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Abstract
Counter-current flow regimes of air and water are investigated in the WENKA test facility at

Forschungszentrum Karlsruhe. With the fluorescent PIV measurement technique, velocity and velocity
fluctuations are measured up to the free surface. A statistical model is presented to correlate the
measured void fraction with the turbulent kinetic energy calculated of the measured velocity
fluctuations. The experimental data are used to develop a phase interaction model to simulate stratified
flows. Two different approaches are compared for turbulence modelling, namely the Prandtl Mixing
Length Scale and an extended k-ω model for the two phase region.

Introduction
In the field of safety analysis of nuclear reactors, counter-current stratified flows of water and

steam are of great importance. Such thermohydraulic flow phenomena will occur during a Loss of
Coolant Accident (LOCA), e.g. a rupture of the main cooling pipe. In such a case, coolant can be
injected through the hot leg to prevent the core from overheating. Different flow regimes can occur
depending upon the steam leaking from the core. If the steam mass flow is too high, partially reversed
flow will occur in the hot leg reducing the volumetric efficiency (ratio of coolant which effectively
reaches the core to injected coolant). The objective of the present research is to predict the volumetric
efficiency with CFD-methods. Therefore, appropriate models have to be included into the numerical
codes. One of the first experiments in horizontal ducts was conducted by Wallis [1], who investigated
the stability of counter-current two-phase flows. Most of the investigations in the last decades dealt
with the reflux condensation mode during a LOCA ([2], [3], [4], [5]). Few investigations were carried
out concerning flow phenomena during hot leg injection. Daly and Harlow [6] conducted a numerical
study and derived a model to predict flow reversal during hot leg injection, but no experimental data
supported their calculations. Full scale experiments were carried out in the Upper Plenum Test Facilty
(UPTF) [7].  The tests covered several injection modes and the results for hot leg injection yielded that
the liquid flow was partially reversed for high steam flow rates. Most of the investigations in the last
decades, however, presented one-dimensional data and yielded one-dimensional correlations. Kolev
[8] demonstrated the need for local experimental data in order to predict such flow phenomena with
numerical codes. To provide the required experimental data, the WENKA test facility was built at
Forschungszentrum Karlsruhe. This test facility is capable to investigate the flow phenomena of such
horizontal counter-current flows under various experimental conditions (Gargallo et. al. [9]).

555



CFD4NRS, Garching, Munich, 5-7 September, 2006, Germany

2

Test Facility
The test section (Figure 1) has a rectangular cross section (90x110mm) and a length of 470mm.

Air and water are used as test fluids and flow counter-currently at ambient temperature and
atmospheric pressure. Water circulates in a closed water loop between the water storage tank (600
litres) and the test section. It enters the test section beneath an inlet plate. The inlet plate can be
adjusted manually to provide liquid injection heights between 2 and 22mm. A fully developed air flow
is fed into the test section via an air inlet channel. It enters the test section above an air inlet plate
which is adjusted manually to the height of the liquid inlet plate. After the test section the air is
released to the atmosphere again. Several flow regimes can be observed in the test channel depending
on the air and water flow rates: Stable stratified flow, including sub- and supercritical flow and the
occurrence of a hydraulic jump. After flooding, a reversed flow can be observed where only a reduced
amount or even no coolant will be delivered to the end of the test section. In case of reversed flows,
the two phases are separated again in a cyclone which is positioned behind the test section. The
different possible flow regimes are also shown in Figure 1.

supercritical flow Fr>1 hydraulic jump Fr=1 partially reversed flow

Figure 1:  Test facility

Experimental Procedures
The kinematic and turbulent structures of the liquid flow were obtained with Particle Image

Velocimetry (PIV). This laser-optical measurement technique delivers the flow quantities without
disturbing the flow. The flow is seeded with small particles which follow the flow. These particles are
illuminated twice within a short period of time. The particle displacement is calculated by cross-
correlation methods. As the time period between the two illuminations is known, the two-dimensional
velocity distribution of the flow field can be obtained. A great challenge is to measure the local
structures at the moving free surface. The laser light sheet used to illuminate the flow will be reflected
at the wavy surface. This prevents the determination of the flow quantities at the free surface and can
cause the destruction of the PIV-camera if the laser light is directly reflected onto the camera’s CCD-
chip. This problem has been solved with a more sophisticated PIV-setup. An optical band-pass filter
which is impermeable for the frequencies of the laser light has been positioned in front of the camera
lens. Consequently, the reflections at the free surface have been eliminated. In order to record the
particle displacement, fluorescent particles have been used. The signal of these fluorescent particles is
frequency-shifted compared to the laser light and therefore these frequencies pass the optical filter.
The time-averaged velocities of the flow were calculated by:
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where N was the number of images taken. The turbulent velocity fluctuations were calculated as:
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In order to measure local void fractions, a measurement system including a single tip resistivity
probe has been developed. The probe reaches into the test channel through the upper channel wall and
can be traversed in vertical direction in steps of 0.005mm. The wavy interfaces of the investigated
flows consist of two continuous phases with almost no droplets. Therefore, the second electrode
needed for the electrical circuit is represented by the metallic parts of the grounded test facility, which
are in constant contact with the liquid phase. The system determines whether the liquid or gaseous
phase is in contact with the probe tip. To obtain time-averaged void fractions, the accumulated times
for which the probe tip has been in contact with the gaseous phase are divided by the total data
acquisition time:
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with a total data acquisition time of 120s and an acquisition rate of 200Hz.

Experimental Results
This chapter presents the experimental results for different investigated supercritical flows. The

measurements were conducted in the middle plane of the test section at two different positions x along
the channel for two different water inlet heights y0. The experimental conditions are given in Table 1.
Each experimental run was conducted independently. Therefore, also the Reynolds-numbers of the
runs within each case differ to some extent.

case run y0 [mm] x [mm] QL [l/min] QG [l/min] FrLO [-] ReL [-] ReG [-]
(a) 9 235 41,7 59,1 2,36 6520 37372(I) (b) 9 380 41,7 59,1 2,35 6615 37541
(c) 15 235 71,4 59,3 1,88 11211 39171(II) (d) 15 380 71,3 59,7 1,88 11397 39077

Table  1:  Experimental conditions

The inlet Froude-number is given by the ratio of inertial forces to gravitational forces and can be
written as:

)y(guFr 00L0 ⋅= (4)

where u0 denotes the mean velocity at the liquid injection, which is given by the liquid flow rate.
The liquid Reynolds-number has also been calculated with the liquid mean velocity and with the inlet
liquid height. The characteristic length for the Reynolds number for the air is given by the hydraulic
diameter dh:

[ ]z)y(h2z/)y4(hA/U4d 00h +−−== (5)
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whereas the height of the air inlet plate above which the air enters the test section has been adjusted to
the liquid inlet height y0. Furthermore, h denotes the channel height and z the channel depth.

Figure 2 shows the time-averaged velocity profiles for the presented flows. The wall normal
coordinate y is plotted against the local time-averaged liquid velocity components u in horizontal
direction and v in vertical direction normal to the bottom wall, respectively.

In all cases, the influence of the bottom wall can be seen in the velocity profiles in horizontal
direction where the liquid flow is slowed down near the wall. In the upper part of the liquid flow near
the maximum liquid heights, the liquid phase is slowed down by the counter-current flow of air. The
maximum velocities in horizontal direction can be found just below the maximum liquid heights. The
magnitudes of the maximum vertical velocities reach from 1.5 to 4.5 % of the mean velocities in
horizontal direction. The liquid heights of supercritical flows increase in direction of the flow, which
can also be seen in the positive values of the mean vertical velocities. As explained above it is obvious
that the vertical velocities are damped by the bottom wall as well as by the gas-liquid interface.

The velocity fluctuations can be seen in Figure 3. The magnitudes of the horizontal velocity
fluctuations urms are always higher than the vertical fluctuations vrms. It can clearly be seen, that the
fluctuations increase remarkably in the upper part of the flow. The increase of the horizontal
fluctuations can be explained by the deceleration of the flow. The increase of the vertical fluctuations
is due to the vertical motion of the interfacial waves.
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Figure 2:  Velocity profiles: (I) y0=9 mm, (II) y0=15 mm

Figure 4 shows the measured void distributions. Principally, a stratified liquid-gas flow can be
divided into three different sections. The lower part of the flow is represented by a closed liquid film
without gas (α=0). In contrast to that, only gas is present in the upper part of the flow (α=1). The phase
interaction section between the lower and upper section is characterized by a wavy interface (0< α <1).
The void profiles show a linear behaviour in the bulk area of the phase interaction section. The
gradient of the void distributions increases heavily towards the single phase conditions α =0 and α =1.
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Figure 3:  Rms-velocity profiles: (I) y0=9 mm, (II) y0=15 mm
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Figure 4:  Void distribution profiles: (I) y0=9 mm, (II) y0=15 mm

Statistical Model
A statistical model for the interaction of fluid particles can describe the measured void profiles.

The velocity measurements yield a Gaussian distribution of the local velocities which has a probability
P(v) as:
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The exponent in Eq. (6) can be rewritten as an energy ratio when extended by 2Lρ   and if
generalized to three dimensions:
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where Ekin is the turbulent kinetic energy of a fluid particle and Lk  is the local time-averaged turbulent
kinetic energy within the liquid. Let us regard the interaction of two fluid particles: If the kinetic
energy of the first particle is high enough to elevate the second particle from a position y to a higher
position y+dy, Eq. (7) yields the probability of the potential energy of the second particle:
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with dygEpot ρ∆=∆  as the increase of potential energy of the second particle. The probability that a
first particle transfers its kinetic energy to the potential energy of the second particle is:

)P(∆dy)α(yα(y))(11P potE+−= , (9)

because liquid must be at elevation y, for which case we have the probability (1-α(y)) and an empty
space must be at elevation y+dy, which has the probability α(y+dy). Inserting Eq. (8) into Eq. (9)
yields:
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The probability for the reverse process, where a fluid particle at position y+dy transfers its
potential energy to a particle at position y can be written as:

(y)kπρ2
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Under equilibrium conditions, the probabilities P1 and P2 must be equal. Equating both
probabilities and dissolving the equation yields:
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Eq. (12) represents a differential equation which relates the local void fraction to the local
turbulent quantities of the flow. The turbulent kinetic energy of a flow is always three-dimensional and
can be expressed as:

)w'v'u'(
2
1k

222
L ++= (13)

As PIV represents a two-dimensional measurement technique an assumption of the third
component 2w′  has to be made. Here 2w′  was assumed to be the same as 2v′ . A comparison of this
statistical model with experiments can be found in Stäbler et. al. [10].

Numerical part
Surface waves can only be simulated with very fine resolved grids or DNS calculations. For real

geometries a statistical time-averaged modelling has to be used for such surface waves. The
incompressible Two-Fluid Equations (see Drew and Passman [11]) describe a set of coupled Navier-
Stokes Equations which can exchange mass, momentum and energy between the two phases. For
stratified flows in a counter-current mode of air and water only small surface waves will occur. At the
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free surface only momentum is transferred from the water to the air and vice versa. The physical
momentum exchange is modelled with a phase exchange model.

The statistical time-averaging of the surface waves smears the free surface in between the
amplitude of the surface waves. Numerically this can be treated as a dispersion force sF  acting normal
to the free surface and which is proportional to the gradient of the void fraction.

Gs αCF ∇⋅= (14)

For horizontal flows the dispersion force is balanced with the buoyancy force which can be
written for two phase flows with the unit of force per volume,

GLGLA ααg)ρ(ρF ⋅⋅⋅−= (15)

yielding the following differential equation:
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Comparing the approach of the phase exchange model (Eq. (16)) with the derived theory of the
experimental data (Eq.  (12)) leads to the proportionality factor of the dispersion force.

LL kρ2C ⋅⋅= (17)

The proportionality factor of the dispersion force depends on the turbulent kinetic energy, which
could be expected because with increasing gas velocity the wave amplitudes are increasing and also
the turbulent kinetic energy. Comparing the experimental data and the numerical model leads to the
dominant forces which are the buoyancy force and the dispersion force caused by the turbulence. The
surface tension force plays no significant role for the case of horizontal flows and can be neglected
which is also confirmed by calculating the Weber number.

The drag exerted due to the shear stress at the interface is modelled by the drag force
implemented in CFX-10,
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where DC  is the drag coefficient, *ρ  the mixture density, charGL d/αα  the interfacial area density
and relu  the slip velocity. DC  and chard  have to be modelled for the phase interaction model. To find
a geometrical interpretation for the characteristic length scale for turbulent and wavy surfaces is not
possible like for bubbly flow. Instead a derivation is presented to correlate the characteristic length
scale with the shear stress at the interface.
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The drag force is integrated over the volume of the smeared surface and is equated with the integrated
shear stress over the free surface, which yields the following correlation.
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E.g. from Wang and Mayinger [12] the interfacial friction factor for turbulent flows is known. This
integral can be solved by substituting dy by the differential equation (16) which correlates the drag
coefficient with the characteristic length scale.
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The ratio between the drag coefficient and the characteristic length scale reduces the number of
coefficient which has to be calibrated. In the simulation a value of chard =0.003m is set for the
characteristic length scale and DC =0.1 is an appropriate value for the momentum exchange at the free
surface calibrated with the experimental data for supercritical flow.

Turbulence modelling is also important for an accurate prediction of the velocity profiles both in
the phase interaction region and the near wall region. The velocity of the gas phase feels the fluid
phase as a moving wall and vice versa. In this free surface region the velocity profiles for both phases
behave approximately as boundary layers and have to be accounted for by the turbulence modelling. In
order to gain a better understanding of the turbulence phenomena a Prandtl mixing length is used. The
eddy viscosity calculates to:

y
ulρµ 2

t ∂
∂

⋅= (22)

Using the non-dimensional universal wall function and differentiate with respect to y and using the
assumption for the shear stress yielding the following mixing length correlation for the near wall after
Prandtl:

yκl ⋅= (23)

Comparing the experimental data with the logarithmic wall function in figure 6 a deflection for
the experimental data can be observed. This region is known as defect layer and is caused by the free
turbulence in the outer area of the boundary layer. (See Rotta [13]). Coles [14], for example, proposed
to extend the wall function with a so called wake function to model the defect layer. But for the
supercritical flow the defect layer for the liquid phase shifts to lower +y . In this case the wake function
of Coles fails to predict the behaviour for the supercritical flow conditions. Instead we have developed
an empirical correlation which takes account of the geometry and the flow conditions in the test
facility.
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Applying the same procedure as described above for the derivation of the mixing length for the
near wall flow the following mixing length correlation can be derived for the wake function.
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A is a constant to adjust the amplitude of the defect layer and is set to 1.5. For numerical purposes the
function is limited to a maximum inlethl ⋅= 2.0max  to avoid numerical instabilities and unphysical
overprediction of the eddy viscosity. To take account of the turbulence at the free surface a modified
mixing length is used in the two phase layer which takes the value of 00025.0=surfacel . The inner

layer is modelled with 125.0⋅= inlethl . For the case of supercritical flow the mixing length in the two
phase region is smaller compared with the inner layer. This effect can be explained with the turbulence
damping at the free surface. Figure 5 illustrates the different layers and mixing length scales.

The results using the Prandtl mixing length model are sketched in the figures 7 and 8. The boundary
conditions are listed in table 1. As apparent from table 1 only supercritical flow is considered. The
proposed wake function resolves the eddy viscosity very accurately in the near wall region for all
cases. The prediction of the inner layer fails to predict the amount of the eddy viscosity because the
velocity gradient reaches zero.

lo g  la y e r yl ⋅= κ

w ak e  fu n c tio n .......
1yl ⋅= κ

in n e r lay e r constl =

P h ase  in te rac tio n  a re a 00025.0=l

Figure 5:  Mixing length scales over the liquid film height

Due to this fact the eddy viscosity goes to zero, too. This is a well know phenomenon and can be
explained with the missing of turbulence transport. Prandtl considered the production and dissipation
of turbulence as a constant process but in many flow patterns the amount of turbulence depends on the
flow history. This means that transport and diffusion of turbulence plays an important role, too. Also
equation (17) indicates, that the turbulent kinetic energy is important for the phase interaction process.

 To overcome the deficiency of the Prandtl mixing length a two-equation turbulence model is
used. Here the k-ω model of Wilcox [15] is chosen instead the k-ε model because the defect layer is
resolved better by the k-ω model. To take account of the turbulence damping in the phase interaction
region the k-ω model is extended by an additional production term in the ω-equation. This term leads
to a damping of the turbulent kinetic energy in the k-equation. Lopez de Bertodano et. al. [16] derived
a Reynolds Stress Model for a two-fluid model. He proposed to use an additional production and
diffusion term for the k-equation and a production term for the dissipation equation ε. In the case of
countercurrent flow only turbulence damping plays a role and is accounted for by the ω-equations like
the dissipation equation of Lopez de Bertodano. The k- and extended ω-equation calculates to:
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a φ2a β ′ β kσ ωσ
5/9 0.0006 (15mm)

0.0009  (9mm )
0.09 0.075 2 2

Table  2:   k-ω model constants

The calculations are performed with the finite volume code CFX-10 with FORTRAN routines for
the dispersion force. The transient computational mode is used. The figures 9 and 10 show the velocity
profiles for the case (c) and (d) with a parameter study for a constant φ2

a . If φ2
a <0.0025 the

momentum exchange due to the amount of calculated turbulence is too high and the hydraulic jump is
initiated. Partially reversed flow occurs only for the original k-ω model which can be determined from
the negative value for the flow velocity ( muuu /* =  and )0max(/* == lhyy α  is the axis notation). The
curve for the original k-ω model is sketched in figure 13. The figures 11 and 12 show the influence of
the constant φ2

a  for the turbulence production at the interface. The turbulence level of the experiments
is increasing at the interface whereas Tu is defined by muwvuTu /222 ′+′+′= . For the turbulence only a
part of the parameter study is shown due to the strong increasing of the turbulence level for less
damping at the interface. In the near wall region a divergence of the turbulence intensity of about a
factor 1.5 can be seen, but the eddy viscosity is calculated with the right amount of intensity which is
obvious from the velocity profiles. As apparent of the parameter study for the constant φ2a  the
turbulence level is calculated best by a value of φ2

a =0.0006.

Conclusions
Supercritical flows under counter-current flow conditions are investigated experimentally in the

WENKA test facility with the Fluorescence Particle Image Velocimetry and a single tip resistivity
probe. Experimental data are available up to the free surface. Time-averaged local velocity fields,
time-averaged local velocity fluctuations and void fraction distributions are presented and discussed.
The velocities in wall normal direction show very low values compared to the streamwise velocities.
Near the free surface, the liquid is decelerated by the counter-current flow of air. The velocity
fluctuations in vertical and horizontal direction increase remarkably within the wavy two-phase
region. A statistical approach is presented which correlates the turbulent kinetic energy of the liquid
phase with the void fraction distribution. This approach testifies a major influence of the turbulent and
potential energy of the liquid phase on the two-phase region. The derived differential equation is
implemented into the numerical code CFX-10 to model the momentum transfer for the two phase
region. The behaviour of the turbulence is first modelled with the mixing length and subsequently with
an extended k-ω model with an additional term, which takes into account the turbulence effects in the
two phase layer. The horizontal mean streamwise velocity component indicates a defect layer for the
liquid phase near the wall. For the mixing length a wake function is derived to model the defect layer
and good results are achieved for the near wall flow. The mixing length fails to predict the correct
amount of eddy viscosity in the inner layer due to transport phenomena of turbulence. Therefore, the
two-equation k- ω turbulence model is used. A parameter study is performed for the k- ω model which
indicates a best practice value for the additional two phase turbulence term. Applying this best practice
value yields numerical predictions which are in good conformity with the experimental results.
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Figure 7:  Velocity profile case (a) and (b) Prandtl

0

0,25

0,5

0,75

1

0 0,25 0,5 0,75 1 1,25

u* [-]

y*
 [-

]

(c)
(d)
u*(c)
u*(d)

Figure 8:  Velocity profile case (c) and (d) Prandtl
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Figure 9:  Parameter study velocity profile case (c)
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Figure 10:  Parameter study velocity profile case (d)
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Figure 11:  Parameter study turbulence level case (c)
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Figure 12:  Parameter study turbulence level case (d)
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Figure 13:  Case (c) with original k-ω model
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