 23, about 20% of all the data sets is included in this
case. This is because the two codes have different logics to distinguish film boiling and
transition boiling HT regimes. Referring to the chapter 3.2.1, the criteria of MFB can be checked.
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In TRACE, the temperature of the MFB point is calculated by Groeneveld’s correlation with
upper and lower limits as shown in equation (3.2), while RELAP5 uses the conditions in (3.6), in
which two heat flux values from the film and transition boiling HT correlations are the same. The
wall temperature is shown in Figure 24 for when the TRACE and RELAP5 satisfy the conditions
for the MFB point. In RELAP5, the Newton-Raphson method is used to obtain the wall
temperature at which two heat fluxes coincide. While the MFB temperature of the TRACE
appears in the minimum and maximum limits, RELAP5 has a wide range of temperature for the
MFB point. This comparison confirms that the conditions to distinguish the transition and film
boiling HT regimes are quite different between TRACE and RELAP5.
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Figure 24 Evaluated Temperature of the MFB in TRACE and RELAP5
In Figure 23, the second most frequent case is when TRACE selects the single phase
convection HT regime and RELAP5 choses the nucleate boiling HT regime. About 7% of the all
the data sets are in this case. This is because the two codes use different ONB criteria. As
described in chapter 3.2.1, TRACE uses the ONB temperature calculated from Basu’s model
but RELAP5 uses a value of Tsat - 0.001 instead of the ONB temperature. Figure 25 shows
ONB temperatures of both codes in 15.5MPa and 0.1MPa, respectively. The influence of ONB
on the HT regime can be confirmed again in the previously mentioned pool boiling curve, which
is plotted in Figure 19. At 10 MPa, the slopes for the two codes are almost unchanged
according to the heat flux until they approach the CHF because in high pressure both codes
predict similar ONB temperatures. In contrast, at an ambient pressure, the slope before the CHF
does not change in RELAP5 but TRACE has a point where the slope changes. While RELAP5
still predicts the nucleate boiling regime after Twall = Tsat – 0.001 in ambient pressure, TRACE
selects the single phase HT regime until the inflection point and considers the nucleate boiling
regime after that point.

32

18

TRACE (0.1MPa)
MARS-KS (0.1MPa)
TRACE (15.5MPa)
MARS-KS (15.5MPa)

16

TONB - Tsat (K)

14
12
10
8
6
4
2
0
-10

-8

-6

-4

-2

0

Tliq - Tsat (K)

Figure 25 Calculated Temperature of ONB at 0.1 MPa and 15.5 MPa in TRACE and
RELAP5
The third most frequent case is when TRACE and RELAP5 alternate between nucleate and
transition boiling HT regimes. The case in which TRACE selects the film boiling HT regime while
RELAP5 predicts the nucleate boiling HT regime is 5% of all the cases, and the opposite case in
which TRACE selects the nucleate boiling HT regime while RELAP5 choses the film boiling HT
is 3% of all the cases. To analyze the cause, the wall HT regime selection logic for the CHF is
checked. As explained in chapter 3.2.1, TRACE and RELAP5 use the conditions in (3.5) as
criteria for CHF. It is remarkable why TRACE and RELAP5 predict different CHF points even
though the criterion of the CHF point is the same. There are two reasons: (1) both codes are
referred to the CHF Lookup Table for the different versions (RELAP5: 1986, TRACE: 1995) and
different k-effects are used. (2) Different HT correlations in the nucleate boiling HT regime are
implemented in the two codes. To confirm which one has a more significant cause, the CHF
values of both codes are calculated. Figure 26(a) represents the CHF values calculated by the
two codes. When the void fraction becomes large, TRACE overestimates the CHF values
slightly more than RELAP5 but the CHF values calculated by the two codes are close to
identical. To compare the temperature of TCHF, a platform of RELAP5 is added with a function to
solve for the CHF temperature using the Newton-Rapson method with the conditions in (3.5) in
the same way as that implemented in TRACE. The calculated temperature of the CHF is plotted
in Figure 26(b). Unlike CHF values, the temperatures of the CHF of the two codes do not match
when void fraction becomes small. The CHF values are similar for the two codes, but the CHF
temperatures of the two codes are substantially different because the calculated heat flux
values in the logic equation (3.5) are not the same. In short, the CHF point becomes different in
the two codes even though the logic is the same due to the differences in the implemented
correlation for the nucleate boiling HT regime.
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Figure 26 Calculated (a) CHF and (b) Temperature of CHF in TRACE and RELAP5
Figure 27 shows the calculated HTC of the nucleate boiling HT regime with respect to various
wall temperatures and fluid liquid temperatures. The trends in the figure look similar but the
magnitudes of the HTC are substantially different. For modeling nucleate heat transfer,
correlations of TRACE and RELAP5 include forced convection and boiling heat transfer effects
as shown in equation (3.15). The boiling HTC is a more significant term than the forced
convection term as different heat flux values are calculated in the two codes. As shown in
Figure 28, the pool boiling HTC of the two codes have largely different magnitudes in the total
HTC as shown in Figure 27. TRACE uses the Gorenflo correlation as shown in equation (3.23)
and RELAP5 uses the Forster-Zuber correlation as shown in equation (3.43) for the pool boiling
model. According to the Forster-Zuber correlation, the exponent of dTwall is a constant as
described in ∆Tw0.24 ∆P 0.75 but the exponent of dTwall in the Gorenflo correlation is a function of
pressure as expressed in ∆Tw n (1−n) . Figure 29 indicates the exponents of dTwall applied in the pool
boiling correlation using Claperyon relations. As a result, the exponents of TRACE are fairly
larger than RELAP5 and moreover the lower pressure leads to a bigger deviation.

Figure 27 Calculated Total HTC in the Nucleate Boiling HT Regime. (a) in TRACE (b) in
RELAP5
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Figure 28 Calculated Pool Boiling HTC in the Nucleate Boiling HT Regime. (a) TRACE (b)
RELAP5

Figure 29 Exponent of dTwall in the Pool Boiling Term of the Nucleate Boiling HT Regime
Correlation
As a summary for selecting different wall HT regimes in the two codes, TRACE usually predicts
higher ONB and MFB points and a lower CHF point than RELAP5 does, which means TRACE
judges a single phase convection and transition boiling HT regimes to be broader than RELAP5
does.
To specifically assess which wall heat transfer model matches the actual phenomena well, a
comparison with experimental data was conducted. SUBO [56] data obtained from KAERI and
the heated tube test data by Bennett [57] were used. Experimental conditions are shown in
Table 5 and Table 6. Figure 30 shows the calculated wall heat flux with the SUBO experimental
data. Both codes select the nucleate boiling HT regime except for one point marked in Figure
30(a), in which TRACE predicts the transition boiling HT regime. Overall, TRACE shows a
tendency to overestimate the heat flux more than the experimental data, and the larger subcooling, the more the overestimation of TRACE. Meanwhile, RELAP5 predicts the experimental
data reasonably well.
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Table 5

Experimental Conditions for SUBO
Case

P
(MPa)

Base
T1
V1

1.6 ~ 1.92

Heat flux
(kW/m2)
473
470
472

Tin
(K)
375
363
375

G
(kg/m2-sec)
1116
1102
2074

Figure 30 Calculated Wall Heat Flux in TRACE and RELAP5 with SUBO Experimental
Data (a) Base (b) T1 (c) V1
Figure 31 shows the calculated wall heat flux with Bennett’s heated tube experimental data.
TRACE and RELAP5 select various wall HT regimes, so the wall HT regime is marked in the
figure. Points marked with circles on the graph indicate the wall HT regime selected by TRACE,
and points marked by a line below them indicate the wall HT regime predicted by RELAP5. Both
codes predict the same film boiling HT regime. When RELAP5 selects the nucleate boiling HT
regime, TRACE predicts the nucleate or transition boiling HT regime alternately. Excluding the
film boiling HT regime in Figure 31(a), which denotes case 5379, TRACE has a tendency to
overestimate heat flux more than the experimental data, while RELAP5 has a tendency to
underestimate the experimental data. In case 5394 in Figure 31(b), RELAP5 still underestimates
the heat flux, while TRACE tends to overestimate it in the transition boiling HT regime and
underestimate it in the nucleate boiling HT regime. Overall, RELAP5 has a tendency to
underestimate the data, whereas TRACE has a tendency to overestimate the data except for a
few points similar to the previous SUBO experiment. In the film boiling HT regime, the two
codes calculate a fairly similar heat flux and underestimate the experimental data.
Table 6

Experimental Conditions for Bennett’s Heated Tube Test

Case

P
(MPa)

5379
5394

6.9

Heat flux
(kW/m2)
170.9
175.9
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dTsub
(K)
11.0
13.8

G
(kg/m2-sec)
3798
5181

Figure 31 Calculated Wall Heat Flux in TRACE and RELAP5 with Bennett’s Heated Tube
Experimental Data (a) 5379 (b) 5394
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4
4.1

INTERFACIAL HEAT TRANSFER MODELS

Background

Interfacial heat transfer occurs when the mass and energy are transferred through the phase
interface. In thermal-hydraulic system analysis codes, accurate prediction of the interfacial
transports of mass and energy are required, since they can significantly affect the overall heat
transfer process during a nuclear power plant accident. To predict the amount of heat transfer at
the interface, the interfacial area and the heat transfer coefficient (HTC) values are needed. The
interfacial area per unit volume is the probability of the existing interfacial area at a local
position, and from here on it will be referred to simply as the interfacial area. Meanwhile, the
transport of energy via a phasic interface contributes to condensation or vaporization. If a liquid
or vapor is superheated, it contributes to vaporization, and if a liquid or vapor is subcooled, it
contributes to condensation. HTC can be obtained from condensation and vaporization
correlations. The net rate of mass transfer can be determined by summing the amounts of
vaporization and condensation with incoming and outgoing directions. Depending on thermal
hydraulic conditions, the mixing of liquid and vapor has its unique form. That is, the shape of the
interface is different. The interfacial shape can be modeled based on the flow regime and heat
and mass transfer depends greatly on the flow regime. Eventually, in a way similar to the wall
heat transfer models, different models are applied to divided flow regimes to estimate amount of
heat transfers in the phase interface.
The difference in density between liquid and vapor is large, so that the vapor tends to float in the
opposite direction to the gravity due to buoyancy. Therefore, the flow pattern changes
depending on whether the flow direction is vertical or horizontal. In a vertical flow, gravity is
equal or opposite to the direction of the flow, so the shape of the flow becomes axisymmetric.
Vertical flow patterns are bubbly flow, slug flow, annular flow and drop flow. In the case of
bubbly flow, the vapor phase is distributed in the form of small bubbles injected in a continuous
liquid phase. In the slug flow, Taylor bubbles with a diameter almost equal to the tube diameter
flow upward, and the liquid flows downward in the form of a thin film between the bubble and the
tube wall. Annular flow refers to the flow of liquid in the form of liquid film along the tube wall,
and the gas flowing along the center of the tube. The drop flow refers to a flow in which a liquid
is carried in a gaseous flow in the state of a droplet, and is called another name such as
dispersed flow or mist flow.
Figure 32 shows schematic diagrams of the two-phase flow pattern in a vertically oriented
heated tube [58]. When the heat flux is lower than the CHF and the single phase liquid flows
through the pipe as shown in Figure 32 (a), the temperature of the liquid gradually increases
due to the convective heat transfer from the pipe wall, and if it reaches the boiling point, the
generation of bubbles starts from the wall surface and a bubbly flow is formed. When the fluid
continues to be heated, the amount of bubbles gradually increases, and by the coalescence of
bubbles, slug bubbles are formed and flow transit to the slug flow. As the vapor amount
continues to increase, the vapor velocity gradually increases, and the liquid of the slug flow
becomes more discontinuous in the center and gradually forms an annular flow. In the annular
flow, continuous evaporation occurs at the interface between the liquid film and the vapor. At
this time, due to the continuous evaporation of the liquid film, the velocity of the vapor increases,
and the liquid droplets flow from the liquid film into the gaseous phase of the tube to form an
annular-mist flow. Finally, the liquid film on the wall completely evaporates, and the flow is in the
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form of droplets flowing with the vapor. These droplets evaporate and the flow ultimately
becomes a single phase vapor flow.

Figure 32 Two-phase Flow Schematic Diagram in a Vertical Heating Tube [58].
(a) Low Heat Flux (b) High Heat Flux
Under a larger heat flux than in CHF conditions, as it is shown in Figure 32 (b), the subcooled
liquid starts to have nucleate boiling at the bottom of the tube, and vapor film at the wall is
formed through the departure from the nucleate boiling point to dry-out and transition boiling.
This flow is called an inverted annular flow in the sense that the positions of the vapor and the
liquid are exchanged, which is similar to the shape of the annular flow. The liquid in the center of
the tube is divided into small liquid droplets and a large liquid body due to instability. The
instability is caused by the relative velocity of the liquid and the vapor film. This flow pattern is
called inverted slug flow or inverted churn flow. The large liquid body is again divided into small
droplets and the flow changes into a dispersed flow, which is called an inverted bubbly flow.
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Figure 33 Two-phase Flow Schematic Diagram in a Horizontal Heating Tube (Low Heat
Flux) [58]
In the horizontal flow, the gravity acts in the radial direction, so the flow has an asymmetrical
shape with respect to the central axis, and the relatively denser liquid phase tends to flow
downward. Horizontal flow patterns are bubbly flow, plug flow, stratified flow, wavy flow, slug
flow, and annular flow. The bubbly flow is a form in which small bubbles are dispersed in a
continuous liquid phase like a bubbly flow in the vertical direction. The plug flow is similar to the
slug flow in the vertical flow. The stratified flow occurs when vapor and liquid flow through a
horizontal tube at a slow rate, and it has a smooth interface between the two fluids. In the wavy
flow, surface waves are generated in the stratified flow when the relative velocity between two
fluids increases as the vapor velocity increases. The slug flow is similar to the plug flow, but its
characteristics are different in that it is generated by vapor at a high speed. In the annular flow,
a high velocity vapor flows through the center of the tube, while a relatively slow liquid flows
along the wall. Figure 33 shows schematic diagrams in the form of a two-phase flow pattern in a
horizontally oriented heated tube.

4.2

Description of Interfacial Heat Transfer Modules

The information on the amount of mass and energy transfer between phases is needed to solve
the mass, momentum, and energy equations in the thermal-hydraulic system analysis codes.
This amount is calculated in interfacial heat transfer modules in TRACE and RELAP5 codes.
Since the shape of the interface and the mechanism of heat transfer depend on the flow regime,
both codes determine the flow regime first in the interfacial heat transfer modules. Then, the
interfacial area per unit volume and the interfacial HTC for phases is evaluated by the model
which matches the flow regime. The volumetric heat transfer coefficient is defined as the
interfacial heat transfer coefficient times the interfacial area per unit volume, as shown in
equation (4.1). Here, subscript i is interfacial and p is phase p.
H ip = hip ai

4.3

(3.61)

Flow Regime Map

Both codes determine the flow regime with a flow regime map based on the thermal hydraulic
conditions. Figure 34 shows the flow regime map implemented in TRACE and RELAP5. In
TRACE, the post-CHF regime is not mentioned in this study because TRACE only uses
correlations for the pre-CHF regime if the reflood option is turned off. To take into account the
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flow shape, such as the flow regime described in section 4.1, TRACE includes four principal
flow regimes, but three bubbly flow regimes (dispersed bubble, slug, and Taylor cap bubble) are
collectively referred to as the bubbly-slug regime. An annular-mist regime is also contained in
TRACE flow regimes. The flow regime map of TRACE for interfacial heat transfer is that of
TRAC-PF1/MOD2, as depicted in Figure 34(a) [13]. Traditionally, a flow regime map has been
constructed with superficial velocities, but here the void fraction is used instead in TRACE.
Based on the void fraction and mass flux, flow regime can be determined for both vertical and
horizontal flows. The upper limit of the void fraction for the dispersed bubbly flow regime is 0.3,
and the Choe-Weisman mass flux criterion [59] is applied for the maximum void fraction of the
dispersed bubbly flow regime as shown in (4.2). The lower limit of the void fraction for the
annular-mist flow regime is 0.75, and the transition regime between the bubbly-slug and
annular-mist flow regime is approximated by interpolation between the values of other adjacent
regimes.

Figure 34 Flow Regime Map for Interfacial Heat Transfer of (a) TRACE [13] and (b)
RELAP5 in Vertical Flow (c) RELAP5 in Horizontal Flow [12]
0.3



 G − 2000 
α BS = 0.3 + 0.2 

 2700 − 2000 


0.5


G ≤ 2000
2000 < G < 2700

(3.62)

G ≥ 2700

RELAP5 contains flow regime maps for vertical and horizontal flows, respectively, as shown in
Figure 34(b) and Figure 34(c) [12]. In a similar way, a flow regime map of RELAP5 is
determined by the void fraction and mass flux. Meanwhile, the temperature is used to
distinguish pre-CHF and post-CHF regimes in the vertical flow regime. The included flow
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regimes are bubbly, slug, annular-mist, and pre-CHF mist regimes for pre-CHF conditions and
inverted annular, inverted slug, mist, post-CHF mist regimes for post-CHF conditions. Based on
Taitel, Bornea, and Dukler (TBD) [60], the upper limit of the void fraction for a bubbly flow
regime is expressed as equation (4.3) for horizontal and (4.4) for vertical flows. In the vertical
flow, the effect of a small tube diameter is considered, because the rise velocity of a Taylor
bubble is limited by the pipe diameter.
0.25



 G − 2000 
α BS= 0.25 + 0.25 

 3000 − 2000 


0.5


G ≤ 2000
2000 < G < 3000

(3.63)

G ≥ 3000


G ≤ 2000
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 G − 2000 
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 2000 < G < 3000
 3000 − 2000 


G ≥ 3000
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(3.64)

8
α BS * = 0.25 min 1, ( 0.045 D* ) 

(3.65)





1/ 2

 g ( ρl − ρ v ) 
D = Dh 

σ


*

(3.66)

The upper bound of the void fraction for the slug flow regime is 0.8 and it is suggested by the
Barnea model [61] for the horizontal flow. For the vertical flow, the void fraction is derived from
the transition condition from a churn flow to an annular flow of the TBD [60] and Mishima-Ishii
[62]. The criteria, which is shown in equations (4.7) and (4.8), are suggested by Taitel and
Mishimam and these criteria are simplified as in equations (4.9) – (4.11). The criteria α crit f and
α crit e are derived from criteria (4.10) and (4.11), respectively. Here, α AM min is the minimum void
fraction at which an annular flow can exist, and α BS max is the maximum void fraction at which a
bubbly-slug flow can exist, and they are set to 0.8 and 0.9, respectively. The void fraction at the
transition point from an annular-mist regime to a pre-CHF mist regime is a value of 0.9999. The
post-CHF regime also uses the same conditions as those in the pre-CHF regime. The inverted
annular, inverted slug, mist, post-CHF mist regimes correspond to the bubbly, slug, annular-mist
and pre-CHF mist regime in pre-CHF conditions.
=
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(3.69)
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(3.70)
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4.4

3.2  gσ ( ρl − ρv ) 
=


vv 
ρv


(3.71)

Interfacial Heat Transfer Models and Correlations of TRACE

In a bubbly flow regime, TRACE derives the interfacial area from the shape of a droplet with a
Sauter-mean diameter as shown in equation (4.12). The diameter of a bubble is approximated
as in (4.13) for a distorted bubble and is a function of the Laplace number, and it has a lower
limit of 10-4 and an upper limit of 90% of the hydraulic diameter. The heat transfer between the
liquid and bubble interface is modeled using the Ranz-Marshall [63] correlation (4.15) as
recommended by Warrier [64]. In (4.15), the Reynolds number of the bubble, which is defined
as (4.16), is a function of the bubble relative velocity, and the relative velocity has a terminal
velocity (4.18) as the limiting value, since liquid and vapor velocities in the relative velocity are
velocity values of a bubble with an average size in the distorted particle regime. This terminal
velocity is based on Wallis’ formula [65] while applying the Richardson-Zaki [66] correction. The
vapor-interface HTC is seldom important in the bubbly flow regime, so it is considered simply as
a constant value of 103, which is the same as that in TRAC-PF1/MOD2.

π d drop 2
6α bub
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=
α drop
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unit volume
π d drop 6


σ
d=
2=
La 2 

bub
 g ( ρl − ρ v ) 
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(3.73)
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=
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(3.77)

1/ 4

 σ g ( ρl − ρ v ) 
vterm = 2 

ρl 2



(3.78)

In the cap-slug regime, it is assumed that the vapor phase consists of small dispersed bubbles
and large slug or cap bubbles in TRACE. The bubble diameter is much larger than that of the
bubbly flow regime, so both the interfacial area and the HTC are much smaller, but for the code
completeness, the large bubble component is calculated and added to that of the bubbly flow
regime with some modifications in the interfacial area calculation. Ishii-Mishima [67]
recommended the interfacial area as a function of the average void fraction within the liquid
slug, which is equation (4.19). To evaluate the interfacial area of large slug or cap bubbles,
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formula (4.20) of Ishii-Mishima [67] is utilized, where the coefficients C * and d * depend on
whether or not the flow regime is a slug or cap bubble. The assumption is similar to KataokaIshii [68], which states that slug bubbles cannot be sustained for channels with a larger diameter
than the diameter derived in equation (4.23). The interfacial HTC for large bubbles is evaluated
by the same Ranz-Marshall correlation as the bubbly flow regime, but here, the Reynolds
number of a bubble is defined in equation (4.25). The limiting value (4.27) of the relative velocity
also depends on whether or not the flow regime is in a slug flow or a cap bubble flow, and is
defined by the formula of Wallis [65]. Finally, the interfacial heat transfer in the cap-slug flow
regime is solved by adding contributions from small and large bubbles, as shown in equation
(4.28). The vapor-interface HTC still uses a constant value of 103 in the cap-slug flow regime.
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When subcooled boiling occurs in bubbly flow and cap-slug flow regimes, the model for the
liquid-interface heat transfer has to account for the near-wall condensation, so this effect is
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considered in the model of Lahey-Moody [69], which is shown in equation (4.29). For a smooth
transition between subcooled boiling and a single phase flow, a simple void fraction ramp is
applied as a weighting factor shown in (4.30). The subcooled boiling model engages when the
pool boiling HTC is larger than zero and the liquid temperature is smaller than the wall
temperature, in which the pool boiling HTC is calculated in wall heat transfer modules as
described in section 3.

( hli ai )sub

= 0.075h fg

ρl ρ v

( ρl − ρ v )

max ( 0.0001, α )

=
wf sub max 0, min 1,10 ( 0.2 − α ) 

(3.89)
(3.90)

In the annular-mist regime, the interfacial area or HTC is separately calculated for annular film
and entrained droplets, and then combined. To model annular film, the most important
consideration is the film thickness, which is the characteristic length for heat transfer. The film
thickness is computed using the formula for tube geometry shown in equation (4.31). The
interfacial area is similarly calculated by geometry and given by equation (4.32), but the surface
is not fully wetted by liquid film, so the interfacial area is modified by multiplication of the fraction
of the wetted surface. The wetted parameter is given by (4.33), which is solved by thin film
approximation. The liquid interface heat transfer is estimated by considering both laminar and
turbulent regimes using power-law weighting as shown in equation (4.34). To model
condensation phenomena, the correlation of Kuhn [70] and the modified correlation of Gnielinski
[27] are used for laminar and turbulent conditions, respectively. In the same way as with the wall
heat transfer modules, wall-liquid and interface-liquid heat transfer must be distributed from the
correlation of Kuhn. In TRACE, heat transfer resistances for both is assumed to be the same, so
equation (4.35) can be obtained by dividing the resistance in half by the correlation of Kuhn. For
turbulent, the single phase forced convection heat transfer correlation of Gnielinski, which is
referred to in section 3.3, was adopted and multiplied by 0.7 to use as an interfacial heat
transfer correlation. The vapor-interface heat transfer for annular film is a secondary
consideration, so correlations implemented in TRAC-PF1/MOD2 are utilized. The maximum
Nusselt number of the Dittus-Boelter correlation for turbulent convection and a constant value of
4 for a laminar flow is applied. Here, the diameter of the annular core is approximated by
geometry and is used instead of the hydraulic diameter, which is shown in equation (4.36).
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For an entrained droplet, the characteristic length is the droplet diameter. From the definition of
the Sauter mean diameter, the interfacial area is calculated and shown in equation (4.37),
where α d is the fraction of the annular core occupied by the droplet and d d is the droplet’s
Sauter mean diameter. To determine the mass fraction of liquid flowing as entrained droplets,
the Ishii-Mishima [71] correlation (4.39) is applied, but in a large Reynolds number flow, the
entrainment fraction is over-predicted, so the Reynolds number is limited to 6400. In the IshiiMishima correlation (4.39), subscript ∞ indicates the value for a fully developed flow. A nondimensional gas flux (4.40) is applied to the enhancement factor (4.41) by defining the effective
Weber number for entrainment as shown in (4.42). To remedy the over-estimated tendency of
Ishii-Mishima, TRACE added the Steen-Wallis entrainment correlation for a large pipe. Paleev
and Filippovich [72] and Wallis suggest the modified formula to better represent the property
dependence upon liquid viscosity as shown in equation (4.43). The final equation implemented
in TRACE is equation (4.45), where the critical gas velocity π crit is 1.83ⅹ10-4. For the droplet
Sauter mean diameter in the interfacial area equation (4.37), correlation (4.46) is selected,
which is proposed by Kataoka, Ishii, and Mishima [73]. To consider the droplet diameter as the
Sauter mean diameter, an expression for the droplet size distribution is applied, which is
developed by Kataoka [73]. To model liquid interfacial heat transfers, parameters, such as the
exposure time of the droplet and the internal circulation within the droplet, are important. As
both of these are highly uncertain, the asymptotic value (4.47) is applied, which is given by
Kronig and Brink [74]. The vapor-interface heat transfer is modeled by the Ryskin [75]
correlation (4.49) to consider both condensation and evaporation with the Nusselt number (4.50)
and Peclet number (4.51), in which the maximum dimensionless circulation velocity at the
surface of the drop is included and it is shown in (4.52). The droplet relative velocity in
equations (4.51) and (4.53) is calculated from the force balance of gravity and the interfacial
drag. The droplet drag coefficient is assumed to be 0.44, as shown in equation (4.56). Finally,
equations (4.57) and (4.58) are implemented in TRACE in the annular-mist regime.
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In the stratified flow regime, the interfacial area is calculated by geometry as depicted in Figure
35. In equation (4.59), Si is the width of the stratified two-phase interface. In Figure 35, hl is the
height of the liquid layer and it is important for modeling liquid-interface heat transfers. To
calculate this length, a curve-fit to geometrical formula (4.59) is utilized. The liquid interfacial
heat transfer is evaluated by the same models as used for the liquid film in an annular flow
(4.34), but the Reynolds number is calculated by equation (4.59) with the liquid phasic hydraulic
diameter (4.60) suggested by Agrawal [76].
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Figure 35 Schematic of Stratified Flow in a Horizontal Pipe [13]

4.5

Interfacial Heat Transfer Models and Correlations of RELAP5

In all the flow regimes, RELAP5 calculates subcooled or superheated heat transfer regimes
based on the temperature of the liquid or vapor. If the temperature of the liquid is smaller than
the saturation temperature (Tsat), the subcooled liquid interfacial heat transfer correlation is
used. If the temperature of the liquid is larger than Tsat + 1, the superheated liquid interfacial
heat transfer correlation is used. When the temperature of the liquid falls in between Tsat and Tsat
+1, the liquid interfacial heat transfer is evaluated by cubic spline interpolation of the subcooled
and the superheated heat transfer correlations. The case of vapor is also calculated in the same
way.
In the bubbly flow regime, the interfacial area is solved from equations (4.12) and (4.13) as in
TRACE, but with the upper limit of the bubble diameter as shown in (4.63). For the subcooled
and the superheated vapor, the interfacial HTC is a constant value similar to TRACE, but, in
RELAP5, the constant value is 104 not 103. This value is based on an empirical correlation
suggested by Brucker [77]. To consider the enhancement tendency by the superheated vapor,
an additional factor is further multiplied, as shown in equation (4.64).
For the subcooled liquid, the Unal-Lahey [78] correlation (4.66) is implemented with
modifications, where φ is Unal’s velocity dependency coefficient, and C is Unal’s pressure
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dependent coefficient. Unal indicates that this correlation has discontinuity, so RELAP5
assumes that a dry area under a bubble disappears at 1.1272 MPa and modifies coefficient C
to remove the discontinuity. This assumption was approved by Unal. RELAP5 also considered
subcooled boiling as in TRACE using a factor f s , which is the term from the subcooled boiling
model of Lahey [79]. The smoothing factor between the Unal and Lahey model is also used in
the factor f s , which is suggested by Theofanous [80]. The final equation for the subcooled liquid
interfacial heat transfers is described in (4.67) – (4.70).
For the superheated liquid, the largest HTC is applied among the Plesset-Zwick [81] correlation
and modified Lee-Ryley [82] correlation. An additional term is multiplied by this value to
represent the enhanced nucleation effect by using a curve fit to approximate Forster-Zuber’s
results. Plesset-Zwick derived the growth rate of a bubble radius and the result is shown in
equation (4.71). The thermal diffusivity is replaced by its definition and according to a
suggestion by Collier [50]. The interfacial HTC can be derived by substituting the growth rate of
a bubble radius with the equation of mass transfer as the bubble grows, and it is shown in
equation (4.72). The Plesset-Zwick correlation is for the pool boiling, so it is appropriate to use
the relative velocity rather than the absolute bubble velocity. To account for the increase in the
Nusselt number from the Plesset-Zwick correlation, RELAP5 utilizes the second correlation
deduced by Lee-Ryley. The original form has the Prandtl number, but it is omitted in RELAP5,
because the Prandtl number is close to one under the typical operating conditions of a nuclear
power plant. Equation (4.73) shows the implemented form and, here, the Reynolds number of a
bubble is the same as equation (4.16) in TRACE. An additional form, which is used for the
contribution from the wall nucleation, is shown in (4.74). Here, pool boiling CHF is utilized as the
upper limit, and this CHF is suggested by Zuber. The final term for superheated liquid is shown
in equation (4.77). However, at zero void fraction, the interfacial HTC for liquid is set to zero.
 2.96σ 0.6 D 0.48 µ 0.08 
h
l

dbubm = 
 ρ 0.68 (1 − α ) v 1.12 
l
 l 


(3.123)

hiv =104 (1 + η (100 + 25η ) )

(3.124)
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(3.125)

hil =

hil =

Cφ h fg d
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q '' wall = min ( q '' wall , q '' Zuber )

(3.136)

kl
q ''wall
max ( Nu Plesset ,Nu Lee ) +
d bub
(Tl − Tsat )

(3.137)

In the subcooled liquid, an upper limit has been placed in all the flow regimes. This limit is an
umbrella-shaped function in order to force the coefficient to have small values comparable to
the void fraction value. This is shown in equation (4.78). This limit is required to prevent a code
failure due to water property errors caused by high condensation rates. A similar umbrellashaped limit has been used in the COBRA [83] and TRAC-BF [84].



 α − 10−10
hil min  hil ,17539 max  4.724, 472.4α (1 − α ) min  0, min 1,
=
−10


 0.1 − 10



  
   
   

(3.138)

To solve heat transfer coefficient in the slug flow regime, similar to TRACE, the sum of small
dispersed bubbles and large Taylor bubbles are considered as shown in (4.28). The interfacial
area is also based on Ishii-Mishima [67] as in TRACE, and it can be shown in equations (4.19)
and (4.20), but the coefficients C * and d * are set to 4.5 and the hydraulic diameter described in
equation (4.79), respectively. First of all, the interfacial heat transfer for dispersed bubbles is
calculated from correlations mentioned above in the bubbly flow regime. For a Taylor bubble,
both subcooled and superheated liquid interfacial heat transfers are calculated from the
maximum Nusselt number between Dittus-Boelter [18] and equation (4.81), where the film
thickness is the same as in TRACE as shown in equation (4.31). In the subcooled boiling
regime, a limiting function (4.78) is also applied to prevent code failure. For the subcooled
vapor, it is still based on an empirical correlation of Brucker [77] and the enhancement factor is
the same as the bubbly flow regime, which is shown in (4.64), but for the vapor, a roughness
factor of 2 is multiplied by the interfacial area as shown in (4.83). For the superheated vapor, the
Lee-Ryley [82] correlation (4.83) is implemented. The Lee-Ryley correlation is developed on the
basis of a spherical form, so it does not match the Taylor bubble and it was modified as shown
in equation (4.84).
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DTb = 0.88 Dpipe

(3.139)

Nu D − B = 0.023 Re film 0.8 Pr film 0.4

(3.140)

Nu= 4 (1 + 0.022Re film 0.46 )

(3.141)
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max ( Nu D − B , Nu equation (4.80) )

(3.142)
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(3.143)
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( 2.2 + 0.82 Rev 0.5 )
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(3.144)

ρ v vl − vv Dh
µv

(3.145)

Rev =

In the annular-mist flow, the interfacial area is separately calculated for annular film and
entrained droplets and then combined, which is the same as with TRACE as shown in equations
(4.57) and (4.58). For annular film, the interfacial area is calculated as in (4.86) based on an
assumption of simple geometry as suggested by Ishii-Mishima [67], and it can be derived to
(4.87), where α l , drop and α l , film is liquid fraction in the core and in the annular film, respectively.
The liquid fraction of the annular film is defined as equation (4.88). Here, Ce and the velocity
ratio parameter λ is dependent on the flow direction and defined as equations (4.89) – (4.91).
In RELAP5, an additional coefficient Cann is also multiplied by the interfacial area (4.87) and it
becomes (4.92) to assure that the interfacial area approaches zero when the liquid fraction of
the annular film approaches zero.
For both subcooled and superheated liquids, correlation (4.82) is utilized. In the same way in the
slug flow regime, the maximum Nusselt number is applied among Dittus-Boelter and equation
(4.81), but the film thickness is calculated from equation (4.94). As with other flow regimes, the
limiting function (4.78) is also utilized to prevent failure of the code. In a similar way as in the
slug flow regime, the roughness factor is multiplied by the vapor-interfacial heat transfer to
increase the surface area for mass transfer, so the interfacial area in vapor becomes (4.95). To
estimate the subcooled vapor interfacial heat transfer, an empirical correlation of Brucker [77]
and the enhancement factor are applied in the same way as in the bubbly and slug flow
regimes, which is shown in (4.64). For the superheated vapor, the interfacial heat transfer is
represented by a correlation (4.96) based on the Dittus-Boelter [18] relation, and the smoothing
factor f10 is multiplied, which greatly decreases as the velocity ratio parameter approaches zero.
For the entrained droplets, the interfacial area is determined by the Sauter-mean diameter,
which is similar to the bubbly flow regime of TRACE. By replacing the Sauter-mean diameter
with the mean droplet diameter and normalizing to the total volume, equation (4.12) becomes
equation (4.99) with a Weber number of 1.5 and a constant diameter D ' of 0.0025 m. For
subcooled and superheated liquids, heat transfer is based on a paper by Brown [85]. Brown
developed the correlation by solving a classical transient-heat conduction problem and forming
the internal energy balance, and this correlation is shown in equation (4.104). The multiplication
factor of the superheated liquid is shown in (4.105). For the subcooled vapor, the empirical
correlation of Brucker and the enhancement factor are applied as in equation (4.64) and for the
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superheated vapor, the correlation of Lee-Ryley [82] is used in the bubbly regime and it is
shown in (4.106).
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Dh  1 − α l , drop
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µv vˆ fg
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In the pre-CHF mist flow regime, the same correlations are utilized as for the dispersed droplet
in the annular-mist regime, but the liquid fraction of droplets and the modified relative velocity is
replaced with the total liquid fraction in a cell and the relative velocity shown in (4.108) and
(4.109).
α l , drop = 1 − α
**
v fg=

( vv

− vl )

(3.168)
(3.169)

In RELAP5, the interfacial heat transfer consists of two parts, that is, the interfacial heat transfer
in the bulk and the interface heat transfer in the thermal boundary layer near the wall as shown
in equation (4.110), in which subscript p denotes the liquid or vapor phase. Figure 36 shows
the interfacial heat transfer for subcooled boiling. The bulk interfacial heat transfer is evaluated
through the above-described interfacial heat transfer coefficients and interfacial areas as shown
in equation (4.111). The wall vapor generation or condensation process contributes to the
interfacial heat transfer near the wall. In the boiling process, the vapor interfacial heat transfer in
the boundary layer near the wall becomes zero. From the interface energy exchange equations,
the vapor generation is defined as equation (4.112), where h denotes enthalpy not the heat
transfer coefficient, and it can be derived from interfacial heat transfer equations (4.113) and
(4.114) with equation (4.110). From Podowski’s subcooled boiling model [86], the interfacial
heat transfer fraction f i in wall heat flux can be determined as equation (4.116) and then, the
vapor generation becomes equation (4.115). Here, the wall heat flux is applied as a value
calculated from the wall heat transfer modules described in chapter 3. Conditions necessary for
the net voids to exist are calculated from the critical enthalpy hcrit shown in equation (4.115),
which is from the Saha-Zuber method [87]. In the Saha-Zuber correlation (4.119), the Peclet
number (4.121) is used to decide whether the heat flux should be related to the Nusselt number
(4.122) in a low flow or the Stanton number (4.123) in a high flow. When the liquid flows through
the heated wall in the axial direction, the enthalpy can be close enough to the saturation
enthalpy, so the critical enthalpy is necessary to determine whether the conditions satisfy nonzero net void generation or zero.
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Figure 36 Interfacial Heat Transfer in the Bulk and near the Wall for Subcooled Boiling
[12]
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Comparison Results

Figure 37 shows the calculated volumetric heat transfer between the liquid phase and the
interface from TRACE and RELAP5. When both codes select the bubbly regime or the slug flow
regime, R-square is 0.6680 for a horizontal flow and 0.6744 for a vertical flow. When both codes
determine an annular flow regime, R-square is 0.4478 for a horizontal flow and 0.3955 for a
vertical flow.

Figure 37 Calculated Liquid-interface Volumetric Heat Transfer of TRACE and RELAP5
(a) in a Bubbly/Slug Flow Regime (b) in an Annular Flow Regime
When RELAP5 predicts a negative heat transfer (from liquid to interface), the heat transfer of
TRACE is estimated to be smaller by orders of magnitude. This trend is the same in all flow
regimes. This is because RELAP5 includes the vapor generation term near the wall due to
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subcooled boiling in the interfacial heat transfer as shown in equation (4.110). In contrast,
TRACE does not include the vapor generation term. To check the effect of the vapor generation
term of RELAP5, the interfacial heat transfer between RELAP5 and TRACE without the vapor
generation term is plotted in Figure 38. The figure shows that the vapor generation term has a
significant effect on the interfacial heat transfer.

Figure 38 Calculated Liquid-interface Volumetric Heat Transfer of TRACE and RELAP5
without the Vapor Generation Term. (a) in a Bubbly/Slug flow Regime (b) in an
Annular Flow Regime
Figure 39 shows the prediction of the volumetric heat transfer between the vapor phase and the
interface from TRACE and RELAP5. There are large deviations in all flow regimes as shown in
Figure 39, but the differences in the bubbly flow regime are substantial. It seems that the
interfacial heat transfer of TRACE has a zero value, which is different from RELAP5, but the
calculated interfacial heat transfer of RELAP5 is considerably larger than TRACE.

Figure 39 Calculated Vapor-interface Volumetric Heat Transfer of TRACE and RELAP5
(a) in a Bubbly/Slug Flow Regime (b) in an Annular Flow Regime
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To confirm which factor is the most influential in the differences of interfacial heat transfer,
equation (4.1) is revisited. Equation (4.1) shows that the amount of interfacial heat transfer is
composed of the interfacial HTC and the interfacial area. Figure 40 shows the ratio of the
interfacial HTC and the interfacial area calculated from TRACE and RELAP5. The ratio of the
interfacial HTC has a difference up to the 1600 times for increasing Tvap – Tsat as shown in
Figure 40(a). This is because TRACE and RELAP5 predict the vapor HTC differently in the
bubbly flow regime. As explained in chapter 4.4 and 4.5, TRACE simply assigns a value of 103
at all times, but RELAP5 assigns 104 and includes the superheated vapor enhancement factor
as shown in equation (4.64).
The interfacial area is also checked to be substantially different as shown in Figure 40(b). Both
codes predict the interfacial area by the Sauter mean diameter value as defined in equation
(4.12). Nevertheless, the interfacial areas calculated from the two codes are different due to the
difference in the bubble diameter applied to the Sauter mean value. In both codes, the Laplace
number multiplied by 2 is used, but RELAP5 has an upper limit as shown in equation (4.63).
This upper limit is a function of the liquid superficial velocity and is drawn in Figure 41. When the
liquid superficial velocity is larger than 2 m/s, the calculated bubble diameter is smaller than 10-4
and the bubble diameter is set to this value. Figure 40(c) represents the ratio of bubble
diameters for the two codes. As the pressure becomes lower, bubble diameter of RELAP5 is
2.5% of TRACE value. As a result, interfacial areas of RELAP5 is 40 times larger than that of
TRACE.
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Figure 40 Separated Variables Affecting Vapor-interface Heat Transfer in a Bubbly Flow
Regime (a) Heat Transfer Coefficient (b) Interfacial Area (c) Diameter of Bubble
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Figure 41 Bubble Diameter Calculated from Equation (4.63) in a Bubbly Flow Regime
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5
5.1

WALL FRICTION MODELS

Background

The understanding of pressure drop due to wall friction under various fluid conditions is
important for nuclear safety. While the single-phase friction is evaluated by the standard method
such as the Darcy formula, two-phase friction is not as simple as single-phase friction.
Generally, two-phase flow friction is greater than single-phase friction for the same mass flow
rate due to the increased momentum transfer rate between phases. Lockhart-Martinelli [88]
suggested a method to evaluate two-phase friction by multiplying the two-phase friction
multiplier by the single phase friction pressure drop as shown in equation (5.1), namely, the
Lockhart-Martinelli parameter. Many investigations of two-phase flow friction on the wall have
been based on the use of the Lockhart-Martinelli parameter [89] and most of the thermalhydraulic system analysis codes also adopt this method.
 dP 
2  dP 
2  dP 
=
ϕ=
l 


 ϕv 

 dz  2φ
 dz l
 dz v

5.2

(4.1)

Description of Wall Friction Modules

To solve the momentum conservation equation, information on the amount of friction at the wall
is required, and the amount of friction between the wall and each phase is calculated in the wall
friction module for TRACE and RELAP5. Because the wall friction mechanism depends on the
shape of the fluid on the wall, both codes first have to determine the flow regime as described in
the previous chapter of interfacial heat transfer models. Then, both codes evaluate friction on
the wall using the correlation matching the selected flow regime. Regarding the implemented
correlation, TRACE and RELAP5 use very different approaches to calculate the amount of
friction on the wall. TRACE is based on the drag coefficient and considers only one non-zero
wall drag coefficient in the equation, while RELAP5 calculates the total pressure drop using a
two-phase friction multiplier and then distributes the total pressure drop to each phase. There is
also a slight difference in the selection of the flow regime. In RELAP5, the same flow regime is
selected as in the interfacial heat transfer models described in the previous chapter, but TRACE
selects a new flow regime which is different from in the interfacial heat transfer models. In
TRACE, the flow regime is determined by the void fraction. If the void fraction is less than 0.8,
the bubbly-slug flow regime is selected, and in the case of a void fraction larger than 0.9, the
annular-mist flow regime is selected. When the void fraction is between 0.8 and 0.9, the
transition regime is selected, and the drag coefficient is an interpolated drag coefficient of the
bubbly-slug flow and the annular-mist flow regimes.

5.3

Wall Friction Models and Correlations of TRACE

In TRACE, wall friction is evaluated on the basis of the drag coefficient. The wall drag
coefficients of liquid and vapor have only one non-zero value. That is, in the bubbly/slug and the
annular/mist flow regimes, all of the wall drag is applied to the liquid phase and the drag
coefficient of the vapor phase is set to zero. For the friction factor in the drag coefficient, the
correlation suggested by Churchill [90] is applied to all three regimes: laminar, transition, and
turbulent, which are shown in equations (5.3) – (5.5), where the Reynolds number is defined as
in equation (5.6) and p is phase p.
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For the pre-CHF regimes, the bubbly-slug and the annular-mist flow regimes, it is assumed that
only the liquid phase has all of the wall drag as shown in equation (5.7), except for when the film
thickness is too thin due to large entrainment in the annular-mist flow regime. The same
expression for wall friction can also be derived and is shown in equation (5.8) in terms of the
two-phase multiplier. By combining these equations, the wall drag coefficient is derived as
equation (5.9). Models for the annular-mist flow regime is more straightforward than the bubblyslug flow regime, so models for the annular-mist flow regime is explained first.
 dP 

 = Cwl vl vl
 dz  2φ

(4.7)

 2 f wl Gl GL 
 dP 
2
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 dz 2φ
 Dh ρl 

(4.8)

 2 f (1 − α )2 ρl
Cwl = ϕl 2  wl

Dh







(4.9)

In the annular-mist flow regime, the annular flow theory [91, 92] is utilized to evaluate the twophase multiplier as shown in equation (5.10), so the drag coefficient can be simplified as in
equation (5.11), and this equation is modified by applying the entrainment factor as in equation
(5.12). The entrainment fraction was mentioned in chapter 4 as in equations (4.39) and (4.45)
for different sizes of hydraulic diameter. The friction factor for the annular film is evaluated by
the power law of the laminar and turbulent values. The laminar friction factor is shown in
equation (5.14) after modification is applied to reflect a thin film condition. The turbulent friction
factor is obtained by Haaland’s [93] explicit approximation to the Colebrook equation, which is
described in equation (5.15). The transition to a single-phase gas flow is considered using the
film thickness and the entrainment. In TRACE, if the film is smaller than a value of 25 microns,
the film is considered to be breaking down into rivulets, so the fraction of the surface in contact
with the liquid phase is estimated with equation (5.16) with the entrainment factor. If the wetted
fraction is smaller than unity, the drag coefficient is described as equations (5.15) and (5.16), in
which f wv is calculated using Churchill’s correlation.
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In the bubbly-slug flow regime, the same two-phase multiplier is applied as in the annular-mist
flow regime, but the two-phase flow with nucleate boiling is more complicated so the correction
factor is multiplied for enhancement due to wall nucleation as shown in equation (5.19). The
enhancement factor due to wall nucleation is evaluated with Ferrell-Bylund’s data [94] and the
suggestion of Collier [50], which is show in equation (5.20). Collier also suggested utilizing
Levy’s model [95] to evaluate the bubble departure diameter from balances between surface
tension and drag forces, where the wall shear stress is calculated from equation (5.22). In the
transition regime, the interpolation between the bubbly/slug and the annular/mist flow regimes is
conducted with respect to the void fraction, in which the wall drag coefficient is described in
equations (5.23) – (5.25).
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wf ⋅ Cwl ,bubbly − slug + (1 − wf ) ⋅ Cwl , annular − mist

(4.23)

τw =
Cwl =

5.4

(4.21)

Cwv
= wf ⋅ Cwv ,bubbly − slug

(4.24)

 0.9 − α 
wf = 

 0.9 − 0.8 
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Wall Friction Models and Correlations of RELAP5

In RELAP5, the total pressure drop is calculated and distributed to liquid and vapor phases
based on an assumption that two-phase flows behave in a way similar to single-phase flows.
The overall friction pressure drop is computed by the suggestion of Lockhart-Martinelli [88] as
shown in equation (5.1). The Lockhart-Martinelli parameter is defined as a ratio of the phasic
friction multiplier as shown in equation (5.26). The two-phase friction multiplier is expressed as
equations (5.27) and (5.28) with the Lockhart-Martinelli parameter, where C is the correlation
coefficient. To apply it for a broad range, this correlation coefficient is evaluated using heat
transfer and fluid flow service (HTFS) – modified Baroczy correlation [96] instead of the
Lockhart-Martinelli correlation, and equation (5.29) shows the correlation coefficient. If the HTFS
correlation is combined with equation (5.1), the overall pressure drop can be derived as in
equation (5.33), where f l and f v are friction factors of the liquid and vapor phases respectively
calculated by the Zigrang-Sylvester [97] approximation to the Colebrook-White [98] correlation
which is shown in equation (5.34) for a turbulent flow.
For partitioning the wall friction to each phase, Chisholm suggested the theoretical basis using
the phasic momentum equations (5.35) and (5.36), where τ l and τ v are the liquid and vapor
wall shear stresses, pl and pv are the liquid and vapor wetted perimeters, and S FI is a stress
gradient due to the interfacial friction. By rearranging equations (5.35) and (5.36), parameter Z
is defined and liquid and vapor wall shear forces can be derived as equations (5.39) and (5.40).
The parameter Z is expressed in equation (5.41) and λl and λv are the friction factor of each
phase. These expressions are identical to f l and f v except that the hydraulic diameter in the
Reynolds number for calculating λl and λv is the liquid and vapor hydraulic diameters as
defined in equations (5.42) and (5.43) instead of the pipe hydraulic diameter. α lw and α vw are the
liquid and vapor volume fractions on the wall and depend on the flow regime. The physical
meaning is the ratio of the liquid and vapor perimeter to the pipe perimeter as shown in
equations (5.44) and (5.45). The defined wall void fraction according to the flow regime is
summarized in Table 7, where α BS is the bubbly-slug regime boundary void fraction as in
equation (4.3) and (4.4), α l , film is the liquid film void fraction as in equation (4.88), α film is the film
void fraction as in equation (4.111) and α drop is the droplet void fraction as in equation (4.120).
X2 =

ϕv 2
ϕl 2
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(4.26)

1
ϕl 2 =+

C
1
+ 2
X X

(4.27)
(4.28)
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(4.29)
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Z2 =

λl ρl vl2α lw / (1 − α )
λv ρ v vv2α vw / α

Dh ,l =

4 (1 − α ) A

Dh ,v =

pl

4α A
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(4.41)
(4.42)
(4.43)

Table 7

5.5

α lw = pl p

(4.44)

α vw = pv p

(4.45)

Void Fraction on the Wall for Different Flow Regimes
Flow Regime

Liquid void fraction
on the wall ( α lw )

Vapor void fraction
on the wall ( α vw )

Bubbly

1−α

α

Slug

1 − α BS *

α BS

Annular

α l , film 0.25

Pre-CHF mist

1−α

Inverted annular

1 − α film

*

1 − α l , film 0.25

α
*

α film

Inverted slug

α drop *

1 − α drop

Mist

1−α

α

Post-CHF mist

1−α

α

Comparison Results

Figure 42 compares the wall friction of TRACE to the wall friction of RELAP5 when the same
regime is selected for both codes. Figure 43 shows the wall friction when RELAP5 and TRACE
each choose a different flow regime. Both codes predict similar magnitudes of wall friction in all
tested flow regimes. When both codes select a bubbly flow regime, the wall friction values are
fairly similar as the R-squared value becomes 0.9974 for the horizontal flow and 0.9975 for the
vertical flow. Furthermore, when both codes choose an annular flow regime, both codes have
similar wall friction values with an R-squared value of 0.9739 for the horizontal flow and 0.9739
for the vertical flow. Though RELAP5 predicts the post-CHF flow regime and TRACE chooses
the pre-CHF flow regime, the wall friction values of RELAP5 are almost identical to those of
TRACE with an R-squared value of 0.9556.
When both codes select the same flow regime, the most different case of wall friction values is
in the slug flow regime. The R-squared value is 0.5289 for the horizontal flow and 0.7423 for the
vertical flow. In Figure 44, the calculated wall friction in the slug regime is drawn according to
the mass flux, and the difference in the wall friction between the two codes has a larger
difference with a larger mass flux.
The most different case of wall friction values is when TRACE selects the transition flow regime
but RELAP5 picks the annular flow regime. In this case, the R-squared value is 0.4945 for the
horizontal flow and 0.5071 for the vertical flow. When the wall friction values of the transition
flow regime in TRACE are calculated, the wall friction values are obtained by interpolating
between the bubbly-slug and the annular flow regime wall friction values with respect to the void
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fraction as shown in equations (5.23) and (5.24). From this mechanism, Figure 43 is produced
with respect to the void fraction as shown in Figure 45. From Figure 45, TRACE overestimates
the wall friction values when the void fraction is near 0.8, and vice versa when the void fraction
value is close to 0.9. This trend can be confirmed in Figure 42. TRACE overestimates the wall
friction values very slightly in the bubbly-slug flow regime and underestimates them in the
annular flow regime.

Figure 42 Calculated Wall Friction when TRACE and RELAP5 Select the Same Flow
Regimes
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Figure 43 Calculated Wall Friction when TRACE and RELAP5 Select Different Flow
Regimes

Figure 44 Calculated Wall Friction in the Slug Flow Regime according to the Mass Flux

Figure 45 Calculated Wall Friction when TRACE Selects Transition and RELAP5 Selects
Annular Flow Regimes
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6
6.1

INTERFACIAL FRICTION MODELS

Background

Thermal-hydraulic system analysis codes mostly use a non-homogeneous non-equilibrium twofluid model. Thus, liquid and vapor phases can have different velocities. It is well known that the
vapor flow over the liquid-vapor interface can produce waves on the interface. The existence of
waves at the interface makes the interfacial momentum transport different from the momentum
transport at the tube wall. The equations of momentum for these two velocities are coupled by
the interfacial drag force arising from shear forces between the phases. To evaluate the
interfacial friction, there are two approaches: the drift flux method and the drag coefficient
method. The drift flux model was developed by Wallis [91] as a model describing two-phase
flows with an interest in the relative motion between each phase rather than in an individual flow
in each phase. The drift flux method is utilized to improve the accuracy of the void fraction
predictions and reduce void fraction oscillations under low pressure conditions. If the interfacial
drag force is balanced by buoyancy, the drift flux correlation is used for the derivation of
interfacial drag model as shown in equation (6.1), where vr is the relative velocity. The
interfacial drag coefficient is derived in equation (6.2) by equation (6.1). The basic equation of
the drag coefficient method for the interfacial friction was suggested by Brauner-Maron [99],
which is shown in equation (6.3). In equation (6.3), f i is the interfacial friction factor, so the
interfacial drag coefficient is defined as equation (6.4). The drift flux method is satisfactory for
the flow in which the relative motion is determined by the interaction between bubbles and the
surrounding liquid. The balance of drag force and buoyancy occurs in the low-velocity bubbly
flow regime at a large vertical tube. On the other hand, the drag coefficient method can be
applied to any flow, but it is often implemented for annular flows where the drift flux method is
not appropriate.
α (1 − α ) g ( ρl − ρ v ) =
Ci vr 2

Ci =

α (1 − α ) g ( ρl − ρv )
vr 2

ρ
 dP 
vr vr

 = f i ai
2
 dz i

Ci = f i ai

6.2

ρ
2

(5.1)
(5.2)
(5.3)
(5.4)

Description of Interfacial Friction Modules

Both codes estimate interfacial friction by properly mixing the drift flux method and the drag
coefficient method with respect to the flow regime. Similar to the interfacial heat transfer and
wall friction modules, RELAP5 has the same selection logic for the flow regime, which is
described in chapter 4, whereas TRACE does not divide the flow regime at all in the interfacial
friction modules. In TRACE, the calculated interfacial friction coefficient varies by orders of
magnitude between the bubbly-slug and annular-mist flow regimes, and this situation is
illustrated in Figure 46 [13]. This may cause an oscillatory problem in the void fraction
calculation. TRACE resolves this problem by applying a simple power law as shown in equation
(6.5), and ultimately TRACE does not distinguish the flow regimes. Figure 46 shows an example
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of the transition region between bubbly-slug and annular-mist flow regimes. In RELAP5, the drift
flux method is utilized only for vertical bubbly and slug flow regimes, and the drag coefficient
method is applied for all the remaining regimes.

=
Ci

Ci ,BS 2 + Ci , AM 2

(5.5)

Figure 46 Comparison of the Interfacial Coefficient for the Bubbly-Slug and AnnularMist Flow Regimes [13]

6.3

Interfacial Friction Models and Correlations of TRACE

In TRACE, the drag coefficient is evaluated by using equation (6.5). To estimate the bubbly-slug
drag coefficient Ci , BS , the drift flux method is applied which is described in equation (6.2), where
the relative velocity is a locally obtained value. To connect the drift flux model, equation (6.2)
has to be translated to have a value averaged over the cross-sectional area. Ishii-Mishima [100]
showed that area-averaged relative velocity can be approximated with equation (6.6), so the
drag coefficient is rearranged as equation (6.7). The last term on the right-hand side of equation
(6.7) is denoted as the profile slip factor Ps , which is derived as equation (6.8) as suggested by
Ishii-Mishima [100]. C0 is the distribution parameter and C1 is the terminal velocity coefficient. In
TRACE, a profile has an upper limit value of unity and a lower limit value of 0.05 for numerical
reasons.
v
(5.6)
v 
gj

1− α

r

α (1 − α ) g ( ρl − ρv ) vr
× 2
vgj 2
vr
3

Ci
=

2

=
Ps

vr
=
vr 2
C1 =

(C v
1

v

− C0 vl )
vr 2

1 − C0 α
1− α

2

(5.7)

2

(5.8)
(5.9)

Since the characteristics of the bubble vary with the size of the bubbles, TRACE applies
different correlations depending on the void fraction. TRACE includes two models for the churn-
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turbulent bubbly and slug flow regime or the Taylor cap bubbly flow regime, and allows for
transition by a void fraction range of 10 percent. Zuber-Findlay argued that data can be better fit
by the cap bubble model than by the dispersed flow model in several conditions, and this was
also evaluated in TRACE. For the saturated flow, the void fraction is overestimated over the
experimental data and indeed, even with a low void fraction, the cap bubble model provides a
more reasonable prediction than the churn-turbulent flow model, whereas this problem was not
found in the subcooled flow [101]. Thus, the transition point is evaluated by a function of the
liquid sub-cooling as shown in equations (6.10) and (6.11). α BT and αTS are the bubbly –
transition boundary and the transition – slug boundary. If the void fraction is smaller than the
bubbly – transition flow regimes boundary, Ishii’s correlation [102] is applied to define the drift
flux velocity and the distribution parameter as defined in equations (6.12) and (6.13). For small
diameter pipes, the drift flux velocity calculated from Ishii’s correlation may exceed that for the
slug flow regime, so the drift flux velocity of the bubbly flow regime has an upper limit which is
evaluated from the model applied to the slug flow regime. For modeling the slug flow regime, in
which the void fraction is larger than the transition-slug flow regimes boundary, Kataoka-Ishii’s
correlation [68] is utilized and it is shown in equation (6.15), where the drift velocity is evaluated
from the non-dimensional drift velocity. Kataoka-Ishii recommended using the same distribution
diameter applied to the bubbly flow regime, which is shown in equation (6.13). In the transition
regime, the drift flux velocity is determined by interpolation between the bubbly and slug flow
regimes.
 Tsat − Tl 

5



(5.10)

α BT = 0.2 min  1,

(5.11)

α=
α BT + 0.1
TS
 σ g ( ρl − ρv ) 
vgj = 2 

ρl 2



1/4

1.2 − 0.2
C=
0

vgj

+



Dh

= 0.0019 
 σ g ( ρl − ρv ) 



(5.12)

ρv
ρl
0.809

(5.13)
 ρl 
 
 ρv 

 σ g ( ρl − ρv ) 
vgj = vgj 

ρl 2



0.157

N µ −0.562

(5.14)

1/4

+

(5.15)

To estimate the annular-mist flow regime drag coefficient Ci , AM , the drag coefficient method is
applied which is described in equation (6.4) and the annular-mist flow regime is treated as a
superposition of the interfacial drag on liquid film and the entrained droplets that are similar to
the interfacial heat transfer models. This is shown in equation (6.16). The last term on the righthand side of equation (6.16) is multiplied due to the overestimation of the wall drag. If the drag
coefficient of the film and droplets are simply being added, the entrainment becomes significant
and the drag between gas and liquid far exceeds the drag on the gas to film as shown in
equation (6.17). Thus, equation (6.16) is obtained with an assumption of vv − v film ≈ vv − vl . The
drag coefficient of film and droplets is calculated with the friction factor, and the interfacial area
densities are shown in (6.18) and (6.19) by substituting film or droplets in equation (6.4). For the
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drag coefficient of the film, the interfacial area is calculated as the same value in the interfacial
heat transfer models, which is in equation (4.32). The interfacial friction factor is modeled by the
correlation (6.20) of Wallis [103], but in the concurrent downward flow, the modified Asali’s
correlation [104] is also added because of the overestimation of the Wallis correlation. The
original form of the Asali’s correlation is equation (6.21), where f s is the smooth tube friction
factor calculated with correlation (5.3) of Churchill and the original form is an implicit formulation
due to interfacial shear stress in the non-dimensional film thickness. By the definition of the
interfacial shear stress, Asali’s correlation is changed as equation (6.23) with coefficients
defined in (6.24) and (6.25) and the film thickness is set to the same value in the interfacial heat
transfer models as defined in equation (4.31).
C=
Ci , film + Ci ,drop
i , AM

(v
(v

v
v

− vd )
− vl )

2

(5.16)

2

(5.17)

v film << vl < vd

Ci , film = f i , film ai , film
Ci ,drop = f i ,drop ai ,drop

ρv
2

(5.18)

ρv

(5.19)

2
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fi , film= 0.005 1 + 75 (1 − α film )
f i , film
fs
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1 + 0.45 Rev −0.2 (δ v + − 5.9 )

δv+ = δ

f i , film

τ i ρv
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 −b + b 2 − 4c 
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0.45 f s δ ( vv − vl )
2 Rev 0.2 ν v


0.45 
c= f s  −1 + 5.9 0.2 
Rev 


(5.20)
(5.21)

(5.22)
2

(5.23)
(5.24)

(5.25)

In the drag coefficient of droplets, the interfacial friction factor is taken from a correlation of IshiiChawla [105], which is given by equation (6.26). The Reynolds number of the droplets is defined
as equation (6.27) and it uses the droplet velocity, the droplet diameter (4.46) used in the
interfacial heat transfer model, and the mixture viscosity. The mixture viscosity is given by
equation (6.28), where the void fraction of the droplets is set to equation (4.38) used in the
interfacial heat transfer models. The relative velocity of the droplets is obtained from a
correlation taken from Ishii [102]. For spherical droplets in the Newton regime, the relative
velocity is described with equation (6.29), and equation (6.30) is used for larger distorted drops.
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From the two equations (6.29) and (6.30), the relative velocity of droplets has an upper limit of
vv − vl . The interfacial area in the drag coefficient of droplets is evaluated using the Sauter mean
diameter as in equation (6.31) where α film is the void fraction of film and 1 − α film denotes the void
fraction in the core. The void fraction of film is calculated from equation (6.32), and it is also
used in the interfacial friction factor of film as in equation (6.20).
=
f i ,drop

24
(1 + 0.1Redrop 0.75 )
Re drop

(5.26)
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(5.29)

(5.30)

(5.31)
(5.32)

Interfacial Friction Models and Correlations of RELAP5

The method for determining the interfacial friction in RELAP5 differs based on the flow regime
and the flow direction. The drift flux method is utilized for the vertical bubbly and the slug flow
regimes, and the drag coefficient method is applied for all remaining regimes. To apply the drift
flux method in the vertical bubbly and slug flow regimes, equation (6.2) is implemented, which is
similar to TRACE. However, in RELAP5, the relative velocity uses an averaged value not a local
value as in equation (6.35). The drag coefficient is rearranged as equation (6.37). The drift flux
velocity and the distribution parameter are calculated with the drift flux correlation from the
literature based on Putney’s work [106-110]. Table 8 summarizes which correlations are used
for different geometry and flow conditions. A total of 4 drift flux correlations are used and these
correlations are described in this chapter. For a large pipe or an intermediate pipe and a low
flow rate, the correlation of Kataoka-Ishii or Zuber-Findlay for a bubbly flow regime is applied.
The conditions for which correlations to apply depend on the superficial velocity. If the
superficial velocity is larger than the value in equation (6.33), Kataoka-Ishii’s correlation is
utilized and if the superficial velocity is smaller than the value in equation (6.34), the ZuberFindlay correlation is applied. If the superficial velocity has a value between the two conditions,
the drift flux velocity is evaluated by the interpolation of correlations of Kataoka-Ishii and ZuberFindlay for the bubbly flow regime.
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 σ g ( ρl − ρv ) 
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Table 8

Drift Flux Correlation for a Vertical Bubbly Slug Flow Regime

Flow rate

High flow
rate
G ≥ 100

Medium flow
rate
50 < G < 100

Low flow
rate or
Countercurr
ent flow rate

Intermediate
pipes

Small pipes

0.018
< Dh ≤ 0.08

Dh ≤ 0.018

EPRI

EPRI

Interpolation
EPRI and
Kataoka-Ishii
or ZuberFindlay
bubbly
Kataoka-Ishii
(large jg)
ZuberFindlay
bubbly
(small jg)

Interpolation
EPRI and
ZuberFindlay slug

ZuberFindlay slug

G ≤ 50

Large pipes
0.08

< Dh < 106

Kataoka-Ishii
(large jg)
ZuberFindlay
bubbly
(small jg)
Kataoka-Ishii
(large jg)
ZuberFindlay
bubbly
(small jg)
Kataoka-Ishii
(large jg)
ZuberFindlay
bubbly
(small jg)

Very large
pipes
Dh ≥ 106

EPRI

Interpolation
EPRI and
Gardner

Gardner

The correlation mentioned as EPRI is modeled by Chexal-Lellouche [111], and this correlation
was modified to incorporate into RELAP5 [112]. The distribution parameter is evaluated with
equation (6.38), where L is the Chexal-Lellouche fluid parameter as defined in equation (6.39).
Other variables in the distribution parameter correlation are defined in equations (6.40) – (6.46).
The Reynolds number is calculated based on the superficial velocity. The drift flux velocity is
evaluated from equation (6.47), which is modified based on Ishii’s correlation (6.12) with
variables defined in equations (6.48) – (6.57). The parameter C3 is dependent on the directions
of liquid and vapor flows.
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The original form of Zuber-Findlay [14, 113] for the slug flow regime is shown in equations
(6.58) and (6.59). The distribution parameter C0 is modified as in (6.60) if the subcooled boiling
occurs at the wall. By using the mass transfer defined in equation (4.112), that is, the
distribution parameter C0 , the drift flux velocity vgj is modified for large void fraction case to
impose physical limits as shown in equations (6.61) and (6.62).
(5.58)

C0 = 1.2

 g ( ρl − ρv ) Dh 
vgj = 0.35 
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(5.59)

C=0 1.2 1 − exp ( −18α ) for Γ w > 0
C0 =

(α − 0.8 ) + 1.2 ⋅ (1 − α )

(5.60)
(5.61)

1 − 0.8

 g ( ρl − ρv ) Dh 
1−α
=
vgj
⋅ 0.35 

ρl
1 − 0.8



1/2

(5.62)

In the case of using the correlation of Kataoka-Ishii or Zuber-Findlay for the bubbly flow regime,
the distribution parameter is evaluated by the modified Rouhani correlation [84, 114] shown in
equation (6.63), where vTb is the velocity of Taylor bubbles as in (6.66) and is evaluated using
the drift flux velocity of Zuber-Findlay (6.59). Similar to using the correlation of Zuber-Findlay,
the distribution parameter is modified using the mass transfer as defined in equation (4.112) and
it is shown in equation (6.68) if the subcooled boiling occurs at the wall. The drift flux velocity
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calculated from the correlation of Kataoka-Ishii [68] is derived in equation (6.69) in a way similar
to that in TRACE, but the conditions for the size of the diameter are added. Dh* is the Bond
number given by equation (6.71) and N µ is the viscosity number defined as in equation (6.72).
The drift flux velocity is determined by the correlation of Zuber-Findlay [14, 113] for the bubbly
flow regime, and it is shown in equation (6.73). To impose physical limits at a high void fraction,
equations (6.61)and (6.62) are implemented. The correlation of Gardner [115] is applied for a
large pipe and it is described in equations (6.74) – (6.76).
ρ 
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In horizontal bubbly and slug flow regimes, the drag coefficient method is used instead of the
drift flux method. As shown in equation (6.4), the drag coefficient consists of the fluid density,
interfacial area, and friction factor, but in RELAP5 an additional factor of 1/4 is included as
shown in equation (6.77). It comes from the conversion of the projected area of spherical
particles (i.e., π r 2 ) into the interfacial area (i.e., 4π r 2 ). To evaluate the interfacial area, the
dispersed bubbles or droplets can be assumed to be spherical particles with a size distribution
of the Nukiyama-Tanasawa form according to Wallis [91] and Shapiro [116], and thus the
interfacial area is obtained from equation (6.78). The Sauter mean diameter is obtained as in
equation (6.80) by assuming that d = (1 / 3) d and the definition of the Weber number is (6.79).
The interfacial friction factor is evaluated by the correlation of Ishii-Chawla [105] used in TRACE
for droplets in the annular flow regime.
max

avg

Ci = f i
ai =

We =
d avg
=

ai ρ
4 2

(5.77)
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d max ρ ( vv − vl )

(5.78)
2
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1
1
Weσ
d max
=
2
3
3 ρ ( vv − vl )
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24 (1 + 0.1Re0.75 )
Re

(5.79)
(5.80)
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In the bubbly flow regime, bubbles are assumed as spherical particles, so the correlations of
Nukiyama-Tanasawa and Ishii-Chawla are utilized to evaluate the interfacial area and the
friction factor with equations (6.78) and (6.81). The Weber number for the bubbly flow regime is
set to 15 and the Reynolds number is calculated using the Weber number as shown in equation
(6.84). The relative velocity has a lower limit as shown in equation (6.83), where diameter D ' is
set to 5 mm.
d avg ==

1 Weσ
3 ρl vˆ fg 2



Weσ
2
=
vˆ fg 2 max ( vv − vl ) ,

1/3
ρl min ( D 'α , Dh ) 
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1 Weσ (1 − α )
3 µl vˆ fg 2

(5.82)

(5.83)

(5.84)

In the slug flow regime, the interfacial friction is divided into friction from bubble droplets and
Taylor bubbles, and this can be observed from equation (6.85). The interfacial friction by
bubbles is calculated using the same correlations as the bubbly flow regime except that different
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void fractions and relative velocities are used for a smooth transition between bubbly and slug
flow regimes. The void fraction of the bubble droplets can be obtained from an exponential
function, and the diameter of the droplets is equal to the formula for the bubbly flow regime, but
the relative velocity is modified by having an additional exponential function. The Reynolds
number is evaluated with the modified relative velocity. For Taylor bubbles, the interfacial area
is set to the ratio of the area to the volume derived in equation (6.92) with the definition of
interfacial area. The interfacial friction factor is given by Ishii-Chawla [105] as shown in equation
(6.93), where αTaylor is defined as equation (6.94) and D ' is the Taylor bubble diameter.
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In the annular flow regime, sum of the liquid film and the entrained liquid droplets in the vapor
core are considered as shown in equation (6.95). For the entrained liquid droplets, the same
formulas for the bubbly flow regime are applied. The interfacial area is calculated from equation
(6.96) with the defined void fraction for the droplets in equation (6.97). Here, the void fraction of
the liquid film and the relative velocity are the same as in the interfacial heat transfer models
shown in equations (4.88) and (4.102), respectively. The Weber number for the liquid droplets is
set to 4.5 and the Reynolds number is calculated by equation (6.100). For the liquid film, the
interfacial area is determined by equation (6.101) and the friction factor is based on Wallis’
correlation [117] in the turbulent flow region and the factor is replaced with 0.02 rather than
0.005 [118].
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In the pre-CHF mist flow regime, correlations of the dispersed droplets in the annular flow
regime are used. However, in this regime, the liquid fraction of droplets and the modified relative
velocity is replaced with the total liquid fraction in a cell and the relative velocity is modified as in
equations (6.104) and (6.105).
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Comparison Results

Figure 47 and Figure 48 show the interfacial friction values calculated from TRACE and
RELAP5. For the assessment of the interfacial friction model of RELAP5 and TRACE, it should
be evaluated for horizontal and vertical orientations of flow. In the horizontal flow, R-square
values of bubbly, slug and annular flow regimes are -101.3, -978.4, and -2957.1, respectively.
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This indicates that the two codes have substantially different interfacial friction values in all of
the flow regimes. In the vertical flow, R-square values of bubbly, slug and annular flow regimes
are -0.2558, -827.3, -3515.4, respectively. This also means that the two codes have a large
discrepancy in the interfacial friction values in all of the flow regimes.

Figure 47 Calculated Interfacial Friction of TRACE and RELAP5 in a Horizontal Flow
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Figure 48 Calculated Interfacial Friction of TRACE and RELAP5 in a Vertical Flow
The regime in which the two codes show the largest deviation of interfacial friction values is the
annular flow regime because the two codes calculate the interfacial area in different ways as
shown in Figure 48. Figure 49 shows that RELAP5 overestimates the interfacial area over that
of TRACE, which leads to a larger interfacial friction in RELAP5 than in TRACE.

Figure 49 Interfacial Area of TRACE and RELAP5 in an Annular Flow Regime
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SUMMARY AND CONCLUSIONS

System thermal hydraulic analysis codes such as TRACE or RELAP5 are often used for nuclear
power plant simulation to evaluate the safety of the plants. In a system thermal hydraulic
analysis code, fluid field equations are used to model two phase flow. System codes typically
solve mass, momentum and energy equations for multiple phases. To solve field equations,
constitutive relations are needed and these correlations are often dependent on the flow regime
map. The major constitutive relation models in the codes are the wall heat transfer, wall and
interfacial friction, interfacial heat and mass transfer. TRACE and RELAP5 are very different in
the implemented thermal hydraulics models and correlations even though the field equations
are almost identical. This report summarized the differences in the obtained results from the two
codes by first examining the models and correlations for modeling two phase flow. To compare
different constitutive models of each code, the constitutive relation modules were extracted and
constructed in a separate computational environment. The platforms contained various
constitutive relations: wall heat transfer, interfacial heat transfer, wall friction, and interfacial
friction of TRACE and RELAP5. This was followed with the suggestion of a new evaluation
method for comparing constitutive relation models. Qualitative and quantitative comparisons of
the constitutive relation models of the TRACE and RELAP5 codes were conducted with
computational platforms.
The comparison results of the constitutive relation models of the two codes led to the following
conclusions.
• In the wall heat transfer models, different HT regimes are often selected and show
substantial deviations. This is because the HT regime selection logics of TRACE and
RELAP5 are different. TRACE includes models for determining the temperature of the
ONB and MFB, but RELAP5 does not have this logic. In RELPA5, the temperature of ONB
is set as a value of Tsat – 0.001 and heat fluxes calculated from transition and film boiling
HT regimes are used as the MFB condition. Whether the two codes select the same HT
regime or select another HT regime, the difference in heat fluxes calculated from the two
codes is the largest when TRACE selects the transition boiling HT regime.
• In the interfacial heat transfer, RELAP5 includes a void generation term for evaluating the
liquid interfacial heat transfer, but TRACE does not consider this term. This caused the
major differences between the two codes. In vapor interfacial heat transfer, the order of the
heat transfer calculated between the two codes was found to be significantly different in
the bubbly flow regime, which is up to 1600 times for the vapor heat transfer coefficient
and 40 times for the interfacial area.
• In the wall friction models, there was a fairly good agreement in all flow regimes, but when
the void fraction was from 0.8 to 0.9, where TRACE selects the transition flow regime, wall
friction values from two codes differ.
• In the interfacial friction models, the calculated friction values are very inconsistent in all
flow regimes and the largest difference is observed in the annular flow regime due to the
difference in the calculated interfacial area of the two codes.
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A system thermal hydraulic analysis code solves the fluid field equations to model two phase flow. System
codes typically solve mass, momentum and energy equations of each phase numerically by approximating a
one dimensional flow. The constitutive relation based on empiricism must be included for mathematical closure
of the approximated governing equations. There is no available method to evaluate the constitutive relation
models that include all regimes expected in applications of the system codes. This study proposes a new
method for evaluating the constitutive relations by comparing between RELAP5 and TRACE to analyze the
constitutive relation models of the two codes. RELAP5 and TRACE are very different in the implemented
constitutive relation models even though the field equations are almost identical. To compare the different
constitutive relations of the two codes, models and correlations of each code are studied and compared. Then
constitutive relation modules are extracted in a separate computational environment. The developed platform
is based on MATLAB and REFPROP, and it is proven to reproduce the same values of RELAP5 MOD3.3
patch5 and TRACE 5.0 patch5, respectively.
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