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ABSTRACT 

Model of transition from the horizontally stratified condensation-induced counter-current 
flow to slug flow has been analyzed with computer code WAHA and compared to the 
experimental data obtained in the steamline of the PMK2 test facility of Hungarian Atomic 
Energy Institute. The experiment was performed in the steamline initially filled with hot vapor 
that was gradually flooded with cold liquid. Successful simulation of the condensation-induced 
water hammer that follows the transition, requires accurate description of the horizontally 
stratified and slug flow regimes and criteria for transition between both flow regimes. Current 
version of the WAHA code, not verified for the condensation induced type of the water hammer, 
predicts the water-hammer pressure peak that exceeds 600 bar, while the measured pressure is   
pm = 170 ± 50 bar. Sensitivity analysis of the inter-phase exchange terms and transition 
conditions, pointed to the most important closure relations for heat, mass and momentum transfer. 
The main conclusion of the analysis is large uncertainty of the simulations: minor modification of 
the crucial correlations can lead to a severe water-hammer in one case, or to the "calm" transient 
without pressure peaks in the other case. Large uncertainty is observed in experiments. The same 
simulation was performed also with RELAP5 code. However, no water hammer was predicted. 

1 INTRODUCTION 

The condensation-induced counter-current flow, which is special case of horizontally 
stratified flow, is a subject of a detailed study performed with the WAHA code. The 
condensation-induced water hammer experiment is contribution of Hungarian Atomic Energy 
Institute (AEKI) [1] to the WAHALoads project [2]. The experiment is performed at the steam-
line of the PMK-2 test facility. It consists of one initially steam filled horizontal pipe section with 
vertical sections at the beginning and at the end (see Fig. 1). At the beginning of the horizontal 
section is the intake of the cold water with constant velocity, while the opposite side of the pipe is 
connected to the steam tank with constant pressure. At the beginning of the experiment the water 
that enters the horizontal part of the pipe, is horizontally stratified. During the flooding the 
interfacial area increases and therefore increases condensation rate and steam velocity over the 
steam-water interface. Due to the increased relative velocity between the phases and consequently 
due to the Kelvin-Helmholtz instability [5] the interface became wavy. As the flooding process 
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continues, the amplitude of the waves increases and finally a steam bubble is entrapped between 
two wave crests (water slugs). Very significant water hammer may appear as the entrapped bubble 
condenses.   

The experimental results pointed to the stochastical nature of the phenomena as the time of 
the slug formation and it's rapid condensation varies significantly between various experimental 
runs performed with the same initial and boundary conditions. For instance, the particular 
experiment considered in the present paper with the same initial and boundary conditions was 
repeated twice with the pressure peak 102 bar in one case and 216 bar in the other case. The 
crucial parameter is rather complex water hammer initiating mechanism that can be assigned as a 
moment when steam bubble is entrapped between two subcooled water slugs (wave crests). One 
can easily conclude that onset of initiating mechanism strongly depends on interfacial heat, mass 
and momentum transfer in condensation induced counter-current flow. Our study was performed 
with recently developed WAHA code, where onset of initiating mechanism, also switches 
between horizontally stratified flow regime correlations and dispersed flow regime correlations. 
Since relaxation coefficients between the flow regimes can differ for several orders of magnitude, 
the paper shows that precise transition criteria is necessary for successful simulation.  

Cold water
injection

Steam tank

Steam

1

...2 3 4 5

59

58575655...

INITIAL CONDITIONS:
steam temperature Ts = 470 K
liquid temperature Tl = 295 K
liquid velocity vl = 0.242 m/s

pressure p = 14.5 bar

GEOMETRY:
pipe length l = 2.95 m

pipe diameter d = 73 mm
number of volumes N = 59

 
Figure (1):The WAHA code model: geometry and initial conditions 

 

2 THE WAHA CODE 

The WAHA is one-dimensional, six-equation two-phase flow code that is currently able to 
simulate fast transients in nuclear power plants (NPPs) pipeline systems. The WAHA code was 
developed within the WAHALoads research project, which was founded within the 5th EU 
research program. The project is entitled “Two-phase flow water hammer transients and induced 
loads on materials and structures of nuclear power plants”. The objective of the project was to 
elaborate improved and innovative tools and methods for maintaining and improving the NPPs 
safety and to predict the loads on equipment and support structures of existing NPP installations, 
which were caused by fast transients, i.e. water hammers and shock waves.   

The mathematical model of the WAHA code is a one-dimensional six-equation two-fluid 
model similar to the models of RELAP5, TRAC or CATHARE computer codes. The basic 
equations are mass, momentum and internal energy balances for vapor and liquid, without terms 
for wall-to-fluid heat transfer. The pipe elasticity is taken into account in the equations, because it 
significantly reduces the speed of sound in fluid, especially in the pipes with small wall-thickness.   

Applied non-conservative numerical scheme of the WAHA code is based on the two-steps 
operator splitting and characteristic upwind method (Godunov methods); i.e. convection with non-
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relaxation source terms and relaxation sources are treated separately. The applied operator splitting 
method is formally first-order accurate. However, the numerical tests showed, that despite the 
formally lower order of accuracy, the results are practically the same as with the second-order 
Strang operator splitting method. The numerical scheme has been described in [3,4,5].  

2.1 Flow regimes 

The WAHA code distinguishes two flow regimes: dispersed flow and horizontally stratified 
flow, with transitional area between both regimes. The flow regime is evaluated for each volume 
in each time step. 

 

vr

Dispersed flow
S = 0

α > 0.95 Droplet flow
0.95 > α > 0.5 Transitional flow

α < 0.5 Bubbly flow

Horizontally stratified 
flow
S = 1

Transitional area
1 > S > 0

0.5 vcrit vcrit
 

Figure (2): The WAHA flow regime map 
 
Flow is dispersed with stratification factor S = 0 if at least one of the following conditions 

hold. Relative velocity vr is larger than the critical velocity: 
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This expression is an approximation based on the criteria for the onset of the Kelvin-Helmholtz 
instability [5]. There are five additional conditions applied in the current version of the WAHA 
code. The first condition prevents stratification at very low or very large vapor volume fraction    
(α < 0.01 or 1 − α < 10-5). Next, stratification cannot appear in pipes with inclination larger than 
45 degrees (same criterion in RELAP5). Stratification is not possible for high mass fluxes 

smkgvmm
2/3000>ρ  (RELAP5 and Cathare) and finally, the stratification is not possible at large 

mixture velocities smvm /30> . 
Flow is horizontally stratified with stratification factor S = 1, if additional conditions are 

not fulfilled and 2/criticalr vv < . Otherwise flow is transitional between dispersed and 
horizontally stratified flow, and stratification factor S is linearly interpolated. 

2.2 Closure terms 

The virtual mass term CVM is used to obtain hyperbolicity of the system: 
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The interfacial pressure term exists only in horizontally stratified flow and it enables 
consideration of pressure gradients due to the wavy interface: 

gDSp gfi ))(1( ρραα −−= .       (3) 

Closure terms that do not include derivatives are source terms and they depend on flow 
regime.  Source terms in the WAHA code are: 
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1. Terms with inter-phase drag (Ci). 
2. Terms with inter-phase exchange of mass and energy: 

• Vapor generation rate (Γg), 
• Interface heat transfer terms (Qif, Qig). 

3. Terms due to the variable pipe cross-section.   
4. Terms with wall friction (Ff,wall , Fg,wall). 
5. Term with volumetric forces (g cosθ). 

Source terms under points 1. and 2. are the so-called relaxation source terms. Relaxation source 
terms are inter-phase mass, momentum, and energy exchange terms that tend to establish thermal 
and mechanical equilibrium between the phases. Other, non-relaxation source terms are terms 
with wall friction, volumetric forces, and wall-to-liquid heat transfer.  

 
The interfacial friction coefficient Ci in momentum equations is calculated from 

correlations, which are valid for two-phase (water-vapor) and two-component flow (water-ideal 
gas). In dispersed flow where vapor volume fraction α < 0.5 interfacial friction coefficients are 
calculated from equation: 

gfDfi aCC ρ
8
1= ,         (4) 

where CD is drag coefficient and agf is interfacial area concentration: 

Re/)Re1.01(24 75.0+=DC ,       (5) 

0/6.3 da bubgf α= .        (6) 

Here abub is modified vapor volume fraction, d0 is average slug diameter and Re is Reynolds 
number. If α > 0.95 then calculation of friction coefficient is limited to avoid nonphysical values 
(Ci must be larger than 0.1 kg/m4). Otherwise, if 0.5 < α < 0.95, then exponential interpolation is 
applied. In horizontally stratified flow the interfacial friction coefficient is calculated from the 
equation, which states that magnitude of the drag force of the gas on the liquid is equal to the drag 
force of the liquid on the gas: 
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Interfacial friction coefficient is then calculated as: 
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where fk are friction factors, vi is interface velocity and agf is interfacial area. In transitional flow 
interfacial friction coefficient is calculated using interpolation. 

 
Calculation of inter-phase heat and mass transfer is available only in water-vapor two-

phase flow. The mass transfer (vapor generation rate gΓ ) is calculated as: 

**
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igif
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+
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where hk
* are specific enthalpies and Qik are liquid-to-interface and gas-to-interface heat fluxes. 

The volumetric heat fluxes are calculated as: 
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)( fSihih TTHQ −=        k = f, g       (10) 

where volumetric heat transfer coefficients Hik varies between different flow regimes. Detailed 
form of the correlations for Hif  and Hig  in stratified and dispersed flow are given in [5]. 

3 TRANSITION ANALYSIS AND RESULTS 

Initial and boundary conditions of the modeled experiment are as follows (see Fig 1): 
pressure p = 14.5 bar, steam and water temperature 470 K and 297 K, respectively and mass flow 
at the inlet of the pipe Gwater = 1.01 kg/s. In order to avoid numerical difficulties, two vertical 
volumes are added at the beginning and at the end of the pipe. Total length of the pipe is L = 2.95 
m that is approximated in the WAHA model with 59 numerical volumes. The set of measurements 
contains data from three pressure transducers, four local void probes with integrated 
thermocouples and one advanced wire-mesh sensor. For the purpose of this paper pressure 
transducer No.1 and wire-mesh sensor data were used, both located at position l = 0.65 m that 
correspond to volume 13 in the WAHA model. Influence of the wall friction and pipe elasticity on 
the transient and the pressure peak was found to be negligible. The experiment was modeled with 
basic WAHA model, which takes into account all flow regime dependent relaxation source terms 
and basic flow regime transition conditions.  

At time t = 0.0 s, the horizontal part of the pipe is filled with hot steam and cold water starts 
to inflow from the vertical volume. The sub-cooled water and steam are separated and the phases 
flows in opposite directions i.e. the flow is counter-current horizontally stratified. Therefore, 
stratification factor in Figure 3 left is equal to one, except at the end of the pipe where still pure 
steam exists (note: stratification factor in single phase flow is always zero). The right figure shows 
modest condensation (negative vapor generation rate). Vapor condensation is stronger near the 
head of the wave due to the relative velocity that is highest above the head of the liquid wave. 
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Figure 3: Left: Stratification factor and vapor volume fraction profile, Right: Vapor 

generation rate profile, both at t = 3.00 s. 
 
As the flooding continues, interfacial surface area increases, vapor condensation is stronger, 

and the relative velocity above the wave crest is growing. However, according to the WAHA 
results, the criterion for the onset of Kelvin-Helmholtz instability and transition into dispersed 
flow is not achieved until the liquid wave hits and reflects from the opposite end of the horizontal 
section. Figure 4 left shows formation of the slug wave and corresponding stratification factor, 
while the right figure shows interfacial friction coefficient Ci and vapor generation rate Γg at the 
same time. When dispersed flow correlations are applied at forehead of the wave, vapor 
generation rate and interfacial friction coefficient are drastically enlarged comparing to 
horizontally stratified flow in Fig 3. 
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Figure 4:  Left: Stratification factor and vapor volume fraction profile. Right: Interfacial 

friction coefficient and vapor generation rate profile, both at t = 4.63 s. 
 

Immediately after the slug formation the WAHA predicts transition from horizontally 
stratified into dispersed flow also inside the entrapped bubble. It is important to stress that the 
transition to dispersed flow emerges due to fulfillment of the mixture mass flux transition 
condition (Fig. 5 right) and not due to anticipated Kelvin-Helmholtz relative velocity condition. 
Figure 5 left shows that the pressure inside the bubble at position l = 0.65 m and time t = 4.63 s 
due to the condensation quickly drops from 14.5 bar to saturation pressure of the sub-cooled 
water psat ~ 0.04 bar. This pressure difference accelerates the slug. When the bubble is condensed, 
the collision of the water slug generates water hammer with pressure peak over 600 bar (Fig. 5 
left, first peak), which exceeds measurement at AEKI device (170 ± 50 bar). The first pressure 
peak is overestimated with the WAHA code but, considering complexity of the transient and the 
basic purpose of the WAHA, it is satisfactorily that the WAHA catches the phenomenon. For 
example, the same calculation performed with RELAP5 code did not predict any pressure peak. 
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Figure 5:  Left: Pressure history. Right:  Mixture mass flux history. Dashed lines denote 

transition condition for mixture mass flux, both at l = 0.65 m. 
 
Considering only the first pressure peak it is obvious that it is necessary to reduce the 

acceleration of the water slugs and therefore to reduce the condensation rate inside the steam 
bubble. Therefore, sensitivity analysis of relaxation coefficients in closure equations was 
performed to find influential coefficients. As shown in Table 1 left each coefficient was 
multiplied with factors 10 and 0.1. Remaining coefficients were untouched. It is obvious that 
except in three cases where no water hammer occurs, the multiplied coefficients have very small 
influence on the first pressure peak.  
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Table 1: Left: Pressure peak with multiplied inter-phase exchange coefficients. Right: 

Pressure peaks at various transition criteria between flow regimes. 
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 vcrit 62  complex 
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α < 0.01 and (1 - α) < 10-5 133 630
β < 45 ° 140 620

ρmvm > 3000 kg/m2s 180 138
vm > 30 m/s 44 645

Pressure peak [bar]

 
 
Table 1 right shows pressure peaks, obtained during the sensitivity analysis of the transition 

criteria between the horizontally stratified and dispersed flow regimes. First column contains 
results where only two conditions are used for transition: vcrit and one among the others. The 
second column contains results where all except mentioned condition are used. This table is very 
interesting because it confirms our finding (Fig. 5 right) that the mixture mass flux condition 
plays the most important role in condensation-induced water hammer, considering only the 
intensity of the pressure peak. 

Two additional cases confirm the importance of transition conditions. If only horizontally 
stratified flow correlations are used the wave is formed but it doesn’t form the slug. The pipe is 
filled with water without any water hammer. If only dispersed flow correlations are used, 
numerous small bubbles are formed and condensed during the simulation, however the pressure 
peaks that follow are very weak  (∆p < 4 bar). 

As mentioned, the coefficients in horizontally stratified flow compared to dispersed flow 
can abruptly change for several orders of magnitude. To smoothen currently sharp transition, 
temporary linear interpolations were applied in flow regime transition conditions. For example 
mixture mass flux condition: instead of sharp transition at ρmvm = 3 000 kg/m2s, the following 
linear model was used: 

• dispersed flow correlations are applied if ρmvm > 30 000 kg/m2s,  
• horizontally stratified correlations are applied if ρmvm < 2 500 kg/m2s,  
• otherwise linear interpolation is used.  

Both limits of the interval are discussable and are valid only for simulation of the present 
experiment. Pressure time history obtained with smoothed transition criteria is shown in Fig. 6. 
The main difference, comparing to the results shown in Figs 3 – 5 comes from the fact that after 
the slug formation, flow regime in the entrapped bubble remains stratified. Due to the slower 
condensation in the horizontally stratified flow, the entrapped bubble pressure doesn't drop to the 
saturation pressure of the liquid. Thus, the pressure difference that accelerates the slug is much 
lower, which means that the slug velocity is lower and therefore water hammer pressure peak is 
lower too. This can be easily checked with Joukowsy’s equation for rapid liquid velocity change 
in the pipe. 
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Figure 6:  Pressure history at l = 0.65 m (smooth model). 

4 CONCLUSION 

Preliminary analysis of water hammer induced by the injection of the cold liquid into the 
hot steam filled horizontal pipe was performed. Results are compared with one of the 
experimental runs performed at AEKI’s PMK-2 test utility. The study points to a stochastic nature 
of the phenomena, which is characterized by the slug formation and pressure peak caused by the 
rapid condensation of the vapor entrapped behind the slug. The six-equation model of the WAHA 
code can describe the phenomenon, but not very accurately. The most important closure model 
seems to be a criteria for transition from the horizontally stratified to dispersed flow. Variation of 
the closure relations in the transition area between the horizontally stratified and dispersed flow 
can create the pressure peak that is very close to the measured. On the other hand, analysis of the 
experimental data shows that initiating mechanism of the slug formation predicted by WAHA 
doesn't match the experiment. Our further work is concentrated on analysis and development of 
improved closure relations for inter-phase exchange of mass, momentum and energy, that will be 
able to capture the whole spectrum of the water hammer experiments performed in PMK2 device 
at various pressures, temperatures and fluid injection flow rates.  
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