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Abstract 
 
Steam condensation in a large pool of water creates both a source of heat and a 
source of momentum. Complex interplay between these two sources leads to 
either thermal stratification or mixing. Development of thermal stratification in a 
pressure suppression pool (PSP) of a boiling water reactor (BWR), increases 
temperature of the free surface reducing the steam condensation capacity of the 
pool and increasing containment pressure. It is important to know how fast a 
stratified pool can be mixed. Modelling of direct contact condensation on the 
steam-water interface remains a computational challenge. Therefore Effective 
Heat Source (EHS) and Effective Momentum Source (EMS) models have been 
proposed to model thermal stratification and mixing in case of steam injection 
through a vertical pipe submerged in a pool under two condensation regimes: 
complete condensation inside the pipe and chugging. Computational efficiency 
and sufficiently accuracy of the models are achieved by resolving only integral 
effect of small scale steam condensation phenomena on the large scale flow 
structures and temperature distributions in the pool. The models are implemented 
in GOTHIC® software. In previous NKS reports, validation of EHS and EMS 
models against POOLEX STB and PPOOLEX STR tests have been presented. 
 
In this report, we focus on the validation of the EHS/EMS models against recent 
PPOOLEX MIX tests. Excellent agreement in the development of thermal stratifi-
cation and mixing in the pool between the experiment and simulation has been 
achieved. For completeness, an updated discussion of some of the previous STB 
and STR tests have been included with parametric sensitivity analysis. Improve-
ment of EHS/EMS models are discussed. Effective momentum can be deter-
mined based on the frequency and amplitude of oscillations in the blwodown 
pipe. We demonstrate that existing analytical models (e.g. by Nariai) that can be 
used for prediction of the frequency and amplitude were developed using data 
from small scale experiments and have rather large uncertainty when applied to 
large scale PPOOLEX tests. A scaling approach is proposed to generalize avail-
able data on amplitude and frequency of oscillations during chugging at different 
scales. 
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(a) 

 
(b) 

Figure 152: Comparison of pool temperature between (a) EHS-EMS simulation and 

(b) MIX-12 measured data. The level of the pipe outlet is at 1.4 m. 
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Figure 153: Comparison of pool temperature at selected levels in the pool 

 

In Figure 154, snapshots of the vertical temperature profile at different times are shown. 

The comparison generally shows good agreement. Finer mesh around the pipe exit 

could improve the simulation results and expected to decrease the differences with the 

experiment.  

 

 
(a) 
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(b) 

 
(c) 

Figure 154: Comparison of pool temperature (a) snapshot of vertical temperature 

profile at time t = 5000 s, (b) snapshot of vertical temperature profile at time 

t = 5500 s, (c) snapshot of vertical temperature profile at time t = 6500 s. 

 

Figure 155 shows snapshots of the predicted temperature and velocity profiles at 

different times t = 5000 s (first stratification phase), t = 5500 s and t = 6500 s (the phase 

with high steam flow rate). At t = 5000 s, the heating of the water surrounding the pipe 

creates a buoyant plume of hot water. The magnitude of the maximum velocity at this 

time is just 0.076 m/s. At t = 5500 s, the buoyant force is much stronger due to the high 

steam mass flow rate at the pipe exit. The downward momentum can be seen and the 

jet does not reach the bottom. The magnitude of the maximum velocity at this time is 

about 0.322 m/s. At t = 6500 s, the downward momentum decreases and the flow 

behavior in the pool is still dominated by buoyancy. 
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Figure 155. EHS-EMS simulation snapshots of temperature profiles with 

superimposed velocity fields at different times (a) t = 4500 s, during first stratification 

phase, (b) t = 5000 s, and (c) t = 6000 s. 
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6 Scaling approach for generalization of experimental data 

on amplitude and frequency of oscillations 
 

6.1 Available experimental data and relevant scaling parameters 

 

We present two sets of available experimental data, first, the PPOOLEX-MIX tests [14] 

performed at the Lappeenranta University of Technology (LUT) in Finland, and second, 

the experiments performed by Aya and Nariai [9, 10, 51]. 

 

The PPOOLEX facility is a closed cylindrical stainless steel tank with an outer diameter 

of 2.4 m, a water pool depth of 2.14 m, and a pipe submergence depth of 1.05 m. The 

schematic diagram of the PPOOLEX MIX experimental tests is shown in Figure 156. 

Steam is injected with a mass flux G through the drywell part of the containment having 

a volume V and pressure PD. At first, steam pushes non-condensable gases through a 

blowdown pipe with diameter d to the wetwell part of the containment. Depending on 

the condensation regime, the steam-water interface can oscillate inside the blowdown 

pipe with an amplitude z and frequency f, such as in chugging regime.  

 

There are 12 experimental tests performed in PPOOLEX-MIX series. The first 

subseries, MIX-01 to 06, was done with a 0.209 m diameter of the blowdown pipe while 

the second, MIX-07 to 12, was done with a smaller 0.109 m diameter of the blowdown 

pipe. The MIX tests cover three regimes in the condensation regime map [2] as shown 

in Figure 157; condensation within the blowdown pipe (regime 1), chugging (regime 

2), and transition (regime 5). All tests start from regime 1 followed by regime 2 and 

then go to regime 5. The second subseries covers a wider region in the chugging regime 

than the first subseries.  

 

Aya and Nariai [9, 10, 51] have performed similar experiments earlier (see schematic 

in Figure 165), but in a smaller scale (more details later). The cylindrical pool is open 

with a diameter of 0.5 m and a pipe submergence depth of 0.25 m. 
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Figure 156: Schematic of the PPOOLEX MIX tests [14] 

 

Table 3 summarizes the relevant dimensional parameters and measured or calculated 

quantities in the MIX tests and Aya and Nariai experiments. The MIX test set-up is 

much larger than the Aya and Nariai experimental set-up as mentioned earlier. The 

volume of the header (V) in the PPOOLEX MIX facility is 13.3 m3 and in Aya and 

Nariai set-up it is only 0.02 m3. More importantly, the diameters of the blowdown pipe 

(d) in MIX tests are 0.209 m and 0.109 m while in Aya and Nariai experiments it is 

only 0.018 m. The length of the blowdown pipe (lp) in MIX-01 to 06 is 3.14 m while in 

MIX-07 to 12, it is 2.83 m, and they are about 3 times compared to Aya and Nariai 

experiments where lp = 1 m. The measured steam mass fluxes (G) in the MIX tests 

range from 7.81-30.98 kg/m2s and the range in the Aya and Nariai experiments is from 

0.65-20.65 kg/m2s. Also in MIX tests, the pressure in the header/drywell ranges from 

2.45-3.34 bars and is comparable to the pressure in the wetwell that ranges from 2.40-

3.28 bars. But in the Aya and Nariai experiments, the pressure in the header and wetwell 

is just a bit above 1 bar. The steam vapor temperature in the header is between 126.8-

137.3 oC in MIX tests, higher than in the Aya and Nariai experiment at 100.5 oC. The 

pool ‘bulk’ temperature in MIX tests, denoted by Tp (which is the temperature measured 

in the same horizontal layer as the pipe outlet but located about 0.8 m away from the 

axis of the pipe), is between 16.4-44.9 oC. In the Aya and Nariai experiment, the pool 

temperature is kept nearly constant during short transient tests, e.g., 20 oC. Similarly, 

the pool saturation temperature in the Aya and Nariai tests is at 100 oC, lower than in 

the MIX tests that is within the range 126.1-136.5 oC. Other relevant dimensional 

parameters in both experiments are given in Table 3. 

 

Table 4 summarizes the corresponding non-dimensional parameters associated with the 

dimensional parameters in Table 3. The aspect ratio ( 𝑙 ) of pipe length to the 

submergence depth is from 2.56-3.04 in MIX tests compared to 4.0 in the Aya and 

Nariai experiments. The ratio (𝑉̃) of header/drywell volume to initial volume occupied 
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by liquid inside the pipe is orders of magnitude different between the experiments. The 

ratio is from 342.2-375.8 in MIX 01-06 tests, 1281.2-1385.4 in MIX 07-08, and 63.0 in 

Aya and Nariai experiments. The scaled pool temperature ( 𝑇̃) with respect to the 

saturation temperature is comparable between experiments, around 0.8.  

 

The Euler number (Eu), which is the ratio of pressure forces to inertial forces, is from 

0.03-0.52 in MIX tests, compared to a wider range of 0.02-18.99 in the Aya and Nariai 

experiments. The Froude number (Fr), which is the ratio of inertial forces to 

gravitational forces, is from 4.15-17.73 in the MIX tests, which is narrower than the 

range 2.44-80.80 in the Aya and Nariai experiments. The Reynolds number based on 

the steam injection (Res), which is defined as the ratio of inertial forces to viscous forces, 

is from 6.33×104-2.05×105 in the MIX tests, compared to a lower range of 9.16×102-

3.03×104 in the Aya and Nariai experiments. The Grashof number (Grl), which is the 

ratio of buoyancy to viscous forces, is from 3.57×109-6.43×1010 in the MIX tests 

compared to 1.31×107 in the Aya and Nariai. Values of the Jakob number (Ja), which 

is the ratio of sensible heat to latent heat, is also determined; 96.28-149.90 in the MIX 

tests and 243.43 in the Aya and Nariai. Lastly, the Richardson number (Ri) which is 

defined as the ratio of Grashof number to the square of the Reynolds number, relating 

the natural to forced convection is also calculated; a range of 0.07-2.64 in the MIX tests 

and a range of 0.01-15.66 in the Aya and Nariai experiments. During the chugging 

phenomena, the dimensionless numbers indicate an inertial flow dominating over 

pressure and viscous forces but competing against buoyancy forces. 

 

 
Figure 157: Condensation regimes of the MIX tests [2, 14]. 
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Table 3: Relevant dimensional parameters and measured/calculated quantities in MIX tests and Aya and Nariai experiment. 

 
Header 
Volume 

V [m3] 

Pipe 
diameter 

d [m] 

Pipe 
length 

lp [m] 

Submer-

gence 

depth 
ls [m] 

Steam Mass 
Flux 

G [kg/m2s] 

Header 
pressure 

PD [bar] 

Wetwell 
pressure 

PW [bar] 

Header 
vapor 

temperature 

𝑇𝑠(𝑃𝐷) [°C] 

Pool 

temperature* 

𝑇𝑝 [°C] 

Pool sat. 
temperature 

𝑇𝑠𝑎𝑡(𝑃𝑊) 
[°C] 

Steam 
viscosity 

μ𝑠(𝑃𝐷) 
[Pa·s] 

Liquid 

viscosity 

μ𝑙(𝑃𝑊, 𝑇𝑝) 

[Pa·s] 

Specific heat 

capacity 

𝐶𝑝,𝑙(𝑃𝑊, 𝑇𝑝) 

[kJ/(kg·°C)] 

Latent 
heat 

ℎ𝑓𝑔(𝑃𝐷) 

[kJ/kg] 

Pool liquid 

density 

ρ𝑙(𝑃𝑊, 𝑇𝑝) 

[kg/m3] 

Header vapor 
density 

ρ𝑠(𝑃𝐷) 
[kg/m3] 

MIX-01 13.3 0.209 3.139 1.03-1.10 9.22-10.29 
2.45-
2.57 

2.40-
2.47 

126.8-128.3 18.2-37.7 126.1-127.0 1.32e-5 
6.82e-4-
1.05e-3 

4.18-4.19 2179-2183 993.1-998.6 1.37-1.43 

MIX-02 13.3 0.209 3.139 1.07-1.09 10.13-12.53 
2.56-

2.64 

2.49-

2.53 
128.2-129.2 30.8-34.1 127.3-127.9 1.32e-5 

7.33e-4-

7.83e-4 
4.18-4.18 2176-2179 994.4-995.5 1.42-1.46 

MIX-03 13.3 0.209 3.139 1.03-1.08 12.44-12.84 
2.53-
2.62 

2.47-
2.53 

127.8-129.0 18.0-32.2 127.0-127.8 1.32e-5 
7.61e-4-
1.05e-3 

4.18-4.19 2177-2180 995.0-998.7 1.41-1.46 

MIX-04 13.3 0.209 3.139 1.05-1.09 8.82-9.20 
2.82-

2.95 

2.73-

2.82 
131.5-133.0 23.1-36.4 130.3-131.4 1.34e-5 

7.00e-4-

9.29e-4 
4.18-4.18 2165-2169 993.6-997.6 1.56-1.63 

MIX-05 13.3 0.209 3.139 1.06-1.13 10.21-10.65 
3.01-
3.25 

2.93-
3.13 

133.7-136.2 22.7-44.7 132.8-135.0 1.34e-5 
5.99e-4-
9.39e-4 

4.18-4.18 2155-2163 990.4-997.7 1.66-1.78 

MIX-06 13.3 0.209 3.139 1.07-1.13 12.18-13.13 
2.87-

3.06 

2.80-

2.93 
132.1-134.2 26.7-44.9 131.1-132.7 1.34e-5 

5.97e-4-

8.56e-4 
4.18-4.18 2162-2168 990.3-996.7 1.59-1.68 

MIX-07 13.3 0.1093 2.827 1.04-1.09 7.81-8.03 
3.12-

3.34 

3.06-

3.28 
134.9-137.3 25.9-45.0 134.2-136.5 1.35e-5 

5.96e-4-

8.72e-4 
4.18-4.18 2152-2159 990.3-996.9 1.72-1.83 

MIX-08 13.3 0.1093 2.827 1.02-1.10 28.09-30.98 
3.02-

3.23 

2.92-

3.14 
133.7-136.1 18.4-45.0 132.7-135.1 1.34e-5 

5.96e-4-

1.04e-3 
4.18-4.19 2156-2163 990.3-998.6 1.66-1.77 

MIX-09 13.3 0.1093 2.827 1.03-1.10 22.17-26.32 
3.13-

3.34 

3.06-

3.27 
134.9-137.2 18.0-45.0 134.2-136.5 1.35e-5 

5.96e-4-

1.05e-3 
4.18-4.19 2152-2159 990.3-998.7 1.72-1.83 

MIX-10 13.3 0.1093 2.827 1.02-1.10 15.72-16.95 
3.07-

3.31 

3.00-

3.23 
134.3-136.9 16.2-45.0 133.6-136.1 1.35e-5 

5.97e-4-

1.10e-3 
4.18-4.19 2154-2161 990.3-999.0 1.69-1.81 

MIX-11 13.3 0.1093 2.827 1.02-1.11 19.39-20.60 
3.08-

3.31 

3.00-

3.23 
134.4-136.9 16.4-44.9 133.5-136.0 1.35e-5 

5.97e-4-

1.10e-3 
4.18-4.19 2153-2161 990.4-999.0 1.69-1.81 

MIX-12 13.3 0.1093 2.827 1.02-1.10 11.70-12.52 
3.07-

3.29 

3.00-

3.22 
134.3-136.7 17.9-44.9 133.5-135.9 1.34e-5 

5.97e-4-

1.06e-3 
4.18-4.19 2154-2161 990.4-998.7 1.69-1.80 

Aya and 

Nariai exp. 
0.02 0.018 1.000 0.25 0.65-20.65 1.033 1.013 100.5 20.0 100.0 1.23e-5 1.00e-3 4.18 2255 998.2 0.61 

* The pool ’bulk’ temperature Tp in MIX tests is the temperature measured in the same horizontal layer as the pipe outlet but located about 0.8 m away from the axis of the pipe. 
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Table 4: Relevant non-dimensional parameters in MIX tests and Aya and Nariai experiment. 

 𝑙 =
𝑙𝑝

𝑙𝑠
 𝑉̃ =

𝑉
𝑛⁄

𝑙𝑠𝜋𝑑2/4
 𝑇̃ =

𝑇𝑠𝑎𝑡 − 𝑇𝑝

𝑇𝑠𝑎𝑡
 

𝐸𝑢 =
(𝑃𝐷 − 𝑃𝑊)

𝜌𝐿 (
𝐺
𝜌𝑠

)
2  

Fr =
𝐺

𝜌𝑠
⁄

√𝑑𝑔
 Re𝑠 =

𝐺𝑑

𝜇𝑠
 Gr𝑙 =

𝑔𝛽(𝑇𝑠 − 𝑇𝑝)𝑑3

(𝜇𝑙 𝜌𝑙⁄ )2  Ja =
𝜌𝑙

𝜌𝑠
𝑐𝑝,𝑙

𝑇𝑠𝑎𝑡 − 𝑇𝑝

ℎ𝑓𝑔
 Ri =

Gr𝑙

Re𝑠
2 

MIX-01 2.85-3.04 351.8-375.8 0.71-0.86 0.06-0.30 4.53-5.24 1.46e5-1.63e5 2.54e10-4.94e10 118.76-149.90 1.11-2.32 

MIX-02 2.89-2.93 356.7-362.0 0.74-0.76 0.07-0.25 4.89-6.12 1.60e5-1.98e5 4.06e10-4.50e10 122.09-128.97 1.04-1.67 

MIX-03 2.91-3.04 359.0-375.7 0.75-0.86 0.04-0.16 6.01-6.35 1.96e5-2.03e5 2.56e10-4.24e10 125.53-147.71 0.62-1.05 

MIX-04 2.87-3.00 355.0-370.4 0.73-0.82 0.22-0.52 3.80-4.10 1.38e5-1.44e5 3.22e10-5.00e10 112.04-131.11 1.58-2.64 

MIX-05 2.77-2.97 342.2-366.2 0.67-0.83 0.09-0.39 4.06-4.44 1.58e5-1.65e5 3.22e10-6.43e10 97.52-128.27 1.25-2.51 

MIX-06 2.78-2.94 343.0-363.7 0.67-0.80 0.10-0.25 5.06-5.76 1.89e5-2.05e5 3.67e10-6.31e10 100.08-126.65 0.88-1.75 

MIX-07 2.58-2.72 1295.3-1364.8 0.67-0.81 0.29-0.38 4.15-4.46 6.33e4-6.50e4 5.24e9-9.36e9 96.32-121.91 1.28-2.33 

MIX-08 2.56-2.76 1285.9-1383.9 0.67-0.86 0.03-0.04 15.57-17.73 2.28e5-2.52e5 3.89e9-9.24e9 97.56-133.10 0.07-0.17 

MIX-09 2.56-2.75 1283.6-1379.4 0.67-0.87 0.03-0.05 12.37-13.95 1.80e5-2.12e5 3.87e9-9.36e9 96.28-131.13 0.12-0.26 

MIX-10 2.56-2.76 1283.3-1384.5 0.67-0.88 0.07-0.10 8.41-9.69 1.27e5-1.38e5 3.57e9-9.31e9 96.83-134.51 0.20-0.57 

MIX-11 2.56-2.76 1281.2-1385.4 0.67-0.88 0.05-0.07 10.80-11.70 1.58e5-1.67e5 3.60e9-9.31e9 96.65-134.11 0.14-0.35 

MIX-12 2.57-2.76 1288.2-1384.1 0.67-0.87 0.12-0.18 6.36-7.15 9.48e4-1.02e5 3.83e9-9.28e9 97.10-132.69 0.38-1.00 
Aya and 

Nariai exp. 
4.00 63.0 0.80 0.02-18.99 2.44-80.80 9.16e2-3.03e4 1.31e7 243.43 0.01-15.66 

Notes: (i) The parameter n is the number of blowdown pipes: n = 1 in MIX tests and n = 5 in the Aya and Nariai experiment. (ii) The constant coefficient 𝛽 is set to 2.87e-3 C-1. 
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6.2 Oscillations characteristics in chugging phenomena 

In this section, we present a scaling approach to provide universal description for 

amplitude and frequency as a function of scaling parameters. 

6.2.1 Amplitude of oscillations 

 

Figure 158 shows the amplitude of oscillations in the blowdown pipe during chugging 

plotted with respect to the steam mass flux. The data includes the PPOOLEX MIX 

series (100 mm and 200 mm blowdown pipe diameters) and the experiments performed 

by Aya and Nariai with a blowdown pipe diameter of ~18 mm. There is no clear pattern 

or trend in the plot as a whole. Although the subgroups are spread out in certain ranges 

and situated in certain regions of the plot. The range in amplitude for the Aya and Nariai 

experiment is from nearly zero to 0.3 m. The range in amplitude of the first MIX 

subseries is between 0.23-0.48 m while the range in the second subseries is between 

0.04-0.1 m. 

 

As mentioned previously, the experimental set-ups between the PPOOLEX MIX and 

Aya and Nariai’s experiments are quite similar (except for the geometrical scales and 

absolute values of some parameters) and so are the competing effects in the phenomena. 

As indicated in the previous section, we choose the diameter of the blowdown pipe as 

the characteristic length. Then scale the steam mass flux (representing the inertial force) 

with the gravitational force, which is essentially the Froude number, defined as 

Fr =
𝐺 𝜌𝑠⁄

√𝑔𝑑
 Eq. 8 

where G is the steam mass flux, 𝜌𝑠 is the density of steam, d is the diameter of the 

blowdown pipe, and g is the gravitational constant. The amplitude A is scaled with the 

pipe diameter d and multiplied by the volume ratio 𝑉̃ and aspect ratio 𝑙, 

𝐴̃ =
𝐴

𝑑
∙

𝑉 𝑛⁄

𝑙𝑠𝜋𝑑2 4⁄
∙

𝑙𝑝

𝑙𝑠
. Eq. 9 

Figure 159 shows the scaled amplitude of all available data plotted against Froude 

number. Now we can observe a trend in the data. There are two regimes in the plot: an 

increasing trend in amplitude is observed when 𝐹𝑟 < 10 while there is a decreasing 

trend in amplitude when Fr > 10 . The vertical spread in the data is attributed to 

dependence on temperature. 

 

Figure 160 shows the MIX data plotted in amplitude versus Fr but grouped into different 

‘bulk’ temperature (Tp) ranges to show the dependence in temperature. The available 

Aya and Nariai data on amplitude which is performed at bulk temperature of 20 oC is 

also given. Generally, the lower the bulk temperature is the higher the scaled amplitude 

of oscillations in the pipe, especially in the high Fr range.  

 

It is important to note that the scaled amplitude is also plotted (but not shown) with 

respect to the Euler number, Reynolds number, Grashof number, Jakob number, and 

Richardson number (see Table 4) but no clear trends or patterns have been observed. 
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Figure 158: Amplitude of oscillations in the blowdown pipe with respect to steam 

mass flux in experiments with different pipe diameters. The Aya and Nariai 

experimental data [9] corresponds to 20 oC bulk temperature and V/Ap=15.7 m where 

V and Ap are the volume of the header and flow area of the pipe, respectively. 

 

 
Figure 159: Dimensionless amplitude (Eq. 9) with respect to the Froude number (Eq. 

8).  
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Figure 161 shows the comparison of scaled amplitude vs Fr between the experimental 

data and prediction of Aya and Nariai analytical theory (see appendix for the 

dimensional analytical model). For the plot, we have non-dimensionalized the 1D Aya 

and Nariai model (Eq. 11) by choosing characteristic scales. The Aya and Nariai 

analytical model was able to capture the decreasing trend in amplitude in the Fr>10 

range. This is expected since it is also shown in the comparison (in dimensional 

amplitude vs steam mass flux) of Aya and Nariai experiment against their analytical 

model [9]. However, the strong dependence of amplitude on temperature has not been 

captured by the analytical model as shown in Figure 161, since terms involving 

temperature such as condensation were neglected in their analysis, except density liquid 

dependence on the temperature. The analytical model is monotonically decreasing; 

hence it is obvious that it cannot capture the increasing trend in amplitude for the range 

of Fr below ~10. Finally, an exponential fit for the data with bulk temperature Tp around 

20 oC is also plotted. 

 
Figure 160: Dependence in temperature of the amplitude of oscillations in MIX tests 

where 𝑇𝑝 is the temperature measured in the same horizontal layer as the pipe outlet 

but located about 0.8 m away from the axis of the pipe. The MIX data are grouped 

according to 𝑇𝑝 and the plot points and error bars correspond to the mean and 

variance, respectively. 
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Figure 161: Comparison of scaled amplitude as a function of Fr between experimental 

data and prediction of Aya and Nariai analytical theory. The predictions of Aya and 

Nariai theory at Tp = 20 oC and Tp = 40 oC are almost identical since the temperature 

dependence in the theory only appears through the density of the liquid. An 

exponential fit for the data with Tp around 20 oC is also plotted. 

 

6.2.2 Frequency of oscillations 

 

Similarly, Figure 162 shows the frequency of oscillations in the blowdown pipe with 

respect to the steam mass flux from available experimental data with different pipe 

diameters. The steam mass flux is between 4-37 kg/(m2s) while the frequency is 

between nearly zero to ~75 Hz. The high frequency range is from the experimental data 

of Aya and Nariai with small pipe diameters. Similar to the amplitude plot, there is no 

clear trend of the frequency as a function of steam mass flux. 

 

Figure 163 shows a scaled plot of the frequency with respect to Froude number. The 

frequency f is scaled with the time scale 𝜌𝑠𝑑 𝐺⁄ , that is, 

𝑓 = 𝑓 ∙
𝑑

𝐺 𝜌𝑠⁄
. Eq. 10 

We can observe a decreasing trend in frequency for Fr<20. All of the MIX tests data 

are in this Fr<20 range while most of the Aya and Nariai data are in the Fr>20 range 

which is in an increasing trend but quite spread out. This spread, however, is due to the 

dependence in temperature where lower bulk temperature leads to higher scaled 

frequency of oscillations.  

 

0 10 20 30 40 50 60 70 80 90
0

1000

2000

3000

4000

5000

6000

Fr

~ A

 

 

MIX tests, Tp 2 (12:5/C; 17:5/C)

MIX tests, Tp 2 (17:5/C; 22:5/C)

MIX tests, Tp 2 (22:5/C; 27:5/C)

MIX tests, Tp 2 (27:5/C; 32:5/C)

MIX tests, Tp 2 (32:5/C; 37:5/C)

MIX tests, Tp 2 (37:5/C; 42:5/C)

MIX tests, Tp 2 (42:5/C; 47:5/C)

Aya and Nariai experiment, Tp = 20/C

Aya and Nariai theory Tp = 20/C

Aya and Nariai theory Tp = 40/C

Fitting, 1:013# 104e!0:083Fr! 1:299# 104e!0:222F r



KTH, NKS-ENPOOL, NORTHNET-RM3  June 2014 

 

154 

 
Figure 162: Frequency of oscillations in the blowdown pipe with respect to steam 

mass flux in experiments with different pipe diameters. The Aya and Nariai data [9] 

corresponds to V/Ap=20 m. 

 

 
Figure 163: Dimensionless frequency (Eq. 10) with respect to the Froude number (Eq. 

8). 

 

It should also be noted that the scaled frequency is plotted (but not shown) with respect 
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Figure 164 shows the comparison of scaled frequency vs Fr between the experimental 

data and prediction of Aya and Nariai analytical theory. Similar to the trend in the 

experimental data, the scaled frequency predicted by the analytical model has a 

decreasing trend at low Fr and an increasing trend at higher Fr. However, a satisfactory 

agreement is only observed between the analytical model and the Aya and Nariai data 

at Tp = 20 oC. Similar to the amplitude, the strong dependence of frequency on 

temperature has not been captured by the analytical model. Thus, further analysis to 

predict the amplitude and frequency with dependence on temperature is warranted. 

 

 

 
Figure 164: Comparison of scaled frequency as a function of Fr between experimental 

data and prediction of Aya and Nariai analytical theory. The predictions of Aya and 

Nariai theory at Tp = 20 oC and Tp = 40 oC are almost identical since the temperature 

dependence in the theory only appears through the density of the liquid. 
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7 Conclusions 
 

Steam venting and condensation in a large pool of water creates both a source of heat 

and a source of momentum. It is important to resolve the interplay between them in 

order to predict development of thermal stratification or mixing in the pool. This 

problem is especially important for safety assessment of pressure suppression pool 

(PSP) in a boiling water reactor (BWR), and also relevant to the new designs of 

advanced light water reactors (LWR) with in-containment refueling water storage tanks 

(IRWST). 

 

In order to enable sufficiently accurate and computationally affordable simulations of 

thermal stratification and mixing during a steam injection into a large pool of water, the 

concepts of Effective Heat Source (EHS) and Effective Momentum Source (EMS) 

models are proposed in this work. Specifically, the EHS/EMS models are developed 

for steam injection through a vertical pipe submerged into a pool under two 

condensation regimes: complete condensation inside the pipe and chugging. These 

models are computationally efficient since small time and space scale behaviors are not 

resolved directly but their integral effect on the large scale flow structure in the pool is 

taken into account.  

 

The EHS model provides integral heat source caused by steam injection. Its purpose is 

to conserve mass and thermal energy of injected steam and to provide thermal boundary 

conditions for prediction of stratification development in the pool. 

 

The EMS model is based on the synthetic jet model which predicts momentum source 

induced by the oscillation of the steam water surface in the process of steam injection 

and condensation. The data about amplitude and frequency of the condensation 

oscillations in different flow regimes is necessary as an input to the model. The purpose 

of the model is to enable prediction of the pool mixing. 

 

The EHS and EMS models are implemented in GOTHIC which is used as a 

computational vehicle for resolving 3D flow structures and temperature distributions in 

the pool with boundary conditions and source terms provided by the EHS and EMS. In 

principle other computational fluid dynamic (CFD) codes also can be used instead of 

GOTHIC in combination with EHS and EMS. 

 

Previously, the EHS/EMS models and GOTHIC code have been extensively validated 

against POOLEX STB and PPOOLEX STR experiments on thermal stratification and 

mixing induced by steam injection into a large pool of water. For completeness, a more 

organized parametric sensitivity analysis and updated discussion of some of the STB 

and STR tests have been included. However, the focus of this work is on the recent 

PPOOLEX MIX tests. 

 

  

 

First, the EHS/EMS models are validated against the PPOOLEX MIX tests in which 

space and time resolution of temperature measurements inside the blowdown pipe were 

significantly improved. In MIX-01 to MIX-06, the blowdown pipe diameter is 214 mm, 

while in MIX-07 to MIX-12 the diameter of pipe is about 109 mm. All of MIX tests are 

used for model validation and excellent agreement in averaged pool temperature and 
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water level in the pool between the experiment and simulation has been achieved. The 

development of thermal stratification in the pool is well captured in the simulation as 

well as the mixing phase. Moreover, the heating up of the bottom layer due to the 

impinging jet of hot water is also observed both in the simulation and experiment. The 

re-stratification phase in some of MIX tests after mixing phase is also captured and it 

implies that the EHS/EMS model also works for transition condensation regime. 

 

Secondly, a scaling approach is proposed to generalize available data on amplitude and 

frequency of oscillations induced by steam injection into a subcooled pool. Proper 

scaling of the amplitude plotted against the Froude number Fr (which relates the inertial 

forces to gravitational forces) has provided general trend for the amplitude obtained 

experimentally at different scales. The amplitude is increasing when Fr<10 and 

decreasing when Fr>10. In addition, there is strong dependence of amplitude on 

temperature; the lower the bulk temperature is the higher the scaled amplitude. The 

analytical theory of Aya and Nariai can only capture the decreasing trend in amplitude 

and fails to capture the increasing trend and the temperature dependence. Similarly, 

proper scaling of the frequency plotted against Fr has revealed a general trend for the 

frequency, that is, decreasing frequency when Fr<20 and increasing trend when Fr>20. 

A strong dependence on temperature is also observed, specifically, the lower the bulk 

temperature is the higher the scaled frequency. The Aya and Nariai analytical theory is 

able to capture qualitatively the general trend in frequency. Moreover, the strong 

dependence of frequency on temperature has not been captured as expected. 

 

In the future work, the EHS-EMS models for blowdown pipes should be improved 

further in order to reduce uncertainties and enhance accuracy in predictions. 

Specifically, modifications of the EHS model for non-uniform condensation inside the 

blowdown pipe should be addressed. For the EMS model, an extension of existing 

models for prediction of frequency and amplitude of oscillations (given only the 

condensation regime and design specific parameters) is needed.  It should be pointed 

out that experimental data is limited for validation of such models. So far, the only 

available and sufficiently detailed experimental data are the POOLEX/PPOOLEX 

experiments. Further extension of the EHS and EMS models to other elements of the 

PSP such as spargers, nozzles of the residual heat removal system, and strainers will be 

necessary for comprehensive safety analysis of realistic transients in a BWR 

containment. 
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Appendix 

Analytical model of Aya and Nariai for prediction of amplitude and 

frequency of oscillations during chugging 

 

Prediction of the amplitude and frequency of the free surface oscillations in the pipe for 

specific steam condensation regime is necessary if such characteristics are not known 

from an experiment. Aya and Nariai [9, 10, 51] have studied experimentally and 

analytically the frequency and amplitude of fluid oscillations in different condensation 

regimes. In particular, Figure 165 shows a sketch of their analytical model for chugging 

[51]. A 1D model of the water level oscillation in the blowdown pipe has been derived 

from conservation laws neglecting the condensation in the continuity equation and 

given as, 

 
d3z

d𝑡3
+ 𝜔c

2 dz

d𝑡
+ D = 0                                            Eq. 11 

where the frequency 𝜔𝑐 and coefficient 𝐷 are 

 

𝜔𝑐
2 =

𝑔

𝑧̅+𝑙𝑚
(1 +

𝜋𝜅𝑃𝑠0𝑑2

4𝜌𝐿𝑔𝑉𝑠
),                                    Eq. 12 

𝐷 =
𝜋𝜅𝐺0𝑃𝑠0𝑑2

4𝜌𝐿𝜌𝑠0(𝑧̅+𝑙𝑚)𝑉𝑠
                                             Eq. 13 

and 𝑧̅ is the averaged water level taken as 𝑧̅ = 0.5𝑧𝑚𝑎𝑥. The density of liquid and steam 

are denoted by 𝜌𝐿  and  𝜌𝑠 , respectively. Also, 𝐺0, 𝑑, 𝑉𝑠 , 𝑃, 𝜅, and 𝑙𝑚 , are the steam 

mass flow rate, diameter of the pipe, volume of header, pressure, ratio for specific heat 

for steam, and inertia length of pool water, respectively. The particular solution when 

z = 0 at t = 0 is given as, 

 

𝑧(𝑡) = 𝐶 · sin(𝜔𝑐𝑡) −
𝐷

𝜔𝑐
2 𝑡                                 Eq. 14 

where  𝐶 is the maximum elevation of the interface.  
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Figure 165: Analytical model for large chugging [51]. 
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