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Abstract: CTF is a version of the widely used COBRA-TF code with capability of 3D simulation for 

core sub channel thermal hydraulics behavior. Recently, CTF is reviewed and the consideration of CTF 

to predict void fraction in PWR sub channel conditions such as subcooled region still  need more 

investigation. Due to the fact that the Chen’s correlation of heat transfer coefficient  is developed for 

relatively low pressure and high quality conditions associated with forced convection vaporization, and 

is not strictly valid for  PWR operation conditions, so that, in this study,  some runs of single channel in 

the benchmark based on NUPEC PWR Sub channel and Bundle Tests (PSBT) are used to investigate  

void fraction prediction by CTF  in subcooled region and also to verify  some remarkable notice of CTF 

from other authors. The goal of the study is to evaluate deviation for CTF void fraction prediction in 

PWR sub channel conditions. 

Keywords: CTF, COBRA-TF, void fraction, PWR, PSBT, Chen’s correlation…  

I. INTRODUCTION 

CTF is a version of COBRA-TF code 

improved by Pennsylvania State University 

(PSU), PA, USA. The code is developed to 

investigate core sub channel behavior. 

Therefore, CTF is used to predict the PSBT 

single sub channel steady state [1] with all 

geometries: S1, S2, S3 and S4 in [2, 3] and give 

void fraction results within error of ±10% void. 

Furthermore, CTF investigation for EPRI Rod 

Bundle Tests [4,5] shows two findings: (a) the 

Chen’s correlation  for  heat transfer in normal 

wall (non-CHF) condition used with a wide 

range of flow regimes would lead to inaccurate 

results for numerous reactor flow simulations; 

(b) an over prediction for liquid enthalpy, while 

preserving the total enthalpy  for the subcooled 

boiling conditions. As mentioned in [4] this 

issue comes from an incorrect partitioning of 

heat input to the fluid. For normal flow regimes 

(defined in CTF as Tw<Tchf), the wall heat flux 

is allocated only to the liquid and it is not valid 

for subcooled boiling conditions.  

In other hand, it is known that CFX 

employs RPI wall boiling model with heat flux 

from the wall partitioning into both liquid 

(convective, quenching) and vapor directly. 

Thus, this boiling model is differ from CTF 

model for subcooled region where heat flux is 

partitioned only into liquid phase. Additi0nally, 

CFX is simulation code with a scale smaller 

than CTF, so the local phenomena such as wall 

heat transfer may be captured more precise. 

Therefore, in some runs of PSBT S1 exercises, 

if CFX give better accurate results of average 

cross section void fraction in comparison with 

experiment, then CFX modeling may be 

considered to simulate appropriately the above 

runs. So in such case, CFX enthalpy and void 

distribution predictions may be used as 

reference to compare with CTF in these 
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predictions. The comparison of void fraction 

and enthalpy prediction distributions with 

experiment is impossible due to not any 

distribution provided from NUPEC PWR Sub 

channel and Bundle Tests (PSBT). So that in 

this study, CFX will is used to investigate some 

runs of PSBT single sub channel (S1) with 

enough accurate results in order to confirm that 

CFX modeling is appropriate to experiment. 

Thus, in such runs, CFX investigation can be 

used as reference to review CTF results. After 

that, based on (a) comparison of   CTF  void 

fraction prediction with experimentally 

measured data  and (b) comparison of 

prediction on average void distribution along 

axial channel  with the  reference results given 

by CFX, the consideration of CTF capability 

for void fraction prediction in PWR sub channel 

will be discussed.  Furthermore, the verification 

of CTF liquid enthalpy prediction as mentioned 

in [4] will be also discussed by comparison of 

CTF results for average liquid enthalpy 

distribution along axial channel with reference 

given by CFX.   

II. PHYSICAL MODELS IN CTF AND CFX 

A. CTF models for evaporation and 

condensation 

Evaporation and condensation induced by 

thermal phase change  

The CTF model includes nine 

conservation equations and three fields: liquid, 

vapor and entrained liquid drop. The various 

forms of conservation equations are presented 

[3, 6]. However, only ref. [3] takes into account 

core sub channel geometry. To determine 

closure models for governing equations, the 

flow regime maps are used to calculate the 

interfacial transportation terms such as 

momentum transfer and heat transfer terms. 

There are two different types of flow regime 

maps: “normal wall” map and “hot wall” map. 

The normal wall map is used when the 

maximum wall surface temperature, Tw, in a 

given computational mesh cell is below the 

critical heat flux temperature, Tcrit. Then a part 

of wall adjacent to this mesh cell is expected to 

be fully wetted.  The normal wall flow regime 

map includes the following flow regimes: small 

bubble; small-to-large bubble (slug); 

churn/turbulent; and annular/mist. 

 
Fig. 1. CTF normal-wall flow regime map [6]. 

In the subcooled region, heat transfer 

from the wall partitioned only into liquid is 

given by: 

𝑞𝑤
′′′ = ℎ𝑐(𝑇𝑤 − 𝑇𝑙)

𝐴𝑠

𝐴𝑥∆𝑋
   (1) 

Where hc is Chen correlation: 

ℎ𝑐 = ℎ𝑓𝑐 + ℎ𝑛𝑏    (2) 

In formula (2), hfc is a modified Dittus-

Boelter correlation: 

ℎ𝑓𝑐 = 0.0023𝐹𝑐ℎ𝑒𝑛 (
𝑘𝑙

𝐷ℎ
) 𝑅𝑒𝑙

0.8𝑃𝑟0.4 (3) 

𝐹𝑐ℎ𝑒𝑛 =

{
1.0                     𝑖𝑓 𝜒𝑇𝑇

−1  < 0.1

2.34(𝜒𝑇𝑇
−1 + 0.213)0.736   𝑖𝑓𝜒𝑇𝑇

−1 > 0.1 
     (4) 

𝜒𝑇𝑇
−1 = (

𝑥

1−𝑥
)

0.9
(

𝜌𝑙

𝜌𝑔
)

0.5

(
𝜇𝑔

𝜇𝑙
)

0.1
      (5) 

The nucleate boiling heat transfer 

coefficient, hnb, is given by: 
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ℎ𝑛𝑏 =

0.00122𝑆𝑐ℎ𝑒𝑛 (
𝑘𝑙

0.79𝐶𝑝𝑙
0.45𝜌𝑙

0.49𝑔𝑐
0.25

𝜎0.5𝜇𝑙
0.29ℎ𝑙𝑔

0.24𝜌𝑔
0.24 ) (𝑇𝑤 −

𝑇𝑠𝑎𝑡)0.24(𝑃(𝑇𝑤) − 𝑃(𝑇𝑠𝑎𝑡))
0.75

      (6) 

𝑆𝑐ℎ𝑒𝑛 =

{

(1 + 0.12𝑅𝑒2∅
1.14)

−1
     𝑖𝑓 𝑅𝑒2∅ < 32.5

(1 + 0.42𝑅𝑒2∅
0.78)

−1
     𝑖𝑓 32.5 < 𝑅𝑒2∅ < 50.9

0.1        𝑖𝑓 𝑅𝑒2∅   > 50.9

(7) 

𝑅𝑒2∅  = (10−4)𝑅𝑒𝑙𝐹𝑐ℎ𝑒𝑛
1.25   (8) 

𝑃(𝑇𝑤) − 𝑃(𝑇𝑠𝑎𝑡) = [
5.4042ℎ𝑙𝑔

𝑈𝑙𝑔(𝑇𝑠𝑎𝑡+460)
] (𝑇𝑤 −

𝑇𝑠𝑎𝑡)𝐴        (9) 

𝐴 =
1.0306

(𝑙𝑜𝑔10𝑃)0.017 +
0.0020632

(𝑙𝑜𝑔10𝑃)1.087 𝑚𝑎𝑥{0.0, (𝑇𝑤 −

𝑇𝑠𝑎𝑡) − 5.0}                  (10) 

Whenever heat from the wall is 

transferred to liquid, liquid enthalpy increases 

and the phase change which is expressed via 

volumetric mass flow rate, Γ’’’, is provided by: 

Γ′′′ = [
𝐴𝑖𝑛𝑡,𝑠ℎ𝑙

′′′   ℎ𝑖,𝑠ℎ𝑙

(ℎ𝑔,𝑠𝑎𝑡−ℎ𝑙,𝑠𝑎𝑡)𝐶𝑝𝑙
|ℎ𝑙 − ℎ𝑙,𝑠𝑎𝑡| +

𝐴𝑖𝑛𝑡,𝑠ℎ𝑣
′′′ ℎ𝑖,𝑠ℎ𝑣

(ℎ𝑔,𝑠𝑎𝑡−ℎ𝑙,𝑠𝑎𝑡)𝐶𝑝𝑣
|ℎ𝑔 − ℎ𝑔,𝑠𝑎𝑡|]  

− [
𝐴𝑖𝑛𝑡,𝑠𝑐𝑙

′′′ ℎ𝑖,𝑠𝑐𝑙

(ℎ𝑔,𝑠𝑎𝑡−ℎ𝑙,𝑠𝑎𝑡)𝐶𝑝𝑙
|ℎ𝑙 − ℎ𝑙,𝑠𝑎𝑡| +

𝐴𝑖𝑛𝑡,𝑠𝑐𝑣
′′′ ℎ𝑖,𝑠𝑐𝑣

(ℎ𝑔,𝑠𝑎𝑡−ℎ𝑙,𝑠𝑎𝑡)𝐶𝑝𝑣
|ℎ𝑔 − ℎ𝑔,𝑠𝑎𝑡|]     (11) 

 

Evaporation and condensation induced by 

turbulent mixing and void drift 

Another phenomenon that can cause 

phase change is turbulence. The CTF’s 

turbulent mixing and void drift uses a simple 

turbulent-diffusion model by calculating the 

lateral velocity from sub channel to sub 

channel.  Based on the turbulent mixing model, 

the mass exchange of phase (k), �̇�𝑘
𝑇𝑀, induced 

by sub channel (i) and (j) can be defined as: 

�̇�𝑘
𝑇𝑀 = 𝛽𝑇𝑃

�̅�

�̅�
(𝛼𝑘𝑗𝜌𝑘𝑗 − 𝛼𝑘𝑖𝜌𝑘𝑖) (12) 

The mass exchange,�̇�𝑘
𝑉𝐷 , due to drift 

model is obtained: 

�̇�𝑘
𝑉𝐷 = 𝛽𝑇𝑃

�̅�

�̅�
(𝛼𝑘𝑗𝐸𝑄𝜌𝑘𝑗𝐸𝑄 − 𝛼𝑘𝑖𝐸𝑄𝜌𝑘𝑖𝐸𝑄)𝐴 (13) 

The 𝛽𝑇𝑃 is Beus’s correlation for two-

phase turbulent mixing coefficient [8]. 

B. CFX models for evaporation and 

condensation 

Evaporation at the wall 

In the CFX, evaporation is induced 

directly by heat transfer from the wall. CFX 

employs the RPI wall partition model in which 

total wall heat flux, 𝑞𝑤
′′ ,  is divided into three 

components of heat flux: convective, 𝑞𝑐
′′, 

queching, 𝑞𝑞
′′ and evaporative, 𝑞𝑒

′′. 

𝑞𝑤
′′ = 𝑞𝑐

′′ + 𝑞𝑞
′′ + 𝑞𝑒

′′   (14) 

The evaporation rate, Γ𝑔𝑙
′′  , from liquid to 

vapor is given by:  

Γ𝑔𝑙
′′ = 𝐴2

𝑄𝑒

(ℎ𝑔,𝑠𝑎𝑡−ℎ𝑙)
= 𝐴2

𝜋

6
𝑑𝑤

3 𝜌
𝑔

𝑓𝑛   (15) 

Where: 

The area influence factor, A2, is defined by:  

𝐴2 = min(𝜋𝑑𝑤
2 . 𝑛, 1)   (16) 

The term of wall nucleation site density, 

n, is given by sub models: 

𝑛 [𝑚−2] = [𝑚(Δ𝑇𝑠𝑢𝑝[𝐾])]
𝑝
  (17) 

The bubble departure diameter, dw,, is  

defined by Tolubinskiy sub model: 

𝑑𝑤 = 𝑚𝑖𝑛 (𝑑𝑟𝑒𝑓 𝑒𝑥𝑝 (−
Δ𝑇𝑠𝑢𝑏

Δ𝑇𝑟𝑒𝑓
) ,   𝑑𝑚𝑎𝑥)   (18) 

The bubble detachment frequency, f , is 

given by Kurul and Podowski sub model: 
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𝑓 = √
4𝑔(𝜌𝑙−𝜌𝑔)

3𝐶𝐷𝑑𝑤𝜌𝑙
    (19) 

Condensation model in bulk of liquid 

In the CFX, vapor is always assumed in 

saturated condition. So that in a bulk of liquid 

heat is only transferred from vapor to liquid. 

The heat transfer per volumetric unit, 𝑄𝑙,  is 

defined by formula (20). 

𝑄𝑙 = ℎ𝑙𝑔𝐴𝑙𝑔(𝑇𝑠𝑎𝑡 − 𝑇𝑙)   (20) 

Where: 

The interfacial area density, 𝐴𝑙𝑔 , is given by 

𝐴𝑙𝑔 =
6𝑟𝑔

𝑑𝛽
    (21) 

The heat transfer from vapor to liquid, 

ℎ𝑙𝑔, is estimated by Nusselt number: 

ℎ𝑙𝑔 =
𝜆𝑙𝑁𝑢𝑙𝑔

𝑑𝛽
    (22) 

In formulas (22) and (22)  the local  

mean  bubble  diameter,  𝑑𝛽 , is proposed  by  

Kurul  and  Podowski  [9]  as  well  as  Anglart  

et  al.  [10].  

𝑑𝛽 =
𝑑𝑏1(𝑇𝑠𝑢𝑏−𝑇𝑠𝑢𝑏,2)+𝑑𝑏2(𝑇𝑠𝑢𝑏,1−𝑇𝑠𝑢𝑏)

(𝑇𝑠𝑢𝑏,1−𝑇𝑠𝑢𝑏,2)
 (23) 

in which db1 = 0.1mm at Tsub,1 = 13.5K 

and db2 =2mm at Tsub,2 = -5K. 

The Nusselt number used in the formula 

(22) can be chosen from several correlations 

such as Ranz Marshall Model:  

𝑁𝑙𝑔 = 2 + 0.6𝑅𝑒0.5𝑃𝑟0.3  (24) 

Recently, Nusselt correlation is proposed 

by Kim and Park (2011) [11]: 

𝑁𝑢𝑙𝑔 = 0.2575𝑅𝑒𝑏
0.7𝑃𝑟𝑓

−0.4564𝐽𝑎−0.2043   (25) 

And Warrier [2002] Nusselt correlation 

is also proposed in [11]: 

𝑁𝑢𝑙𝑔 = 0.6𝑅𝑒𝑏

01

2 𝑃𝑟
𝑓

1

3(1 − 1.2𝐽𝑎
9

10𝐹𝑜0

2

3) (26) 

III. RESULTS AND DISCUSSION 

According to [1], NUPEC PSBT 

benchmark consists of two phases with 

different exercises, where the first phase 

focuses on void distribution benchmark with 

four exercises. The first exercise is steady-state 

single sub channel benchmark with different 

geometries (S1, S2, S3 and S4). Figure 2 shows 

the test section used for the typical center sub 

channel (S1) with the heated length of 1555mm 

and the measuring position of void fraction 

located at 1400mm elevation over the inlet. At 

cross section view, the diameter, pitch and gap 

of the rod are 9.5mm, 12.6mm and 3.1mm, 

respectively. Several runs were selected to 

investigate, in which pressure varies from 50 to 

169 kg/cm2 (see Table1). Depending on specific 

runs, the CFX simulation will uses different 

Nusselt correlations such as: Warrier, Kim and 

Park or Rans Mashall. The average void 

fraction predictions by CFX and CTF were 

given in Table 1 and also are presented in 

Figure 2. 

 

 

 

 

 

 

 

 

 

 
 

 

Fig. 2. Test Section for Central Sub channel Void 

Distribution Measurement [1]. 
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A. Void fraction discussion 

The results given by CFX and CTF were 

presented in Table I and it is observed that 

almost void fraction predicted by CFX is within 

error of ±0.03 void (the value of ±0.03 void is 

also one sigma deviation of experimentally 

measured void fraction in single sub channel 

[1]). The deviation of CFX void fraction 

prediction is far beyond value of 0.03 with only 

run 1.4327 while other deviation is near 0.03.  

Table I. Results of void fraction predicted by CFX and CFX 

Run 

No 

Pressure Mass Flux Power Inlet 

Temperature 

Exp.Void 

Fraction 

CFX 

Results 

CFX 

Deviation 

CTF 

Results 

CTF 

Deviation 
 

(kg/cm2) (106kg/m2h) (kW) (°C)     

 

1.4324 100.1 5.02 60.1 238.9 0.157 0.1608a 0.0038 0.197 0.040 

1.1223 169.1 11 49.9 339.7 0.332 0.2836 0.0484 0.174 0.158 

1.6311 50.6 1.95 20.1 204.1 0.372 0.3827a 0.0107 0.308 0.064 

1.2212 150.1 10.88 90 299.4 0.079 0.1208a 0.0418 0.109 0.030 

1.4326 100.1 5.02 60.1 268.8 0.531 0.5416 0.0106 0.555 0.024 

1.6222 50 5.0 49.9 204.2 0.306 0.3432 0.0372 0.329 0.023 

1.1222 169.1 10.98 50 334.7 0.142 0.1671a 0.0251 0.096 0.046 

1.2237 150.3 10.93 60 329.6 0.44 0.4066 0.0334 0.347 0.093 

1.4311 100.4 5.01 79.9 214.2 0.215 0.2423 0.0273 0.235 0.020 

1.4327 100.1 4.96 59.9 289 0.688 0.5825 0.1055 0.688 0.000 

1.1221 169.1 11.0 49.9 329.7 0.087 0.1078b 0.0208 0.033 0.054 

(a) Kim and Park, (b) Ranz Marshall, () Warrier’s Nusselt correlation is applied. 

For the CTF void fraction predictions, 

almost results are within error of ±0.05 void. 

Table I shows that the CTF void fraction 

prediction is far beyond experiment measured 

data in case of runs: 1.1223, 1.2237. For these 

runs the CTF prediction results are nearly 

within error of ±0.1 void while CFX predictions 

are within error of ±0.05.  

Throughout Table I, it is observed that 

CFX void fraction predictions for the runs: 

1.4324, 1.6311, 1.4326, 1.1222, 1.4311 and 

1.1221 give error deviation smaller than ±0.03. 

These predictions are within experimentally 

measured one sigma deviation, so that they can 

be considered to simulate experiment 

appropriately and can be considered as 

reference for comparison with CTF prediction.  

Two graphs of Figure 3 shows that CTF 

void fraction predictions tend to under 

prediction with void fraction below 0.2 and,  

especially, the left graph of Figure 3 for  all 

three runs with high pressure (169 kg/cm2) 

presents clearly the under prediction of CTF for 

small bubble flow.  

Therefore the CTF correlations applied to 

small bubble regime (𝛼𝑔 < 0.2) may not 

suitable for PWR conditions.   
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Fig. 3. Axial channel void fraction distribution predictions by CFX and CTF 

The runs: 1.2237 and 1.1223 were 

implemented under very high pressure (169 

kg/cm2 for 1.1223 and 150 kg/cm2 for 1.2237). 

So that, in such runs, the inaccuracy of CTF 

predictions may result from the fact that, high 

pressure condition similar to PWR is not 

appropriate to CTF heat transfer coefficient, 

especially in small bubble regime. The other 

reason may come from turbulent model. In CTF 

physical models, the phase change is induced 

from two items: (a) thermal phase change and 

(b) turbulent mixing and void drift. The effect 

of all models for phase change is still need 

improved for high pressure condition similar to 

PWR. For the runs 1.4326, 1.2237, the 

experimentally measured void fraction values 

are above 0.4. It is observed that at the 

upstream, where flow in small bubble regime, 

CTF void fraction calculations are always under 

predicted, but at downstream, where flow in 

churn or even in annular regime, the trend of 

CTF void fraction calculations increases rapidly 

than CFX and give more accurate results in 

comparison with experiment. Thus, at the high 

void fraction, CTF may give more accurate 

prediction.     

 

 

 

 

 

 

 

Fig.4. Axial channel void fraction distribution for runs: 1.1223 and 1.2237 
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B. Axial channel liquid enthalpy distribution 

discussion  

The comparison between CFX and CTF 

for liquid enthalpy distribution is based on 

above runs that CFX give enough accurate 

results. These runs are: 1.4324, 1.6311, 1.4326, 

1.1222, 1.4311 and 1.1221. The left graph of 

Figure 5 shows the axial channel liquid 

enthalpy distribution predicted by CTF and 

CFX for runs: 1.4324, 1.6311 and 1.4311. For 

these runs, it is obvious that the enthalpy 

distribution predictions are similar. However 

the right graph of Figure 5 shows the 

discrepancy between CFX and CTF for axial 

channel void fraction distribution. Thus, the 

Chen’s correlation for these runs is acceptable 

but the closure models for thermal phase 

change need more improvement. The left graph 

of Figure 6 shows the axial channel enthalpy 

distribution calculated by CTF and CFX for the 

runs: 1.4326, 1.1222 and 1.1221 and it is clear 

that CTF gives the over prediction for liquid 

enthalpy distribution. The finding that CTF tend 

to over predict enthalpy in subcooled region is 

already mentioned in [4] when investigation of 

EPRI experiment and it is now shown the left 

graph of figure 6.  

 

 

 

 

 

 

 

 

 

Fig.5. Axial channel enthalpy and void fraction distribution prediction by CTF and CFX for runs: 1.4324, 

1.6311 and 1.4311 

 

 

 

 

 

 

 

 

Fig. 6. Axial channel enthalpy and void fraction distribution prediction by CTF and CFX for runs: 1.4326, 

1.1222 and 1.1221 
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When comparison of two left graphs of 

Figure 5 and Figure 6, the CTF over prediction 

for liquid enthalpy distribution occurs in the 

runs: 1.1222 and 1.1221 in which the pressure 

is very high (169 kg/cm2).      

IV. CONCLUSIONS 

It is summarized some findings of CTF 

from the study as following. CTF void fraction 

calculation is often under predicted where flow 

in small bubble regime (𝛼𝑔 < 0.2). The over 

prediction for liquid enthalpy along axial 

channel occurs in case of high pressure (from 

100 kg/cm2 to 169 kg/cm2). CTF void fraction 

prediction is within error of 0.05 void when 

pressure not greater than 100 kg/cm2. For all 

investigated run in this study, the CTF void 

fraction prediction is within error bound of 0.1 

void.  CTF can give more accurate void fraction 

prediction in case of flow falling in churn or 

annular regime. 
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Nomenclature 

A Area relevant for lateral exchange (m2) 𝜌𝑘𝑖             Density of phase k in sub channel i (kg/m3) 

𝜎   Surface tension (N/m) 𝜌𝑔           Vapor density (kg/m3) 

𝜇   Fluid viscosity (Pa.s) �̅�                Mixing  density (kg/m3) 

𝑃   Pressure (Pa) 𝛽𝑇𝑃            Two phase turbulent mixing coefficient 

Γ’’    Evaporation rate (kg/m2.s) 𝛼𝑔,𝑟𝑔 Void fraction 

Tw Wall surface temperature (K) 𝛼𝑘𝑖𝐸𝑄            Equilibrium quality void fraction 

Tchf  

,Tcrit 

Critical heat flux temperature (K) 𝛼𝑘𝑖        Void fraction of phase k induced by sub channel i 

Re Reynolds number 𝑞𝑤
′′′           Volumetric heat transfer from the wall (W/m3) 

Pr   Prandtl number 𝑞𝑤
′′            Total wall heat flux (W/m2) 

Nu Nusselt number 𝑞𝑞
′′           Quenching heat flux (W/m2) 

n Wall nucleation site density (m-2) 𝑞𝑒
′′            Evaporative heat flux (W/m2) 

kl , 𝜆𝑙 Liquid thermal conductivity (W/m.K) 𝑞𝑐
′′           Convective heat flux (W/m2) 

hv Vapor enthalpy (J/kg) 𝑑𝛽 Local  mean  bubble  diameter (m) 

hnb Nucleate-boiling heat transfer 

coefficient (W/m2.K) 

𝑇𝑠𝑎𝑡  Saturation temperature (K) 

hl    Liquid enthalpy (J/kg) 𝑇𝑙                Liquid temperature (K) 

hg Vapor saturation enthalpy (J/kg) 𝑆𝑘 Mesh-cell  area of phase k (m2) 

hfc Forced-convective heat transfer 

coefficient (W/m2.K 

𝑆𝐶ℎ𝑒𝑛          Chen suppression factor 

hf   Liquid saturation enthalpy (J/kg) 𝑄𝑙              Heat transfer per volumetric unit (W/m3) 

hc Chen correlation heat transfer 

coefficient 

(W/m2.K) 

�̅�               Mixing mass flux (kg/m3.s) 

g      Gravitational acceleration (m/s2) 𝐴𝑖𝑛𝑡,𝑠ℎ𝑙
′′′            Super-heated liquid interfacial  area per unit volume (m-

1) 

FChen     Chen Reynolds number factor 𝐴𝑖𝑛𝑡,𝑠ℎ𝑣
′′′            Super-heated vapor interfacial area per unit volume (m-1) 

f           Bubble detachment frequency (s-1) 𝐴𝑖𝑛𝑡,𝑠𝑐𝑙
′′′            Sub-cooled liquid interfacial  area per unit volume (m-1) 

Dh Hydraulic diameter (m) 𝐴𝑖𝑛𝑡,𝑠𝑐𝑣
′′′            Sub-cooled vapor interfacial  area per unit volume (m-1) 

Cp Specific heat, constant pressure 

(J/kg.K) 

𝐴2      Area influence factors 
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Ax Mesh-cell  area, X normal (m2) ℎ𝑖𝑛𝑡,𝑠𝑐𝑣 Sub-cooled vapor interface heat transfer coefficient 

(W/m2.K) 

As         Conductor surface area in mesh cell 

(m2) 

ℎ𝑖𝑛𝑡,𝑠𝑐𝑙       Sub-cooled liquid interface heat transfer coefficient 

(W/m2.K) 

∆𝑋        Mesh-cell axial height (m) ℎ𝑖𝑛𝑡,𝑠ℎ𝑣 Super-heated vapor interface heat transfer coefficient 

(W/m2.K) 

𝜒𝑇𝑇
−1        Inverse Martinelli factor ℎ𝑖𝑛𝑡,𝑠ℎ𝑙 Super-heated liquid interface heat transfer coefficient 

(W/m2.K) 

𝜌𝑙                Liquid density (kg/m3) �̇�𝑘
𝑉𝐷 Mass exchange due to drift model (kg/s) 

Fo Fourier number �̇�𝑘
𝑇𝑀           Mass exchange of phase k (kg/m2.s) 
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