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ABSTRACT 

In the present work, the numerical modelling of the two-phase turbulent boundary layer 
in upward boiling flow was investigated. First, non-dimensional liquid velocity and 
temperature profiles in the two-phase boundary layer were validated on the one-dimensional 
section of a pipe with prescribed radial void fraction profiles. Simulations were performed on 
a fine grid with a commercial code CFX-5 using the k-ω turbulence model. A significant 
deviation of results from the analytical single-phase and two-phase wall functions from the 
literature was observed. Second, a wall boiling model in a vertical heated pipe was simulated 
(CFX-5) on the coarse grid. Here the prediction of the two-phase thermal boudary layer was 
compared to the experimental data, k-ω calculation on the fine grid and against the single-
phase analytical wall function. Again a major deviation against single-phase temperature wall 
function was obtained. Presented analyses suggest that the existing analytical velocity and 
temperature wall functions cannot be valid for the boiling boundary layer with the high void 
fraction on the wall.   

1 INTRODUCTION 

The heat transfer and phase-change mechanisms in the subcooled flow boiling are 
governed mainly by local multidimensional mechanisms near the heated wall, where bubbles 
are generated. The structure of such “wall boiling flow” is inherently non-homogeneous and 
is further influenced by the two-phase flow turbulence, phase-change effects in the bulk, 
interfacial forces and bubble interactions (collisions, coalescence, break-up). Recently, the 
modeling of two-phase flow turbulence has been extensively investigated. A notable progress 
has been made towards deriving reliable models for description of turbulent behaviour of 
continuous (liquid) and dispersed phase (bubbles) in the bulk flow. It was found out that the 
dispersed phase tends to increase the turbulence in the continuous phase due to presence of 
wakes behind them [1]. However, there is a lack of investigation considering the modeling of 
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two-phase flow boundary layer. In most Eulerian two-fluid models standard single-phase wall 
functions are used for description of turbulent boundary layer of continuous phase. Their use 
for boundary layers with high concentration of dispersed phase is questionable and may lead 
to erroneous results. In the present work, a numerical modelling of the two-phase boundary 
layer with a high concentration of bubbles on the heated wall was investigated. The 
simulations were performed by a general-purpose Computational Fluid Dynamics (CFD) code 
CFX-5.  

2 NEAR-WALL MODELING 

The near-wall formulation has an important influence on the prediction of development 
of the boundary layer. The single-phase turbulent boundary layer near the wall consists of a 
very thin laminar sublayer adjacent to the wall where the molecular viscosity plays a dominat 
role in momentum and heat transfer and a so-called logarithmic layer, where turbulence 
transport is dominant. In between there is a buffer region, where laminar and turbulent effects 
are equally important. The near-wall velocity is commonly described by the following non-
dimensional relation: 

 







>+

≤
==

+++

+++

+

0

0

,)ln(1
,

yyBy

yyy

u
u

u
w

t

κ
, (1) 

µ
ρ wuy

y
⋅∆⋅

=+ , (2) 

ρ
τ w

wu = ,  (3) 

 
where ut is the known velocity tangential to the wall at a distance of ∆y from the wall, uw is 
the friction velocity,  y+ is the non-dimensional distance from the wall, τw is the wall shear 
stress and κ and B are Von Karman and log-layer constants with the values of 0.41 and 5.45, 
respectively. 

The thermal boundary layer in the single-phase flow can be modelled in a similar 
manner as the velocity boundary layer using a wall function approach. The non-dimensional 
temperature, T+ is defined as: 
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where Tw is the temperature at the wall, Tl  is the local liquid temperature, cp is liquid specific 
heat capacity and qw heat flux at the wall. In CFX-5.7 the non-dimensional temperature 
distribution is modelled using the thermal law-of-the wall function of Kader [2]: 
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where Pr is the liquid Prandtl number defined as: 
λµ /Pr pc⋅= , (8) 

with λ denoting the liquid thermal conductivity. 
 

3 SIMULATION OF TWO-PHASE FLOW BOUNDARY LAYER 

It is expected that the liquid velocity and temperature wall functions would deviate 
significantly from the single-phase formulations, when the vapour volume fraction at the wall 
is high (the case of wall boiling flow). The single-phase formulations do not take into account 
additional momentum and heat transfer between the phases. 

 
3.1 One-dimensional test case  

To estimate the effect of dispersed vapour phase on the liquid velocity and temperature 
wall profiles several calculations were performed using a k-ω turbulence model, which is able 
to resolve the boundary layer using a high grid resolution near the wall up to y+= 1. In this 
study a one-dimensional section of a vertical pipe with a radius of 6 mm was used with the 
grid refined near the wall as shown in Fig 1. As the purpose of this study is resolving the 
boundary layer in the radial direction, only one grid cell is implemented in the axial (x) and 
circumferential (ϕ) direction to the flow. Single grid-cell in axial direction requires the use of 
periodic boundary conditions. As a flow driving force a constant pressure gradient in axial 
direction was prescribed (dp/dx =350 Pa/m; estimated from the 3D calculation with inlet and 
outlet boundary conditions). At the wall no-slip boundary condition and a constant heat flux 
of 0.78 MW/m2 were applied. The symmetry condition was applied on remaining section 
faces. The radial velocity was assumed to be zero. In the present study the volume fraction 
equation was not solved, since the vapour volume fraction distribution in radial direction was 
prescribed. Only momentum equations for both phases and energy equation for liquid phase 
were solved. Selected vapour volume fraction profiles with the maximum value at the wall 
(Fig. 2) correspond approximately to radial distributions that can develop during wall boiling 
process.    

In order to examine the influence of vapour phase and the grid convergence on the 
numerical results, several different calculations were performed (Table 1). The grid resolution 
in the second column of Table 1 is represented by the number of grid cells and by the non-
dimensional distance y+ of the first near-wall cell. The results are presented in Figs. 3 to 5 and 
are compared to analytical profiles of non-dimensional near-wall liquid velocity and 
temperature given by Eqs. (1) and (5), respectively.   
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Table 1 Calculated cases 

Case Grid Void profile db (mm) buoyancy bubble-ind. 
turb model 

Single-phase 100, y+=0.93 / / / / 
Void 30-50% 100, y+=0.946 0.3-0.5 1 / / 
Void 0-5% 100, y+=0.95 0.0-0.05 1 / / 
Void 30-50%, db=4mm 100, y+=0.95 0.3-0.5 4 / / 
Void 30-50%, buoyant 100, y+=2.16 0.3-0.5 1 g / 
Void 0-50%, buoyant 100, y+=1.7 0.0-0.5 1 g / 
Void 0-50%, Sato 100, y+=1.76 0.0-0.5 1 g Sato [1] 
Void 0-50%, Sato1 50, y+=21.3 0.0-0.5 1 g Sato [1] 
Void 0-50%, Sato2 25, y+=84.5 0.0-0.5 1 g Sato [1] 
Void 0-5%, Sato 100, y+=1.05 0.0-0.05 1 g Sato [1] 

 
As shown in Fig. 3, the “Single-phase” calculation expectedly agrees very well with the 

analytical liquid velocity profile. The two-phase calculation with the lowest amount of vapour 
phase (case “Void 0-5%”) shows a negligible difference compared to the single-phase 
calculation. In the case of higher void fraction values (case “Void 30-50%”), the velocity 
profile increases significantly due to the interfacial drag between phases. The Shiller-
Naumann model [3] of the drag force was used in the calculations. In addition, the sensitivity 
of results to the mean bubble diameter (“Void 30-50%, db=4mm”) and to the buoyancy 
(“Void 30-50%, buoyant”, “Void 0-50%, buoyant”) was investigated. In all cases velocity 
profiles exceed the analytical velocity profile and approximately correspond to the non-
buoyant case values “Void 30-50%”.  These results suggest that the effects of bubble diameter 
and buoyancy on the non-dimensional liquid velocity profile are negligible.  

Further, the influence of bubbles on turbulent mixing in the boundary layer was 
investigated. The presence of bubbles increases the liquid turbulence due to the presence of 
wakes forming behind them. The model of Sato et al. [1] which adds the bubble induced eddy 
viscosity to the liquid phase turbulence was used. In calculations with Sato model (“Void 0-
50%, Sato”, “Void 0-5%, Sato”) the non-dimensional velocity profile in Fig. 3 drops below 
the analytical curve already adjacent to the wall, where the concentration of vapour bubbles is 
the highest. The bubble-induced turbulent mixing seems to significantly increase the transport 
of the liquid phase away from the wall and thus acts to flatten the non-dimensional liquid 
velocity profile. In the case of lower void fraction profile, flattening of the velocity profile can 
be observed only in the region adjacent to the wall (y+ < 10), whereas at higher void fraction 
values (“Void 0-50%, Sato”), the “flattening region” extends to y+=100. These results 
indicate that in the case of the Sato model, the laminar viscous sublayer (u+ = y+) is not 
predicted. Since the applied void fraction profiles with the maximum value at the wall 
represent the void distribution of the wall boiling process, it may be expected that the laminar 
sublayer breaks-up completely during bubble nucleation at the wall. Instead the turbulent 
liquid boundary layer with high lateral transport of momentum and heat is formed. 

   Non-dimensional temperature distributions for different calculation cases are 
presented in Fig. 4. A similar behaviour as in the case of non-dimensional velocity 
distribution can be observed. When only interfacial drag is considered the non-dimensional 
temperature profile increases with higher void fraction values. When the Sato model is added 
to the liquid phase turbulence, the non-dimensional temperature profile is flattened due to 
increased heat transfer near the wall caused by bubble induced turbulent mixing.  
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Fig. 3 Non-dimensional velocity profiles 
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Fig. 4 Non-dimensional temperature profiles 

 
The grid dependence on numerical results was also examined for the cases with the Sato 

model. Three different grid resolutions were used with 25, 50 and 100 grid cells. The non-
dimensional distances y+ of the first near-wall cell were 1.76, 21.3 and 84.4 from the finest to 
the coarsest grid, respectively. As shown in Fig. 5 the first near-wall cell value is calculated 
according to the single-phase wall functions for velocity and temperature given by Eqs. (1) 
and (5). As the calculations do not follow the analytical single-phase wall functions the results 
are clearly grid dependent.   

The results of this section show that the presence of vapour bubbles at the wall affects 
the liquid phase significantly, thus the liquid velocity and temperature profiles in the 
boundary region deviate from analytical single-phase wall functions.   
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Fig. 5 Non-dimensional velocity and temperature profiles at different grids 

 
3.2 Two-phase wall function 

As shown in the previous section, the single-phase law of the wall is not valid for the 
two-phase turbulent boundary layer with high bubble concentration at the wall. Therefore, the 
test case results were compared against the two-phase wall function of Troshko and Hassan 
[4], which was developed for adiabatic bubbly flow and validated against upward bubbly flow 
experiments of Marie et al. [5]. The two-phase wall function is based on the assumption of 
additional turbulence due to bubble-induced mixing in the turbulent boundary layer and 
considers the existence of viscous sublayer adjacent to the wall. The logarithmic shape of 
velocity profile is preserved since the bubble induced turbulent viscosity is assumed 
proportional to the distance from the wall y:  
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The coefficients in the two-phase logarithmic wall function change due to the presence of 
dispersed phase as follows: 
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where α is the volume fraction of dispersed phase, ur is the relative velocity between the 
phases and k1 is the coefficient due to bubble induced turbulence in the boundary layer. Eq. 
(13) indicates that the relative contribution of bubble wake induced turbulence decreases as 
shear induced turbulence level increases. The derivation of the two-phase wall function can be 
found in [4].  

In Fig. 6, the two-phase wall function given by Eq. (9) is compared against the single-
phase law of the wall and against the k-ω calculation (“Void 0-50%, Sato) on the finest grid. 
The case with the highest void fraction value (see Fig. 2) was used for validation. As shown, 
the non-dimensional two-phase velocity profile of Troshko and Hassan exceeds the single-
phase wall law in the logarithmic part of the boundary layer and the k-ω calculation over the 
entire boundary layer. Although the two-phase wall law agrees well with the adiabatic bubbly 
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flow experiments [5], the present formulation is not appropriate for prediction of boiling 
boundary layer with high void fraction values at the wall. It seems that in this case the effect 
of interfacial drag is overestimated over the effect of bubble-induced turbulence in the 
boundary layer. Considering the k-ω calculation on the finest grid, it may be observed that the 
laminar sublayer breaks-up or is at least much thinner than in the case of single-phase or two-
phase wall function (two-phase wall function assumes the same thickness of laminar sublayer, 
y0

+= 11.23). Also the bubble induced turbulent mixing in the present two-phase function is 
too weak. Therefore we have attempted to modify the two-phase wall function as follows: 

 
• In Eq. (10), the laminar sublayer thickness was decreased to 2.  
• The bubble induced turbulence, represented by the coefficient k1 was increased, 
 

wuek ⋅−⋅= 10
1 9453.4 . (14) 

 
As shown in Fig. 6, the modified two-phase wall function approaches closer to the k-ω 
calculation. These results indicate that further effort to develop a generic two-phase wall 
function is necessary. 
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Fig. 6 Two-phase wall functions 

4 THERMAL BOUNDARY LAYER PREDICTION IN THE UPWARD BOILING 
FLOW 

The radial temperature profile, calculated on the test case model in section 3.1 was 
compared against the experimental data and against the temperature profile at the particular 
axial location (x=1.42 m, ∆Tsub= 10.8 K) of the wall boiling simulation. The wall boiling was 
simulated with the CFX-5.6 code using the adapted RPI heat flux partitioning model [7]. The 
interfacial momentum coupling was modeled via drag, turbulence dispersion and bulk phase 
change terms. Boiling flow experiment of Bartolomei [6] in the upward vertical pipe (2 m 
long) was selected for validation. The pipe diameter (12 mm), heat flux (0.78 MW/m2) and 
mass flux (900 kg/sm2) of the test case in section 3.1 correspond to the selected experiment. 
The calculated void fraction profile in the boiling model at selected axial location (x=1.42 m) 
also approximately corresponds to the prescribed void fraction profile (Void 0-50%) of the 
test case. For wall boiling calculation a coarse 2D grid with 20 cells in the radial and 100 cells 
in the axial direction was used.  
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The temperature distributions are shown in Fig. 7. In the Fig. 7a, the radial distributions 
of temperature difference, as given by Eq. (15) are compared:  

 
∆T = Tl – Tl,min (15) 
 

The k-ω test case calculation (Void 0-50%, Sato) agrees well with the experimental data and 
predicts low temperature difference adjacent to the wall, which means high heat transfer at the 
wall. The wall boiling calculation (B24_case1) predicts much larger temperature difference at 
the wall, whereas the single-phase test case calculation expectedly predicts the highest 
temperature gradient near the wall. According to the good agreement with experiment (Fig. 
7a), the calculated wall temperature difference of the test case (Void 0-50%, Sato) was used to 
non-dimensionalize the measured liquid temperature. Non-dimensional temperature 
distributions are presented in Fig. 7b. As shown, the test case calculation is close to the 
experimental profile. The non-dimensional temperature T+ of the first near wall cell in the 
wall boiling calculation (B24_case1) is already much higher than experimental, since it is 
calculated according to the single-phase wall function.     
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Fig. 7 Distribution of temperature difference and non-dimensional temperature in the 

wall boundary layer 

5 CONCLUSIONS 

This study shows that the existing analytical formulations for the velocity and 
temperature wall functions deviate significantly from simulation results on fine grids and 
from experiments, thus they cannot be straightforwardly applied for prediction of the boiling 
boundary layer characterized by a high concentration of bubbles at the wall. Further effort 
towards developing a generic formulation of the two-phase wall function is necessary. 
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