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ABSTRACT
One of the most important problems in the light-water nuclear thermal-hydraulics is
behaviour of the cold emergency core cooling water injected from the top or from the bottom
into the horizontal section of the cold leg near the reactor vessel during the loss of coolant
accident. The stratified flows appear where cold water is injected in partially or fully
uncovered horizontal cold leg. The hot steam condenses on cold water surface what is also
called direct contact condensation. Direct contact condensation and condensation induced
water-hammer in a horizontal pipe were experimentally investigated at PMK-2 test facility of
the Hungarian Atomic Energy Research Institute KFKI. The cold water is injected through
small pipe into lower horizontal part of the section, and then water fills the vertical pipeline
and floods the horizontal test section of the pipeline of the PMK-2 integral test facility. As
liquid water floods the horizontal part of the pipeline, the counter current horizontally
stratified flow is being observed. During the flooding of the pipeline, the steam-liquid
interface area increases and therefore the steam condensation rate and the steam velocity also
increase and can lead to bubble entrapment. Water level at one cross-section and four local
void fraction and temperature at the top of horizontal test pipeline was measured and
compared with simulation. Condensed steam increases the water temperature that is why the
local temperature measurements are the most important information, from which
condensation rate can be estimated, since mass of condensed steam was not measured.
Numerical simulation of the experiment with thermal phase change is presented. Surface
renewal concept with small eddies is used for calculation of condensation heat transfer
coefficient. Two simulations were performed: simulation of whole experimental domain
(lower horizontal, vertical and test horizontal pipeline) and simplified simulation of only
upper horizontal test section. In both numerical simulations the condensation rate is
significantly increased during bubble entrapment and its condensation. The local temperatures
in experiment are compared with simulation.
1

INTRODUCTION

Only a limited analytical approach to the problem of DCC in horizontal stratified flow
is possible, therefore experiments are necessary. There were a lot of experiments done to
analyze and understand the DCC phenomena [1-5]. Several integral condensation correlations
were developed with Nusselt number as function of liquid Prandtl and Reynolds number and
gas Reynolds number. Two frequently used condensation correlations for heat and mass
transfer during the DCC in stratified flow were derived from experimental results by Lim et
al. [1] and Kim, Lee and Bankoff [2]. Integral condensation correlations are based on bulk
flow properties and are valid only in a specified range of parameters and geometry (usually
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pipe or channel). More precise modelling can be done with Computational Fluid Dynamics
(CFD) codes, where local condensation correlations with one of techniques for simulation of
stratified flow are used. Local condensation correlations are based on local flow properties,
usually turbulent quantities, and can be used for all geometries.
Several attempts to model DCC can be found in the literature. Simulations of stratified
flow with a 2D two-fluid model are performed by Yao et al. [3], who made simulations of
stratified flow with and without the condensation. Experiments and models of DCC in a
rectangular duct and rectangular tank were described by Lorencez et al. [4] and Mikielewicz
et al. [5]. Especially Lorencez et al. [4] with their sophisticated experiment made a detailed
measurement of the turbulence near the free surface and clarified the impact of the turbulence
on the interfacial heat and mass transfer coefficients. Hughes and Duffey [6] introduced a
"surface renewal theory" for DCC in turbulent separated flow, which points to an important
role of the turbulence in the liquid layer. 2D CFD simulations of ECC injection of subcooled
water into horizontally stratified hot leg flow (experimental device COSI) were performed by
Coste [7] using two-fluid model with interfacial heat and mass transfer model based on
surface renewal concept [6]. Experiment on COSI experimental device was also simulated by
Boucker et al. [8] with CFD code Neptune_CFD [9] who also used surface renewal concept
[6].
Our objective is to validate the condensation model, from the water heat up in
experiments, which is mainly due to condensation. During ECCS injection in partially or fully
uncovered cold leg, the pressurized thermal shock occurs, where the cold water temperature is
important parameter and should be predicted with good accuracy.
2

EXPERIMENTS

A set of experiments with improved steam volume fraction measurement was run at
Hungarian KFKI experimental device PMK-2 (Prasser et al. [10] and [11]) within the
WAHALoads project of the 5th EU research program. Attempts to describe the KFKI
experiment with the 1D two-fluid model of the WAHA code (Tiselj et al. [12]) pointed to
large uncertainties of the simulations related to the model of stratified-to-slug flow transition
and correlations for interfacial heat, mass and momentum transfer. Gale [13], [14] smoothen
the transition from stratified to disperse flow and condensation mass transfer during the
transition in WAHA Code, and improved agreement of pressure peaks in simulation with
pressure peaks measured in KFKI experiment.
Test section of the water hammer facility consists of a 3,2 m long horizontal pipe with
inner diameter 73 mm. Steam generator supplies steam for the test section. Pipeline section
connected to the condenser is isolated in the water hammer experiment. The supply of cold
water is obtained with a 75 litre water tank pressurized with nitrogen. Water is injected thru
pipe with inner diameter of 24 mm, connected to lower horizontal pipe, by opening the valve
in the injection line.
All together, 35 water hammer experiments at the PMK-2 device were performed, at
initial steam pressures between 10 and 40 bar and at cold water temperatures between 17 and
140 °C. Cold water mass flow rates were between 0.7 and 1.7 kg/s. Before the start of each
experiment the whole construction was heated with steam for a few hours. Steam pressure in
the pipe and water tank flow rate can be considered as constant during the transient.
Experiments performed at PMK-2 are described in the reports by Prasser et al. [10], [11]. The
most important results for the present paper are actually local void and temperature
measurements, and not the water hammer pressure peaks. From the local void measurements
and wire mesh sensor entrapment of the steam bubble can be seen. The reason for the bubble
entrapment can not be explained from the experiment data. Two reasons are possible:
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entrapment is due to interface instability, believed to be the Kelvin-Helmholtz instability,
because relative velocity is high enough that free surface gets in touch with the upper pipe
wall. The other possibility is entrapment of the steam bubble due to the wave reflection from
the end of the pipe. Results of numerical simulations showed that bubble entrapment is due to
surface instability. It is important to stress the rather large uncertainty of the experiments especially the maximum pressure peaks recorded: two experiments performed at very similar
initial conditions can give very different pressure peaks with a difference of factor ~2 not
uncommon.
3

NUMERICAL SIMULATIONS

In present work only the simulation of experimental case without water hammer was
performed. The pipe domain was discretized with a structured grid. We used from 400 up to
24,500 hexa elements. The meshes on fig. 2-4 are named Hn, where n stands for number of
elements in pipe height. The geometry and boundary conditions can be seen on fig 1. Initially
pipe is fully filled with steam at saturation at 30 bar. The injected water temperature is 97°C
(subcooling of 137°C). The steam is supplied at saturation conditions (30 bar).
Numerical simulation was performed with Neptune_CFD code [9]. More about models
and numerical methods can be found in Neptune_CFD documentation [9]. Simulations with
Neptune_CFD are performed with real gas properties (CATHARE code steam tables –
pressured and temperature dependent properties). One continuity, momentum and energy
equations were solved with the k-ε turbulent models for each phase. The conservation of mass
in our simulations is 0.15 %.
The interphase mass transfer per unit volume due to condensation is calculated
as Γ = m& A , where interphase area density is calculated as A = ∇α . Interphase mass flow rate per
unit of interfacial area is calculated from liquid heat transfer coefficient HTCL, difference
between saturation enthalpy of steam hS,sat and liquid enthalpy hL, and difference between
saturation temperature Tsat = Tsat ( p ) and liquid temperature TL
m& =

HTC L (Tsat − TL )
hS ,sat − hL

(1)
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Figure 1: Numerical domain with boundary conditions and local measurements of
temperature (p=30 bar, TLiquid=97°C, TSteam=234 °C, m& =1 kg/s).
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The heat transfer coefficient was calculated using surface renewal theory introduced by
Hughes and Duffey [6]:
HTC L =

2 ρ L c p ,L

νL

π

(a L )1 / 2 ut

=

2 λL

π νL

Pr1 / 2 ut

(2)

u t = C 1μ/ 4 k 1L/ 2 ; C μ = 0.09

(3)

In equations above ut is velocity scale, Pr Prandtl number, ρL liquid density, cp,L liquid
specific heat capacity at constant pressure, λL thermal conduction, νL liquid viscosity and kL
liquid turbulence kinetic energy modelled with turbulence model. The maximum heat transfer
coefficient observed in simulations is 2,000,000 W/m2K, average is about 10-times smaller.
The local interfacial mass transfer rate is up to 2000 kg/m3/s, average is about 10-times
smaller.
3.1

Simplified numerical simulation

First we performed numerical simulation of only upper horizontal part where
measurements are available.
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Figure 2: Local temperatures in simplified numerical simulations on different meshes
and experiment at 4 measurement points.
The local temperature development on 4 measuring points in the experiment (red line)
and in the numerical simulations on four different meshes is presented on fig. 2. On the
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measurement point T1, which is the nearest to the transition from vertical to upper horizontal
part, several bubble entrapments appear in the experiment. Sudden decrease of temperature in
fig. 2 indicates that water flooded the measuring point and high temperature indicates that
steam is located at the measuring point. In numerical simulations no bubble entrapment is
observed at measuring point T1. At the measuring point T2 the final temperature in
simulations is lower then in the experiment. At the measuring point T3 and T4 the final local
temperature in simulation is higher then in the experiment. When the water floods the
measuring point T3 slow decrease of temperature is observed, which is even slower in
simulations at finer meshes. In the experiment water flooding of the temperature measuring
point is observed as sharp temperature decrease.
Integral condensation rate versus time in simulations calculated on different meshes is
plotted on fig. 3. Large peak of condensation rate is at nearly the same time on all meshes
(2.25±0.5 s) and appears at the same time as bubble entrapment is observed. During bubble
entrapment the interfacial area and the turbulence kinetic energy is increased that is why also
condensation heat transfer coefficient and condensation rate is increased. The value of the
condensation rate peak remains nearly the same (0.39±0.02 kg/s) on all meshes. The mass of
overall condensed steam is nearly the same on all meshes (0.4±0,014 kg).
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Figure 3: Condensation rate (integral) in simplified numerical simulations calculated on
different meshes.
3.2

Numerical simulation of whole domain

We also performed numerical simulation of the whole domain. The inlet diameter is
relatively small, that is why injected water forms a jet. Due to large inlet velocity of water the
timestep must be very small, what increases CPU time. In the lower horizontal part two
bubble entrapments are observed and in the upper horizontal part one smaller bubble
entrapment is observed. The final local temperature in the numerical simulation (fig. 4) at the
measuring point T2 is lower than in experiment and at measuring point T3 and T4 is higher
than in experiment, what is also observed in simplified simulation. When the water floods the
measuring point T3 slow decrease of temperature is observed, which is even slower in
simulations on finer meshes. The mass of condensed steam is 0,463±0,036 kg, what is only
slightly more then in the simplified simulation.
On fig. 5 the integral condensation rate is plotted versus time. Three peaks are observed
at times which corresponds to three steam bubble entrapments. In the first period two bubble
entrapments in lower horizontal part are observed; then filling of the vertical pipe follows;
afterwards bubble entrapment in the upper horizontal pipe; then condensation on water
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surface that is filling the horizontal pipe until pipe is completely filled with water. The
condensation rate peak in upper horizontal pipe is much smaller in simulation of the whole
domain then in the simplified simulation. This is due to the fact that water is preheated in the
lower horizontal part and much less intense condensation occurs due to the smaller
temperature difference.
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Figure 4: Local temperatures in numerical simulations of whole domain on different
meshes and experiment at 4 measurement points.
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Figure 5: Condensation rate in numerical simulations of whole domain calculated on
different meshes.
Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, Sept. 10-13, 2007

216.7

Volume fraction field at different time steps is plotted on fig. 6. The water jet can be
observed at beginning (0.25 s). The state before the first two bubble entrapments is visible
(0.25 s, 1 s) and the state before bubble entrapment in upper horizontal pipe (8 s) can also be
seen. Filling of the upper horizontal pipe is visible at later times.

Figure 6: Volume fraction in simulation of whole domain at different time steps (0.25 s,
1 s, 6s, 8 s, 10 s, 14 s).
4

CONCLUSIONS

The ongoing work of CFD simulation of KFKI experiment is shown in this paper. The
local temperature is not in good agreement with experiments due to stochastic nature of
phenomena. We showed that during the bubble entrapment, the condensation rate is
significantly increased. The evolution of local temperature is mesh dependent, but the overall
mass of condensed steam is not mesh dependent. The water heat up is overestimated on all
measuring points. In case where the whole domain was simulated the condensation rate
during bubble entrapment in upper horizontal pipe was smaller then in simplified simulation,
due to smaller temperature difference (preheated water in lower horizontal part). The
simulation of KFKI experiment is a difficult task due to the fact that several bubble
entrapments are present in upper and lower horizontal pipe. All bubble entrapments affects
the condensation rate and increases the water temperature, which is the only parameter
measured in experiment, which can be compared with simulation to verify the condensation
model. The Hughes-Duffey correlation for direct contact condensation will be used in the
further analysis with some modification which will decrease the condensation rate.
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