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A B S T R A C T

Flow boiling widely exists in industrial systems because of its high heat transfer capability. In the previous study, 
we proposed a new heat transfer model for wall boiling through mechanism analysis (Zhang et al., 2024). As a 
newly developed model, it is quite important to explore the impact of different boundary conditions on model 
performance to provide potential directions for further improvement. In this paper, a series of flow boiling ex
periments for R134a within a wide range of boundary conditions (qw = 80–260 kW/m2, G = 1000–2000 kg/ 
(m2⋅s), P = 11–17 bar, Δ Tin,sub = 19–38 K) were carried out in a 10 mm-diameter vertical tube, providing more 
than 900 data points. The developed wall boiling model was validated using these experimental data for R134a 
boiling, as well as referenced water boiling and n-Perfluorohexane boiling experimental data in both pipes and 
rectangle channels. According to the results, the mean relative error of the wall superheat between our exper
imental data and the model predictions is ±31.5 %. In addition, an analysis was conducted to examine the in
fluence of different boundary conditions on the accuracy of the developed model. The reasons for the discrepancy 
of the calculated results were analyzed and further improvements should be considered in the model.

Nomenclature

Cp, 

l

specific heat capacity/J⋅kg− 1⋅K− 1 Greek letters

D diameter/m α volume fraction
F enhancement factor ρ density/kg⋅m− 3

F1 convective correction factor λ thermal conductivity/ 
W⋅m− 1⋅K− 1

F2 boiling correction factor σ surface tension/N⋅m− 1

FA factor of vapor area effect μ viscosity/kg⋅m− 1⋅s− 1

FB factor of boiling destructive effect ​ ​
G mass flow rate/kg⋅m− 2⋅s− 1 Subscripts
h heat transfer coefficient/ 

W⋅m− 2⋅K− 1
e evaporation

hfg latent of vaporization/J⋅kg− 1 fc liquid forced convection
I current/A i inner
L length/m l liquid
P Pressure/bar LB superheated liquid to bubble
q heat flux/W⋅m− 2 mac macroscopic
qb heat flux for bubble growth/ 

W⋅m− 2
mic microscopic

Q heat/W nb nucleate boiling
QL heat loss/W o outer
R radius/m P pool boiling

(continued on next column)

(continued )

S suppression factor q quenching
T temperature/K s saturation
uτ shear velocity/m⋅s− 1 sub subcooling
U voltage/V v vapor
V volume/m3 w wall
wb bubble growth velocity/m⋅s− 1 WL wall to liquid
xe Equilibrium quality WB wall to bubble

1. Introduction

Subcooled flow boiling plays an important role in many industry 
systems because of its high heat transfer coefficient. This process can be 
affected by multiple factors, including the working fluid, mass flow rate, 
heat flux, inlet subcooling, pressure and channel geometry. The 
complexity of the physical phenomena in subcooled flow boiling, 
including nucleation and bubble behaviors, presents significant chal
lenges in predicting subcooled flow boiling phenomena.

With advancements in computer technology, researchers have con
ducted extensive studies using the CFD method in the field of thermal- 
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hydraulics. The CFD approach is valuable for studying bubble behaviors 
that are challenging to capture experimentally (Khoshnevis et al., 2018) 
and allows for comprehensive research on a wider range of 
thermal-hydraulic and structural parameters (Liang et al., 2023). 
Therefore, CFD simulation plays an important role in predicting 
two-phase flow phenomena. Accurate simulation of the wall boiling heat 
transfer is one of the key factors determining the distribution of the 
two-phase flow field. In CFD calculations of flow boiling, the wall 
boiling heat transfer model describes the physical processes at the 
heated wall during phase change, allowing the analysis of mass and 
energy transport mechanisms. Currently, there are two methods for 
calculating wall heat transfer within the Eulerian two-fluid framework.

The RPI model is the most widely used in CFD simulation. Although 
it was originally developed based on pool boiling experiments, it has 
been validated for subcooled flow boiling conditions (Braz Filho et al., 
2016; Liu et al., 2021). The total wall heat flux in RPI model is divided 
into three parts, including liquid convection term qfc, evaporation term 
qe and quenching term qq: 

qw = qfc + qq + qe (1) 

Furthermore, several modified wall boiling models have been pro
posed based on the original RPI model and the analysis of the flow 
boiling mechanism. For example, Sateesh et al. (2005) accounted for the 
influence of sliding bubbles by dividing the bubble influence area into 
regions affected by sliding and stationary bubbles, respectively. Wang 
et al. (2022) proposed a modified wall boiling model for the subcooled 
flow boiling in a proposed a modified wall boiling model. Zhou et al. 
(2021) improved the RPI model by considering the condensation 
occurring at the top of the bubbles in subcooled flow boiling. However, 
several bubble dynamic parameters, such as active nucleate site density 
and bubble departure frequency, along with their related sub-models, 
present significant challenges in terms of convergence during numeri
cal simulations (Yang et al., 2023). Besides, the accuracy of the simu
lations is dependent on the closure models related to these microscopic 
parameters.

The other popular model for wall boiling heat transfer is proposed by 
Chen (1966), which conceptualizes the total wall heat flux as the sum of 
two distinct mechanisms: 

qw = F⋅qmac + S⋅qmic (2) 

where qmac and qmic are macroscopic and microscopic heat flux, attrib
uted to forced convection and boiling, respectively. An enhancement 
factor F was introduced to account for the impact of bubble-induced 
disturbances on heat transfer. Meanwhile, a suppression factor S was 
employed to capture the characteristics of the thermal layer under 
subcooled boiling conditions. Chen (1966) fitted the enhancement and 
suppression factors by experimental data by using the bulk flow pa
rameters. Many researchers have explored the enhancement and sup
pression factors to develop corresponding correlations (Feldman et al., 
2000; Orian et al., 2010). However, the application of the Chen corre
lation in 3D CFD simulations faces difficulties, primarily because the 
bulk flow parameters cannot be directly obtained from CFD simulations.

In summary, the existing modeling approach for wall boiling in CFD 
simulations requires further development. Therefore, a research project 
was initiated several years ago and is ongoing at the Institute of Applied 
Thermofluidocs (IATF) of the Karlsruhe Institute of Technology (KIT) to 
develop a new partitioning heat transfer model for CFD applications and 
to enhance the understanding of important boiling phenomena. In our 
previous study (Zhang et al., 2024), a new CFD modeling approach for 
the heat transfer in wall boiling was developed for CFD calculations, and 
preliminary validation was performed. Different from the RPI model, 
which relies on multiple parameters characterizing bubble dynamics, 
the new model depends on cell-scale macroscopic variables and local 
physical properties, aiming to improve computational stability. It has 
been preliminary validated in our previous works by using several 

different public experiments. However, the available experiment con
ditions were limited, making it difficult to isolate the effect of each 
boundary condition. Given the limitations of the reference data in our 
previous work, analyzing how different boundary conditions affect the 
results of the new model will be problem.

It is worth noting that varying boundary conditions may influence 
the performance of the new model due to some key sub-parameters. The 
assessments of the impact of different conditions on the model is an 
important part in the model development, which can provide sugges
tions for further model improvement. For example, the nucleate boiling 
factor F2 in the new model, which considers the correction of boiling 
heat flux and was derived from bubble growth mechanisms, may be 
significantly affected by pressure. Similarly, mass flux has impacts on 
the bubble growth process and also influences the structure of the 
thermal boundary layer. Additionally, since bubble growth can destroy 
the thermal boundary layer, the convective correction factor F1, which 
accounts for the effects of bubble influenced area and bubble distur
bance, may be influenced by mass flux. Therefore, it is necessary to 
conduct more experiments under different boundary conditions and 
assess how these boundary conditions affect the accuracy and applica
bility of the proposed model.

In this study, a series of experiments using R134a were conducted in 
a vertical tube under different boundary conditions. Together with 
further experimental data bases from the open literature, a relatively 
wide range assessment for the new wall boiling model was performed for 
both R134a boiling, water boiling and n-Perfluorohexane boiling in 
vertical pipes and rectangle channels. Based on the established database, 
the impacts associated with boundary conditions on the performance of 
the new model were investigated.

2. Mathematical models

2.1. Wall boiling heat transfer model

In earlier research, we has proposed a novel approach for modeling 
wall boiling heat transfer (Zhang et al., 2024). The key characteristics of 
the proposed model will be briefly summarized in present study.

According to the new boiling heat transfer model, as shown in Fig. 1, 
the total heat transferred from the heated wall consists of two parts. On 
the one hand, energy transport occurs from the heated surface into the 
microlayer beneath the vapor bubble, which contributes to the bubble 
growth (QWB) and it is assumed to be consistent with that in a saturated 
pool boiling in this study, i.e. QWB = QWB,P. On the other hand, the heat 
is transferred from the wall to the superheated layer denoted as QWL. The 
total wall heat can be written as: 

Qtotal =QWL + QWB (3) 

Therefore, the wall heat flux qw can be written as a combination of 
forced convection contribution qfc and nucleate boiling contribution qnb, 
each adjusted by empirical correction coefficients: 

qw = F1⋅qfc + F2⋅qnb (4) 

where F1 and F2 are convective correction factor and boiling correction 
factor, respectively.

2.1.1. Liquid convective contribution
The convective contribution to the wall heat flux is calculated as: 

qfc = hfc⋅(Tw − Tl) (5) 

where Tw and Tl are wall temperature and liquid temperature, respec
tively. The convective heat transfer coefficient for liquid hfc can be ob
tained from the wall function approach used in CFD simulations (Lin 
et al., 2021).
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2.1.2. Correction coefficient for liquid convective
The coefficient of the liquid convective heat transfer is influenced by 

the bubble dynamics in the process of wall boiling. Accordingly, a 
convective correction factor is introduced by considering two effects. 

1) The area covered by bubbles on the heated wall should be excluded, 
which is expressed by a factor of FA.

2) Bubble dynamic behaviors, including growth and lift, disrupt the 
near-wall thermal boundary layer, thereby enhancing the liquid 
convective heat transfer, as captured by the factor FB.

The liquid convective correction factor F1 can be written as: 

F1 = FA⋅FB (6) 

The effect of the bubble influenced area is quantified by considering 
the local vapor volume fraction within the first grid layer: 

FA =1 − αv (7) 

The enhancement factor FB, influenced by bubble dynamics, is 
simplified as: 

FB =1 + C1
wb

uτ
= 1 + C1

qb

hfgρν

̅̅̅̅̅
ρl

τw

√

(8) 

where wb, qb, hfg, uτ and τw, are the bubble growth velocity, heat flux 
associated with bubble growth on the wall, latent of vaporization, liquid 
shear velocity and wall shear stress, respectively. C1 is an assumed co
efficient (Zhang et al., 2024).

2.1.3. Nucleate boiling contribution
According to the formulation proposed by Forster and Zuber (1955), 

the contribution of nucleate boiling heat flux is expressed as: 

qnb = hnb⋅(Tw − Ts) (9) 

hnb =0.00122
λ0.79

l C0.45
p,l ρ0.49

l

σ0.5μ0.29
l h0.24

fg ρ0.24
v

(Tw − Ts)
0.24

(Pw − Ps)
0.75 (10) 

2.1.4. Correction coefficient for boiling
However, the nucleate boiling heat flux, as determined by Eq. (10), 

which theoretically includes both the liquid convective part and 
nucleate boiling part in pool boiling (Forster and Zuber, 1955). There
fore, the pool boiling liquid convective part should be excluded from Eq. 
(10). In the proposed model for wall boiling, a correction coefficient F2 is 
characterized by the fraction of nucleate boiling heat within the total 
heat transfer: 

F2 =
QWB,P

QWL,P + QWB,P
=

1
1 +

QWL,P
QWB,P

(11) 

Finally, the boiling correction factor was obtained based on bubble 
growth dynamics and is expressed by the following equation (Zhang 
et al., 2024): 

F2 =
1

1 +

(
̅̅̅
2

√
⋅C2⋅1− αv

αv
⋅ BLB
B2

WB ⋅BWB
⋅ρνhfg
ρlCP,l

)0.5

⋅
(

1
Tw − Ts

)0.5
(12) 

2.2. Auxiliary models to close two-fluid model

The new wall boiling heat transfer model has been implemented into 
the two-fluid framework in ANSYS-Fluent by using the User Defined 
Function (UDF). The phase interactions can be realized through the 
interfacial transfer terms, which can be determined by the closure 
models summarized in Table 1.

3. Experimental measurements

3.1. Experimental facility

The experimental facility of KIMOF, developed at our institute, has 
been employed to investigate post-dryout heat transfer phenomena by 
Köckert et al. (2021). We attempted to select some useful results from 
the post-dryout experiments to preliminarily validate the model in our 
earlier study (Zhang et al., 2024). However, since the old experiments 
were mainly conducted for post-dryout, the available wall boiling data 
were limited, making it difficult to isolate the effect of each boundary 
condition. This complexity makes it challenging to assess the impacts 
associated with boundary conditions on the performance of the new 

Fig. 1. Heat transfer during bubble growth.

Table 1 
Closure models for simulation.

Parameters Model

Wall boiling heat transfer New wall boiling heat transfer model (Zhang et al., 
2024)

Turbulence Standard k-ε model (Zhang et al., 2015)
Turbulence interaction Sato model (Sato and Sekoguchi, 1975)
Interfacial transfer ​
Interfacial area 

concentration
Symmetric model (ANSYS-Fluent, 2011)

Bubble diameter Improved Unal model (ANSYS-Fluent, 2011)
Drag force Ishii model (Ishii, 1990)
Lift force Moraga model (Moraga et al., 1999)
Wall lubrication force None
Turbulent dispersion force Lopez-de-Bertodano model (de Bertodano, 1992)
Liquid-interface heat 

transfer
Ranz-Marshall model (Ranz, 1952)

Vapor-interface heat 
transfer

Lavieville et al. model (Lavieville et al., 2005)

Interfacial mass transfer Energy balance
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model using the reference data from our previous works.
As a part of our research project, the test section of KIMOF was 

renewed in this study, and a series of experiments were conducted to 
generate additional experimental data for assessing our wall boiling heat 
transfer model. The structure of KIMOF loop has been shown by Köckert 
et al. (2021). The working fluid for the system was R-134 refrigerant, 
which was circulated through the main loop by a coolant pump. The 
fluid first flows through a preheater, where it is heated up to a stable 
inlet temperature before entering the test section. After flowing through 
the test section, the refrigerant R-134 was cooled by a cooling tower and 
a cooling machine. The mass flux and the outer wall temperature of the 
test section are measured using a Coriolis mass flow meter and T-type 
thermocouples, respectively. The system pressure was controlled using a 
pressurizer that operates with hydraulic oil. The measurement un
certainties for temperature, mass flow rate, and pressure were 1 ◦C, 0.15 
% and 0.25 %, respectively. All measurement parameters were displayed 
and saved by the LabVIEW software.

The test section was a tube, 1 m in length with a 10 mm inner 
diameter, as presented in Fig. 2(a) and (b). The application of thermal 
insulation allowed the surface to be approximated as adiabatic. Heating 
was provided by two current connectors. The working fluid flowed in an 
upward direction. There were 20 measuring locations along the test 
section, with a longitudinal distance of 60 mm or 30 mm between 
adjacent locations. At some locations, two thermocouples were sym
metrically distributed around the circumference of the test section. A 
total of 24 thermocouples were installed along the test section to 
monitor the outer wall temperature.

3.2. Data reduction

Flow boiling tests were conducted under steady-state conditions. 
More than 40 sets of experiments were performed under different 
boundary conditions, such as pressure and mass flux, following to the 
single variable principle. The range of experimental conditions is sum
marized in Table 2.

The average heat flux qave can be calculated: 

qave =
UI − QL

πLHDi
(13) 

where U, I, QL, LH, Di are the voltage, current, heat loss, heated length 
and inner diameter, respectively.

The inner wall temperature is determined from the measured outer 

wall temperature using the following equation: 

Tw,i =Tw,o −
( qV

16k

)(
D2

i − D2
o
)
+

Do

2k

[(
qVDo

4
− qL

)

log
(

Di

Do

)]

(14) 

qV =
UI

π
4LH
(
D2

o − D2
i
) (15) 

qL =
QL

πLHDo
(16) 

where Tw,i, Tw,o, Do, k, qV and qL denote the inner and outer wall tem
perature, inner diameter of the tube, thermal conductivity, volumetric 
heat flux and heat loss at the outer wall, respectively.

4. Results and discussion

4.1. Model performance

To evaluate the performance of the new wall boiling heat transfer 
model across different fluids and channel geometries, in addition to our 
wide range experimental database for R134a, we also employed data 
from the Wang experiments (Wang et al., 2022) on water boiling in a 
vertical rectangular channel, Bartolemei experiments (Bartolemei et al., 
1982) on water boiling in a vertical pipe, and Devahdhanush 

Fig. 2. Test section of KIT Model Fluid Facility (KIMOF).

Table 2 
Experimental conditions.

IATF 
(2024)

Wang 
et al. 
(2022)

Devahdhanush 
et al. (2022)

Bartolemei 
et al. (1982)

Fluid R134a Water n- 
Perfluorohexane

Water

Channel Pipe Rectangle Rectangle Pipe
Pressure [bar] 11–17 11–40 1.3–1.6 30–150
Mass flow rate 

[kg/(m2⋅s)]
1000–2000 267 2400–3200 405–2123

Wall heat flux 
[kW/m2]

80–260 123–163 138–386 420–2210

Inlet 
subcooling 
[K]

19–38 48–74 6 12–143

Experimental 
data

Tw Tw Tw αv
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experiments (Devahdhanush et al., 2022) on n-Perfluorohexane boiling 
in a vertical rectangular channel, as summarized in Table 2. The wall 
superheat was selected as the primary parameter for comparison with 
experimental data, consistent with other studies on wall boiling models 
(Gilman, 2014; Shi et al., 2020). It is because that, for a given total wall 
heat flux, the wall boiling heat transfer model directly impacts the re
sults of wall temperature. Additionally, the database of void fraction was 
also used in this work to further validate the model performance, 
because the evaporation heat flux on heated wall significantly contrib
uted to vapor generation.

4.1.1. Wall temperature

(1) IATF experiment (R134a boiling)

The experiments of flow boiling in a vertical pipe were performed on 
KIMOF in IATF, as introduced in Section 3, and wall boiling heat transfer 
characteristics were studied. The wall boiling heat transfer model as well 
as the models introduced in Section 2 will be applied to the simulation of 
over 40 experimental cases. In simulations, a 2-D axisymmetric geom
etry is utilized to simplify the analysis of the fluid domain, which con
sists of a circular tube with a diameter of 10 mm and a length of 1 m, as 
illustrated in Fig. 3. A constant heat flux is applied to the tube wall to 
induce heating.

To achieve a grid independent solution, four sets of meshes with 
different numbers of nodes were tested in the axial and radial directions, 
as summarized in Table 3. The simulations were conducted under the 
conditions of P = 11 bar, G = 2000 kg/(m2⋅s), Δ Tin,sub = 38 K, and qw =

260 kW/m2. Since the standard k-ε turbulence model with wall func
tions was employed, it is essential to ensure that the first-layer mesh cells 
don’t fall within the viscous sublayer. Based on the results shown in 
Fig. 4, Mesh 2 was selected for this study, as it ensured that the y +
values in the near-wall cells exceeded 30.

In our experiments, more than 900 data points have been collected, 
providing a comprehensive database for evaluating the model’s per
formance. The wall superheat predicted by the new model is compared 
with experimental data under the conditions of qw = 80–220 kW/m2, P 
= 11–17 bar, ΔTin,sub = 19–38 K, G = 1000–2000 kg/(m2⋅s), as illus
trated in Fig. 5(a). The results show that the total Mean Relative Error 
(MRE) between the calculated and measured values is 31.5 %, which is 
determined by the following equation: 

MRE=
1
n
∑n

i=1

⃒
⃒
⃒
⃒
ΔTw,cal,i − ΔTw,exp,i

ΔTw,exp,i

⃒
⃒
⃒
⃒× 100% (17) 

It’s worth noting that the MRE of ±31.5 % is still a substantial error, 
however, for flow boiling, where the strong coupling of phase change 
and interphase interactions makes accurate prediction challenging, such 
an error for the preliminary version of model is within the range 
generally considered acceptable. Since the RPI fails to obtain a 
converged solution using the same combinations of sub-models in some 
working conditions, such as high quality, it shows the potential advan
tage of the new model in computational stability. Fig. 5(b), (c), and (d) 
depict the MREs calculated under different pressure, mass flux, and inlet 

subcooling, respectively. The results indicate that except for the cases 
under P = 17 bar, the MREs remain within 50 % under most other 
conditions. Pressure exhibits a significant impact on the MREs of the 
new model’s predictions. Specifically, when pressure increases to 17 
bar, the performance of the new model becomes very poor, yielding an 
MRE of 141.0 %. Under high mass flux or high inlet subcooling condi
tions, the model generally predicts a lower wall temperature compared 
to the experimental values when the wall superheat is low. Even in cases 
where some measured wall temperatures exceed the saturated temper
ature, the wall temperature calculated by the model is still lower than 
the saturated temperature. This discrepancy may be caused by an 
overestimation of the convective heat transfer coefficient for the sub
cooled liquid. A detailed discussion of the effects of pressure, mass flux, 
and inlet subcooling on the model’s performance will be presented in the 
following section. 

(2) Wang experiment (water boiling)

Besides utilizing our experimental data for R134a boiling from IATF, 
we also tested the new model against water boiling experiments from 
Wang et al. (2022). A vertical upward rectangular channel (50 mm high, 
2.5 mm wide) with a heating section of 0.8 m was used in the experi
ment. The boundary condition ranges are summarized in Table 2. 
Following a similar mesh sensitivity analysis as before, a 3D rectangular 
channel was established with 6 grids in width, 60 grids in height, and 
200 grids in length. Fig. 6 presents a comparation of the wall superheat 
calculated using the new model, as well as traditional RPI model, and 
experimental data along centerline for four different cases. In the 
two-phase boiling region, the new model’s calculated wall superheat for 
case No.627 agrees well with the experimental data. However, for the 
other cases, both the new model and the RPI model underestimated the 
wall superheat is, suggesting that the heat transfer coefficient in boiling 
region is underestimated under these conditions. A deviation is observed 
in the calculated wall temperature slope in the single-phase region 
compared to the experimental data. This phenomenon was also reported 
by Wang et al. (2022), where it was explained by the reason that the 
unsteady experimental heating efficiency caused an error in the values 
of wall heat flux. 

(3) Devahdhanush experiment (n-Perfluorohexane boiling)

The flow boiling experiments conducted by Devahdhanush et al. 
(2022) was also employed in this work to evaluate the new model’s 
performance for n-Perfluorohexane boiling. It was conducted in a ver
tical upward rectangular channel with an upstream development length 
of 0.3277 m and a heating length of 0.1146 m. The width between the 
heated wall and the side wall was 2.5 mm and the height between the 
other unheated wall was 5 mm. The boundary conditions with 
single-sided heating are summarized in Table 2. Following a similar 
mesh sensitivity analysis as before, a 3D rectangular channel was 
established with 11 grids in width, 20 grids in height, and 350 grids in 
length. Fig. 7 presents a comparation of the calculated wall superheat 
and experimental data. It worth noting that the traditional RPI model 
significantly overpredicted the wall temperature, likely because its 
sub-models are not suitable for n-Perfluorohexane, thus the RPI results 
are not presented here. Fig. 7 shows that the model reasonably predicts 
the wall superheat for n-Perfluorohexane boiling under different heat 

Fig. 3. Simulation domain of IATF experiment.

Table 3 
Mesh information of IATF experiment.

No. Radial nodes Axial nodes

Mesh1 30 1000
Mesh2 35 1000
Mesh3 35 2000
Mesh4 40 1000
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flux. This shows that the new model has great potential not only in the 
calculation of water boiling and R134a boiling, but also has good per
formance in the calculation of n-Perfluorohexane boiling.

4.1.2. Void fraction
The limited experiment data published by Bartolemei and Chantur

iya (1967) in 1967 have been employed in our earlier study (Zhang 
et al., 2024) for the preliminary validation of the new model. Bartolemei 
et al. (1982) later conducted a series of experiments in a vertical pipe 
with a diameter of 12 mm for water boiling and the data of cross-section 
average void fraction were published in 1982. Following a similar mesh 
sensitivity analysis as the simulation of IATF experiments, a 2-D 
axisymmetric geometry was employed with 40 grids in radius and 800 

grids in length. Fig. 8 gives a comparation between the calculated void 
fraction and the experimental data provided by Bartolemei et al. (1982). 
The equilibrium quality was calculated based on energy balance. A 
vertical test section with a 12 mm diameter was used to conduct the 
experiments with water as the working fluid.

Fig. 8 shows the calculated void fraction are consistent with the 
experimental values in terms of overall trend. However, when the heat 
flux is high, as shown in Fig. 8(a), or the mass flow rate is low, as shown 
in Fig. 8(c), the cross-section average void fraction is underestimated in 
the regions with low equilibrium quality. This discrepancy may be 
attributed to the overestimation of the heat transfer capacity of the 
single-phase liquid by new model under subcooled boiling conditions. 
This overestimation could result in an underestimated boiling phase- 

Fig. 4. Mesh sensitivity analysis of IATF experiment.

Fig. 5. Comparison of wall superheat between simulated and experimental results of IATF experiment.
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change heat flux, thereby leading to an underprediction of the void 
fraction. As the equilibrium quality increases with heating length, this 
deviation decreases. Another possible reason is the occurrence of sub
cooled boiling when equilibrium quality is negative, where the bulk 

liquid remains subcooled. Since the new model only focuses on wall heat 
transfer, the closure model listed in Table 1 account for interphase heat 
and mass transfer in the bulk region may has defects in the calculation of 
evaporation and condensation.

Fig. 6. Calculated wall superheat and experimental data of Wang experiment.

Fig. 7. Calculated wall superheat and experimental data of Devahdhanush experiment.
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Fig. 9 gives a comparation between the new model and the RPI 
model for the case in Bartolemei experiment. It can be seen that once xe 
exceeds − 0.05, the RPI model predicts an instantaneous increase in 
evaporative heat flux. Although the cross-section averaged void fraction 
predicted by the RPI model is slightly closer to the experimental data, 
this does not necessarily mean that the RPI model produces the correct 
distribution of evaporative heat flux. In the RPI model, the calculation of 
evaporative heat flux strongly depends on several bubble dynamic pa
rameters, such as the nucleate site density and bubble departure fre
quency, each of which has large uncertainties. In our calculations, the 
nucleate site density in the RPI model was calculated using the empirical 
correlation proposed by Lemmert and Chawla (1977), which assumed 
that the nucleate site density depends only on the wall superheat in a 
power-law manner. As a result, when the wall temperature increases, it 
may cause the nucleate site density to grow rapidly, leading to a rapid 
rise in evaporative heat flux. Therefore, this rapid increase phenomenon 
in the RPI model may originate from the limitations of its sub-models 

and does not necessarily reflect the actual physical process.
Besides, Fig. 9 shows that the evaporative heat flux predicted by new 

model decreases when − 0.15 < xe < − 0.1. This is because increasing 
bubble generation enhances the boiling disturbance effect on the liquid 
thermal layer. As shown in Fig. 10, in the range of − 0.15 < xe < − 0.1, 
the convection enhancement factor F1 increases significantly, causing 
the liquid convective heat flux to rise and leading to a decrease in 
evaporative heat flux. However, as boiling becomes more intense, the 
high efficiency of boiling heat transfer enables the evaporative heat flux 
to dominance.

4.2. Entrance effects with different subcooling

The analysis of the entrance effects with different subcooling was 
performed based on the simulations of IATF experiment. Fig. 11(a) 
shows the comparation between the calculated and measured wall su
perheat under different inlet subcooling. The results indicate that inlet 

Fig. 8. Calculated cross-section average void fraction and experimental data of Bartolemei experiment.
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subcooling primarily influences predicted wall temperature and heat 
flux in the inlet region due to the entrance effects.

It can be seen that the current model reasonably predicts the wall 
superheat with a slight overestimation in the fully-developed boiling 
region, but shows significant deviation near the inlet (xe < − 0.2), 
especially under high inlet subcooling conditions. First, this deviation 
may come from simplifying assumptions in the current model. For 
example, it assumes that the heat transferred from the heated surface 
into the microlayer beneath the vapor bubble, using for bubble growth, 
is consistent with that in a saturated pool boiling (QWB = QWB,P). This 
simplifying assumption may need further improvement when calcu
lating subcooled boiling with high subcooling. Second, the new model 
may underestimate convective heat transfer. As shown in Fig. 12, at high 
subcooling, the liquid temperature in the first-layer grid is significantly 
higher than the bulk liquid temperature. Since Eq. (5) uses the first-layer 
temperature rather than the bulk temperature, this leads to underesti
mation of the convective heat transfer. In addition, the convective 
enhancement factor FB in Eq. (8) is assumed to vary linearly with the 
ratio of bubble growth velocity to liquid shear velocity, with a constant 
coefficient C1. The bubble growth velocity is calculated by the sum of 
evaporation effect and condensation effect. As shown in Fig. 11 (d), 

vapor appearance in the wall-adjacent cells is delayed with increasing 
inlet subcooling. Thus, under high subcooling, FB may be under
estimated due to condensation effect.

Besides, although the inlet temperatures differ among the three 
cases, as the equilibrium quality changes, when the equilibrium quality 
is larger than − 0.05, the predicted wall superheat of the three cases is 
similar and significantly better than those conditions of lower equilib
rium quality. These results suggest that the current new model may be 
insufficient in accurately predicting the transition from single-phase 
convection to saturated boiling under subcooled liquid conditions, and 
is more suitable for predicting fully-developed boiling.

4.3. Effects of mass flow rate

To study the effect of mass flow rate on model performance, a 
sensitivity analysis was conducted using the experimental database from 
IATF. Fig. 13(a) presents the calculated wall superheat and experimental 
data under different mass flow rate. From the experimental data, we can 
see that boiling occurred at the measurement locations of the three 
groups of experiments and the wall temperature remains a relatively 
stable value with fluctuations under different equilibrium quality, which 
may be caused by bubble departure or sliding behavior.

As shown in the calculated data in Fig. 13(a), in the boiling region, 
the predicted wall superheat is within the error range of the experi
mental value, indicating that the new model reasonably calculates the 
wall temperature under different mass flow rates. Near the inlet of the 
test section, the predicted wall superheat under higher mass flow rate is 
lower than that observed under other conditions due to the higher liquid 
convective heat flux. However, since heat transfer is dominated by 
convection at this stage, the wall temperature continues to increase. As 
boiling occurs (with the xe around − 0.38 for G = 1000 kg/(m2⋅s)), the 
vapor appears in the first-layer grids, as shown in Fig. 13(d). At this 
stage, the contribution of boiling heat transfer increases, leading to a 
gradual decrease in wall temperature, as shown in Fig. 13(b). As evap
oration increases the vapor generation rate, the convective heat transfer 
enhancement caused by bubble disturbance becomes more significant, 
as shown in Fig. 13(c) that F1 rapidly increases, leading to a further 
reduction in wall temperature. For example, within G = 1000 kg/(m2⋅s), 
this effect is observed at approximately xe = − 0.25. It worth noting that 
both bubble departure and sliding will disturb the thermal boundary 
layer, which are significantly affect by flow rate. However, these effects 
were not considered in the bubble disturbance term FB of current new 
model, as shown in Eq. (8). It may underestimate the convective 
enhancement effect under different mass flow rate conditions.

4.4. Effects of pressure

To study the effects of pressure on model performance, a sensitivity 
analysis was conducted using the experimental database from IATF. 
Fig. 14(a) presents the predicted and experimental wall superheat at 11 
bar and 17 bar, separately. The new model shows good agreement with 
the measured wall superheat at 11 bar. However, at 17 bar, the calcu
lated wall superheat does not decrease as much as the experimental 
measurements, leading to an overestimation of wall temperature. It in
dicates that pressure has a significant impact on the performance of new 
model in current version and suggests that the current new model does 
not seem to accurately capture pressure effects.

This may be caused by the assumption that the bubble volume in
creases linearly with the volume contribution from microlayer evapo
ration, as described by Eq.(54) of Zhang et al. (2024). It is worth noting 
that pressure may have a significant influence on bubble growth rate and 
bubble size. For example, as reported by Dahariya and Betz (2019), 
bubble size was reduced by 46 % when pressure increased from atmo
spheric conditions to 6 bar, while Utaka et al. (2014) observed that, at 
bubble inception, microlayer evaporation could account for about 15 %– 
70 % of the total bubble volume, depending on the wall superheat. These 

Fig. 9. Comparation results between the new model and RPI model (P ≈ 70 
bar, qw ≈ 780 kW/m2, G = 986 kg/(m2⋅s), ΔTin,sub = 66K).

Fig. 10. Results of correction factors by new model.
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suggest that the coefficient CG in Eq. (54) of Zhang et al. (2024) may be 
dependent on pressure and wall superheat rather than a constant. As 
shown in Fig. 14(b), due to the lack of consideration for pressure effects 
on bubble size, the nucleate boiling correction factor F2 remains similar 
at 11 bar and 17 bar in the nucleate boiling region. As a result, when the 
heat transfer is dominated by nucleate boiling, the predicted wall tem
peratures cannot accurately capture variations under different pres
sures. In future works, a possible way to improve this model is to 
enhance the coefficient CG by introducing parameters such as pressure 

and superheat, thereby relaxing the current linear assumption for the 
microlayer evaporation contribution to the total bubble volume.

The other aspect is that, in the current model, the enhancement of 
convective heat transfer is accounted for by an enhancement factor FB, 
as shown in Eq. (8), which is defined as being proportional to the ratio 
between the bubble growth rate and the liquid shear velocity. Thus, an 
inaccurate bubble growth rate may affect the estimation of convective 
heat transfer enhancement factor, leading to an overprediction of wall 
temperature at P = 17 bar.

5. Conclusion

In order to assess the influence of boundary conditions on R134a 
flow boiling, tests were conducted on KIMOF facility using a 10 mm- 
diameter vertical tube. These experiments, along with other public 
water boiling experiments and n-Perfluorohexane boiling experiments 
in pipes or rectangle channels, provided additional data for assessing the 
new wall boiling heat transfer model. Additionally, the effects of various 
boundary conditions such as mass flux, pressure, and inlet subcooling on 
the wall superheat were also investigated. The main conclusions are as 
follows. 

(1) The new wall boiling heat transfer model shows great potential in 
boiling calculations, not only for various fluids such as R134a, 
water, and n-Perfluorohexane but also in different geometries, 
including vertical pipes and rectangular channels.

(2) For R134a boiling, under the boundary conditions of P = 11–17 
bar, G = 1000–2000 kg/(m2⋅s), qw = 80–220 kW/m2, Δ Tin,sub =

19–38 K, the mean relative error between the experimental and 
calculated wall superheat is ±31.5 %.

(3) Pressure significantly influences the model accuracy. Specifically, 
the new model tends to overpredict wall temperature at relatively 

Fig. 11. Analysis of the entrance effects with different subcooling.

Fig. 12. Radial distribution of liquid subcooled temperature.

X. Zhang et al.                                                                                                                                                                                                                                   Progress in Nuclear Energy 191 (2026) 106043 

10 



higher pressures. The results suggest that the new model lacks 
consideration of pressure effects when calculating bubble growth 
rate and bubble size, leading to inaccuracies in both factor F2 and 
factor FB. Improving the treatment of pressure effects can be a 
potential direction for future improvements.

(4) The new wall boiling model reasonably predicts wall superheat 
under different mass flow rates, demonstrating its applicability in 
various flow rate conditions. However, the current model ignores 
the effects of bubble departure and sliding in the enhancement 
factor FB, which could disturb the thermal boundary layer, 
thereby enhancing convective heat transfer, and should be sen
sitive to flow rate. This limitation suggests that considering 

departure and sliding effects into FB could improve model accu
racy in predicting heat transfer.
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