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Abstract 
Annular two-phase flow around an obstacle in a vicinity of the 
channel wall is numerically and experimentally investigated. 
Numerical simulations of gas phase, entrained droplets and wall 
liquid film flows were performed with the three-fluid model and 
with the application of the high order numerical scheme for the 
liquid film surface interface tracking. Predicted are a separation 
of gas and entrained droplets streams around the obstacle, as well 
as a change of wall liquid film thickness in the vicinity of 
obstacle. Results on liquid film dynamic behaviour are compared 
with the recently obtained experimental results [4]. Multi-
dimensional characteristics of surface waves on the liquid film 
were measured with newly developed ultrasonic transmission 
technique in a 3x3 rod bundle test section with air-water flow 
under atmospheric conditions. Obtained numerical results are in 
agreement with experimental observations. Presented 
investigation gives insight into the complex mechanisms of 
separated two-phase flow with wall liquid film around the 
obstacle. The obtained results are a support to thermal-hydraulic 
design and safety analyses of various thermal equipments.  
 
Introduction 
Obstacles of various geometries are encountered in the flow 
channels of thermal equipment. They are a necessary part which 
support a heat transfer surface mechanical structure, as in the 
case of spacers in the nuclear reactor fuel rod bundles, or they 
are introduced in order to enhance heat transfer rates, such as ribs 
or fins on heat exchangers� surfaces. Obstacles lead to a 
development of a complex fluid flow structure around them, with 
enhancement of heat transfer rates and increase of critical heat 
fluxes (CHFs) as positive effects, and with a hydraulic resistance 
increase as a drawback. A fluid flow structure around an obstacle 
is especially complex in the case of the gas-liquid two-phase 
coolant flow. Depending on the gas phase volume fraction in the 
two-phase flow stream, an obstacle can lead to various kinds of 
phase separation and formation of recirculating zones. Recently, 
a few experimental and numerical investigations were 
undertaken in order to get insight into the dispersed gas-liquid 
droplets separation around the obstacle and the wall liquid film 
behaviour in the vicinity of obstacle. A two-phase flow around 
rod spacers was experimentally investigated in a 3x3 nuclear fuel 
rod bundle test section with the air-water flow under atmospheric 
conditions [4]. Detailed measurements of the liquid film surface 
structures on the rods were possible with a newly developed 
ultrasonic transmission technique with a highly rotating reflector. 
It was shown that the time averaged mean film thickness 
decreases significantly in the spacer region, with a subsequent 
recovery downstream from the spacer. The amplitude of large 
film waves is roughly four times larger than the base film 
thickness. The same experimental conditions of separated two-
phase flow around the spacer were numerically predicted with 
the application of the MARS method for the liquid film surface 
tracking [4]. Liquid film, air and droplets flow were simulated in 
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dimensions with the inclusion of droplets entrainment. A 
itative agreement of numerical and measured results was 
ined, but with some quantitative discrepancies. The 
lated liquid film velocity is up to 10 times higher than the 
ated experimental value, and calculated liquid film 
ness downstream from the spacer does not recover to the 
ness upstream from the spacer. A numerical study of high-
ure steam and water annular flow around an obstacle was 
nted in [1]. Vapour and droplets flows were modelled as 

dimensional, while one-dimensional liquid film flow on the 
 was considered. The influence of the obstacle on the liquid 
flow was demonstrated. In paper [4] both experimental and 
erical results shows that the liquid film thickness decrease 
rs along the whole gap between the obstacle and the wall, 
 the film recovery downstream from the obstacle. In [1] a 
rent liquid film dynamics around the obstacle is shown. A 
 liquid film decrease occurs immediately at the wall-
cle gap entrance, with film thickness recovery already 

in the gap. Air stream and liquid film interaction in two-
nsional flow around obstacle was numerically investigated 
1], together with parametric analyses of gas phase and liquid 
flow rates influence on the film hydro-dynamics. These 
ts showed that liquid film thickness change around obstacle 
nds on the gas phase velocity, where the increase of gas 
city suppresses the change of mean liquid film thickness. On 
ther hand, the liquid film flow rate does not have substantial 
ence on the liquid film thickness change. The separation of 
roplets dispersed flows around obstacles with and without a 
ounted on its rear end is investigated numerically in [9, 10], 
ithout the inclusion of the liquid film flow on the wall.  
is paper the numerical investigation of annular two-phase 
 around an obstacle in the vicinity of the channel wall is 
rmed. Numerical simulations of gas phase, entrained 

lets and wall liquid film flows were performed with the 
-fluid model and with the application of a high order 
erical scheme for liquid film surface interface tracking. 
lts of the separation of gas and entrained droplets streams 
nd the obstacle, as well as the change of wall liquid film 
ness in the vicinity of obstacle are presented. Predicted 
d film dynamic behaviour is compared with the recently 
ined experimental results [4] and a good agreement is shown.  
 presented modelling approach is an improvement of the 
ious works [9, 10, 11] in a sense that the coupled calculation 
spersed two-phase flow separation around the obstacle with 
rediction of the liquid film hydro-dynamics on the wall is 
rmed.  

elling Approach 
wo-dimensional, three-fluid model is applied for the 
erical simulation of annular two-phase flow around the 
cle. Mass and momentum fluid flow conservation equations 
ritten for gas, entrained droplets and liquid film flow on the 

. Interface transfer processes are modelled by �closure laws�.  



Modelling Assumptions and Features 
a) Two-dimensional separated air and water two-phase flow is 

modelled. Liquid film flows on the wall. Air and liquid film 
streams are continuous, while droplets are dispersed within 
gas core. The liquid film surface has a finite thickness 
observed as a dispersed two-phase flow. Starting from the 
continuous liquid film area, in the direction perpendicular to 
the main flow direction, figure 1, the water volume fraction 
changes from 1 to the finite value determined by the amount 
of droplets dispersed in continuous gas flow. The thickness 
of the interface is determined with the ability of the applied 
numerical method to track front propagation. Here applied 
third order numerical method is able to track interface 
within two to four control volumes [6].  

b) Due to the three-fluid model formulation, the slip between 
gas-droplets, gas-liquid film and droplets-liquid film is 
taken into account.  

c) Droplet deposition is inherently included into the two-
dimensional formulation of the applied three-fluid model. 
Namely, entrained droplets flow in two-dimensions and 
deposition takes place when droplets reach the gas-liquid 
film interface area. At that instant the entrained droplets 
void fraction is added to the liquid film void fraction. 
Assumed lower practical value for liquid film interface 
existence is 0.001.  

d) Droplets entrainment from the liquid film surface into the 
gas core is calculated with a correlation developed for one-
dimensional separated two-phase flow [7].  

e) The flow is adiabatic under atmospheric conditions. Hence, 
the energy conservation equations are omitted.  

f) The two-phase flow is observed as semi-compressible, that 
is the acoustic flow effects are neglected, while the 
influence of the pressure change on the vapour and liquid 
thermo-physical properties is taken into account. This 
assumption is valid since the two-phase velocity is not 
higher than 20 m/s � 30 m/s.  

g) Turbulence is modelled with the k-ε model in both phases.  
h) The surface tension is taken into account at the liquid film 

surface as the continuous body force determined by the 
liquid volume spatial distribution.  

Governing Equations 
Conservation equations take the following form in the indicial 
notation.  
Continuity equation 
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Momentum conservation 
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In Eqs. (1,2) index k is 1 for entrained droplets, 2 for gas phase 
and 3 for liquid film. Parameters αk, uk,i and p are phase volume 
fraction, time averaged instantaneous velocity and pressure, 
respectively. As the consequence of the instantaneous equations 
time averaging the following turbulent (Reynolds) stress tensor  
term appears '

,
'
, jkuiku . The source terms on the r.h.s. of Eqs. 

(1)-(2) are as follows.  
                                 '"'"'"
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em and '"

dm are entrainment and deposition rates per unit 
me, respectively. Sums of the interfacial forces per unit 
me are  
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 are gas-droplets and gas-liquid film 

facial forces respectively, VMF
!

is virtual mass force, 1LF
!

is 

al force and σF
!

is surface tension force. Interfacial forces 
ed by momentum transfer due to droplets entrainment and 
sition are given by  
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me fraction balance equation is also included  

                              1321 =++ ααα   (12) 

ulence Modelling 
Boussinesq�s eddy viscosity concept is applied, which is 
ralized in the following form for momentum turbulent 
port 
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Kolmogorov-Prandtl relation is applied for the eddy 
sity prediction 
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ulent kinetic energy and dissipation are predicted by the 
equation k-ε model, which has the following form in 
esian coordinate system 
ulence Kinetic Energy Equation 
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Interface 

Liquid film flow  

Gas flow 

Figure 1.  A finite thickness of the modelled liquid film surface



Turbulence Dissipation Rate Equation 

        

( )

k
Ckk

PCk
ix
k

kk
ix

ix
kikukk

t
kkk

2

21,

,

ερεαε
εα

ε
εα

εραερα

−+













∂

∂
Γ

∂
∂

=
∂






∂

+
∂

∂

     (16) 

where Pk is the turbulent kinetic energy production for the phase 
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and diffusion coefficients are given by  
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Empirical constants are presented in the following Table. 
 

Table 1  Empirical constants for the standard k-ε model 
 

3.10.192.144.109.0
21 εεεµ σσ kCCc  

 
Boundary turbulent flow parameters are predicted with the "wall 
functions" at the flow channel wall and spacer�s surface.  
Closure Laws  
The interfacial drag force is calculated as  
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where CD is the interfacial drag coefficient, and Dp is the 
diameter of the dispersed particle. For dispersed flow patterns, 
CD is proportional to the square of the vapour velocity [8] 
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The surface tension force is calculated as 
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The lift force acts on the droplets in the direction perpendicular 
to the relative velocity [3] 
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Here the adopted value for CL=0.1 is similar to the value used for 
bubbly dispersed flow. 
The virtual mass force arises in the transient flow due to the 
force required to accelerate the apparent mass of surrounding 
phase when the relative velocity changes. It is given with [2]  
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e the values for CVM are determined as in case of bubbly 
phase flow in the range 1.2<CVM<3.4.  
lets entrainment from the liquid film surface is calculated 
rding to [7] with 

                         1
25.24" 101.1 ρδ⋅=em                             (26) 

e me
� is the mass of entrained droplets per unit film surface 

unit time in (kg/m2s). The entrainment mass rate in Eqs. (3) 
(5) should be calculated per unit volume, me

�� in (kg/m3s). 
ming that the liquid film surface is mainly parallel to the 
ontal x-axis, the volumetric rate of droplets entrainment me

�� 
tained from Eq. (26) by dividing it with ∆y - the height of 
ontrol volume which comprises liquid film surface. 

erical Experiments Boundary Conditions  
flow channel geometry and applied numerical mesh are 
n in Fig. 2. The obstacle is positioned in the narrow 
nel, 1 mm from the wall. The obstacle length is 30 mm and 
h is 0.5 mm. These dimensions correspond to the geometry 
ne flow channel in the 3x3 rod bundle experimental test 
on [4]. A chosen channel length is sufficient to comprise the 
ation length downstream the spacer. Dimensions of the 

rol volume are 2x0.05 mm and the flow domain is 
etized with 50x40 control volumes in x and y direction 
ctively. Further refinement of the computational mesh has 
n no practical change in predicted velocity fields and film 
ness. This insensitivity to the grid refinement is 
buted to the approximately parabolic nature of the 
, where the fluid streams are directed along the flow 
nel length. Except the steam and droplets 

ingement at the obstacle front end and the transition 
 the obstacle-wall gap to the obstacle downstream 

, the fluid streams are upstream dominated with 
igible influence of the downstream flow conditions. 
 of symmetry is assumed at the channel upper boundary with 
o called �adiabatic� conditions for all flow parameters. Zero 
ge of the flow parameters is taken at the channel exit. 
orm inlet air (18 m/s), droplets (14 m/s) and liquid film (0.5 
 velocity profiles are adopted. No velocity slip conditions are 
ied at the channel walls and at the obstacle surface. �Wall 
tions� are used for the prediction of turbulent kinetic energy 
dissipation rate at the channel wall and obstacle surface.  

erical Method of Solution 
control volume based finite difference method is applied for 
umerical solution of momentum conservation equations and 
ly developed third order accurate numerical scheme for the 

ion of the liquid phase volume fraction conservation 
agation) equation [6]. A pressure-correction equation is 
ed according to the SIMPLE numerical method [5] from the 
entum and mass balance equations. 

0 0.025 0.05 0.075 0.1
Channel height (m)

0

0.0005

0.001

0.0015

0.002

g

Outlet

Axis of symmetry

Inlet

Wall

Obstacle

Figure 2.  Geometry of the flow channel and numerical mesh



Two-dimensional flow field is discretized with rectangular 
control volumes. Two grids are formed, the basic one for the 
solution of scalar parameter equations (void fraction 
conservation equation and pressure correction equation) and a 
staggered grid for the solution of the momentum equations 
(prediction of velocity fields). The convection terms in 
momentum equations are approximated with upwind finite 
differences, while diffusion and source terms are approximated 
with central differences. Fully implicit time integration is 
applied. The resulting set of discretized momentum equations is 
solved iteratively by the Alternating Direction Implicit (ADI) 
method. For the calculation of a steady-state condition, the 
transient calculation procedure is performed with constant 
boundary conditions.  
A third order accurate numerical method is applied to the 
solution of gas-liquid interface tracking in two-phase flow [6]. 
The method is based on the transformation of the liquid volume 
fraction conservation equation into the form with the substantial 
derivative and the approximation of the substantial derivative 
with the finite difference along the fluid particle characteristic 
path. The fluid particle characteristic path in the temporal-spatial 
system is tracked from the solution of the momentum 
conservation equation. The initial value of the scalar parameter 
on the characteristic path is predicted by the application of the 
Lagrange interpolation polynomial of the third degree in two- 
dimensional space. The method effectively suppresses numerical 
diffusion and enables the interface tracking in two-phase flow by 
the application of the standard two-fluid model.  
 
Results and Discussions 
Figure 3 shows numerical results of the air-droplets separation 
around obstacle and the liquid film thickness change on the wall. 
Droplets impact at the front edge of the obstacle and a stream of 
droplets is directed from the edge towards the wall liquid film. 
These droplets are deposited at the film, leading to an increase of 
the film thickness. A liquid film thinning is calculated in the gap 
between the wall and obstacle, with the subsequent increase of 
the film thickness downstream from the obstacle. The liquid film 
thickness decrease is caused by the air stream acceleration and 
liquid film-air interfacial shear stress increase in the gap, while 
downstream film thickness recovery is caused by the air de-
acceleration and deposition of droplets, which separate from the 
air stream in the dispersed flow around the obstacle. The liquid 
film thinning around the obstacle and subsequent downstream 
film thickness increase are experimentally observed [4]. Also, 
large amplitude film waves with film bridging from the wall to 
the obstacle are experimentally observed. Numerical results 
indicate that the liquid film bridging is triggered within the 
intensive droplets current from the obstacle front edge to the 
liquid film. Air velocity profiles are shown in figure 4. Airflow 
acceleration in the wall-obstacle gap is clearly presented. Also, it 
is shown that the position of the air velocity vectors close to the 
wall change according to the change of the liquid film thickness. 
Comparing figures 4 and 5 it is seen that droplets and air velocity 
fields are similar.  
 
Conclusions 
Two-dimensional numerical investigation of annular two-phase 
flow around the flow channel obstacle is performed. Coupled 
liquid droplets and wall liquid film flow behaviour is shown. 
Strong droplet separation from the air stream at the obstacle front 
edge is obtained with the subsequent deposition on the wall film. 
Predicted liquid film thinning in the wall-obstacle gap is in 
agreement with experimental evidence.  
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Figure 3.  Air void fraction distribution around the obstacle  
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Figure 4.  Air velocity profiles 
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Figure 5.  Water velocity profiles 
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