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ABSTRACT 

Lappeenranta University of Technology (LTY) and VTT Energy (at present VTT Processes) have 
carried out experiments to study the behavior of non-condensable gases in VVER geometry. The tests 
aimed at studying the effect of non-condensable gases on the system thermal-hydraulics and on the heat 
transfer in a horizontal steam generator. The system behavior can be affected by hydrogen produced in 
the core in the case of severe accident, nitrogen from hydro-accumulators released into the primary 
circuit in the case of a loss-of-coolant accident (LOCA) and more generally by any non-condensable gas 
in the all cases where cooling is ensured by natural circulation.  

This paper presents the comparison between the measured and calculated (APROS code version 
5.04) results of the PACTEL test NCg-3. Test was carried out in natural circulation with only one loop in 
operation and at ~50 % of the primary mass inventory. In the test NCg-3, compressed helium was used 
to simulate non-condensable gas. Non-condensable gas was injected in the vertical part of the hot leg 
below the steam generator.  

APROS predicts qualitative trends of the test correctly, but some quantitative disagreements were 
observed. In the simulated test NCg-3, the primary pressure increases after the injection of helium, but 
not as much as in the test. Passive zones in the steam generator tubes seem to be smaller than in the test, 
indicating that heat transfer is too effective compared to the test results.  

In the APROS calculation model it is assumed, that steam and non-condensable gas form a 
homogeneous mixture in the node. APROS does not take into consideration the differences in the mole 
weights of the different substances. That increases non-condensable gas flow down wards from the 
steam generators cold collector. Helium does not accumulate in the steam generator as much as expected  
 

1. INTRODUCTION 
Lappeenranta University of Technology (LTY) and VTT Energy (at present VTT Processes) 

have carried out experiments to study the behavior of non-condensable gases in Vodo Vodjanyi 
Energetitseskij Reaktor (VVER) geometry.1 The work was a part of the Thermal Hydraulic 
Experiments and Code Validation project (TOKE), which dealt with the investigation of safety 
related thermal-hydraulics during VVER accidents and transients. TOKE project belonged to 
the Finnish Research Programme on Nuclear Power Plant Safety (FINNUS) financed mainly by 
the Ministry of Trade and Industry (MTI), the Technical Research Centre of Finland (VTT) and 
the Finnish power utilities. 

The experiments were performed with the PArallel Channel TEst Loop2 (PACTEL), a 
medium scale integral test facility (full height, volumetrically 1/305 scaled) operated by LTY 
and designed to simulate thermal-hydraulic phenomena characteristic in the VVER-440 type 
nuclear power plants. In this series of experiments with non-condensable gases, only one 
primary circuit of PACTEL has been used. Compressed air and bottled helium gas were used as 
non-condensable gases. 

Experiments were aimed at studying the effects of non-condensable gases on system 
thermal-hydraulics and on heat transfer in a horizontal steam generator. Non-condensable gases 
can have an effect on system behavior for example during severe accidents and in loss-of-
coolant situations if accumulator gas (nitrogen) is released into the primary circuit piping. The 
experiments can also help in validating the physical models and correlations that deal with non-
condensables and that are implemented in thermal-hydraulic codes.  
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In particular, the presence of non-condensable gases could have a strong effect on the heat 
transfer in the horizontal steam generators of VVERs, where they would eventually accumulate. 
Non-condensable gases can greatly degrade the condensation process and reduce heat transfer 
efficiency. Another possible effect resulting from a large amount of non-condensable gas in the 
VVER geometry is the stagnation of natural circulation flow due to the loop seals.  

 
2. HELIUM (NCG-3) TEST AND APROS SIMULATION RESULTS  

In the simulations, the standard six-equation model of APROS 5.04 was used.3 The steam 
generator model consists of the primary and secondary sides. The primary side has nodalization 
for the hot collector, for the horizontal heat transfer pipes and for the cold collector. The steam 
generator has been divided into five layers in the vertical direction.  Each layer consists of the 
part of the hot and cold collectors, a number of heat exchange pipes and the corresponding 
secondary side layer. The pipes were divided into 20 nodes in the flow direction. 

Some changes were made in the nodalization of the test rig compared to the original APROS 
nodalization of the PACTEL facility.4  The steam generators tubes were inclined 0.4 degrees as 
in the test facility. The highest point of the tube is in the middle of the tube. In this way, the 
condensed water flows out from the tubes. Heat transfer from the hot and cold collector to the 
secondary side is also included in the model. In the calculation, Chen correlation was used for 
the condensation heat transfer.5  

 The test was performed at low pressure (1.8 bar) so the gas density was also low. That 
caused some troubles in the calculation. Especially when the helium mass fraction becomes 
large, the partial pressure and density of steam becomes very small. In that case, the 
achievement of the small mass error limit was difficult. Small improvements were made to this 
numerical calculation problem.  

 
2.1 Helium test NCg-3 

The third experiment of the series investigates the system response during a boiler-
condenser mode natural circulation with helium as a non-condensable gas. Table 1 lists the 
event log for the experiment NCg-3. Recorded data were averaged over five second’s periods.  

 
Table 1. Event log for the experiment NCg-3. 

Time [s] Event 
-11700 Facility heating starts, core power 75-200 kW, circuits 2 and 3 are closed. 
-2700 Inventory reduction starts, circuit 1 pump is stopped, pressurizer is isolated.  

0 Data recording starts, core power 170 kW. 
1000 The first injection of helium starts, ~0.15 g/s. 
1055 The first injection of helium stops. 
1500 The second injection of helium starts, ~0.16 g/s. 
1565 The second injection of helium stops, cumulative injected gas mass 16.5 g. 
1895 The experiment is terminated, cladding temperature over 300 ºC. 

 
2.2 Helium simulation 

The examination of the pressure measurements shows that primary pressure increases after 
both injections of non-condensable gas. (Figure 1) After both injections, a new steady state 
pressure level is achieved soon and equilibrium seems to prevail between the heat production in 
the core and the heat transfer to the secondary side and the heat losses. It can be found that the 
difference between the calculated and measured primary pressure becomes larger with the 
increasing helium content. After the first injection difference was 0.5 MPa and after the second 
injection 0.9 MPa. The secondary pressure was near to the atmospheric pressure all the time.  
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In the steady state situation, the measured pressure was very close to the measurement limit 
of the detector. It is very likely that the measured pressure was lower than the actual pressure in 
the system. The measured pressure does not correspond to the saturation temperature. 

 
Figure 1. Calculated and measured primary side pressure. 

 
Figure 2 shows the liquid mass flow in the cold leg. It confirms that the injection of helium 

causes a short stagnation of the primary flow during the injections. Calculated liquid mass flow 
is very unstable, but short stagnation period during the helium injection can be observed. The 
stagnation is much shorter than in the experiment.  

 
Figure 2. Measured and calculated liquid mass flow in primary side. 

 
Two different factors could affect the flow measurement. First, the recorded value is very 

close to the lower limit of the measuring range of the flow meter in the cold leg. Second, 
without void fraction measurements it is impossible to know, if the coming flow from the steam 
generators outlet is pure liquid or not. The system is assumed to be in the boiler-condenser 
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mode natural circulation, but it is not sure. If the flow is two-phase, then the measured value is 
not correct. 

The calculation predicts the system to be in the boiler-condenser mode natural circulation 
almost all the time in the steady state situation, but after the helium injection starts the steam 
generator does not condensate all the steam. Large void fraction changes in the tube outlet can 
also be observed. (Figure 3)  It also confirms that condensate accumulates in the tubes and plugs 
the flow in steam generators tubes. (Figure 4) A cyclic course of steam and condensate plug 
flow can be observed inside the tubes. (Figure 5.)  

 
Figure 3. Void fraction in steam generators outlet in the APROS calculation. 

 
Figure 4. Void fraction in one steam generators tube outlet in the APROS calculation. 
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Figure 5. Calculated void fraction distribution inside the steam generators middle tubes at 

1800 s. 
 

The same tendency as in Figure 1 can be observed in the temperatures before the steam 
generator. The degrading heat transfer due the presence of non-condensable gas can be seen 
from the steam generators outlet temperatures shown in Figure 6. The temperature difference 
between the steam generators inlet and outlet spreads from couple of degrees before the first 
injection of helium to about 30 degrees after the first injection and widens to almost 45 degrees 
after the second injection. Figure 7. The hot leg temperatures (calculated and measured) 
correspond to the saturation state.  The sharp drop in the measured temperature is probably 
caused from the injected helium. The helium injection pipe is very close to the thermoelement, 
which measures the steam generators inlet temperature.  

 
Figure 6. Calculated and measured temperatures in the steam generators inlet. 
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Figure 7. Calculated and measured temperatures in the steam generators outlet.  

 
Helium is injected in the hot leg below the steam generator. It flows over the hot collector 

and causes increase of hot collector liquid level in test facility. The measured liquid level in the 
hot collector rises during the first helium injection and collapses to the previous level when 
injection stops. Flow was stagnated at that time. When the flow starts again the water level rises 
in the hot collector rapidly to the higher level and stays there. During the second helium 
injection in the test the water level rises in the hot collector much higher than in the first 
injection. The calculated flow is very instable before steam generator. The increase of the hot 
collector liquid level can not be observed in the calculations. (Figure 8).  

The measured liquid level in the cold collector stays stable through the transient. The 
calculated liquid level in the cold collector is higher than the measured liquid level in the steady 
state situation. The calculated liquid level collapse after the helium injection starts. Figure 9 
presents the measured and calculated liquid levels in cold collector. 

 
Figure 8. Measured and calculated liquid level in hot collector. 
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Figure 9. Measured and calculated liquid level in cold collector. 

 
A quasi-stable condition is reached after a while, when the coolant inventory is redistributed 

inside the facility. In Figure 10 the water level in core is plotted. In the experiment the water 
level drops below the top of core and the rod cladding temperature starts to rise. The experiment 
was terminated for that reason. In APROS calculation, the water level stays in a higher level. It 
is not clear if the primary inventory is the same.  In the calculation the water inventory is 
probably a little higher than in the experiment. The water inventory was increased a little bit in 
order to avoid helium drifting to the circulation loop.  

 
Figure 10. Calculated and measured liquid level in core. 

 
In calculations, some helium is also drifted with steam to the loop as can be observed in 

Figure 11. After the first injection most of the injected helium is located in the steam generator 
and about 13 % in the circulation loop. After the second injection more helium drifts to 
circulation loop and a small amount of helium can be found in the upper part of the downcomer. 
About 74 % of the injected helium amount is located in the steam generator near the end of the 
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transient. Helium seems to drift downward with steam flow in the calculations. The helium 
drifting is probably too high in the calculations. 

The density of helium is about 17 % of the density of steam. In the APROS calculation 
model, it is assumed that the steam and helium form a homogeneous mixture in the calculation 
node. That causes increasing helium flow downwards from the steam generators cold collector. 
In reality the helium bubble, which squeezes out from the steam generator tube, probably starts 
to clime up when the flow velocities are low as in the current case. 

 
Figure 11. Calculated helium mass in the steam generator and in the loop.  

When the APROS model water inventory is increased a little bit helium drifting is smaller. 
The loop seal can then hold back helium. The calculated and measured temperatures at the 
beginning and end of the steam generators tubes in five different elevations are plotted in 
Figures 12-15. The calculated temperatures in the tubes inlet is very close to the saturation 
temperature during the whole transient indicating that the tubes are fed with nearly pure steam. 
The measured temperatures vary widely in different elevations already in the beginning of the 
steam generator tubes. A closer look to the measured temperatures shows that the tube rows that 
are in the middle of the tube bundle indicate passive zones. Such a behavior can not be observed 
in the calculations. 

In those tubes where calculated gas temperature at the tubes exit is near to the secondary 
temperature, the tubes have passive zones. After the helium injection, the outlets of all tubes are 
close to the secondary temperature indicating a passive zone in all tube layers. 
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Figure 12. Calculated temperatures in the beginning of the steam generator tubes in 5 

elevations. 

 
Figure 13. Measured temperatures in the beginning of the steam generator tubes in 5 elevations. 



10 

 
Figure 14. Calculated temperatures in the end of the steam generators tubes in 5 elevations 

 
Figure 15. Measured temperatures in the end of the steam generators tubes in 5 elevations 
 
After a stabilization following the first injection, helium is present mostly in the second 

half-length (from the mid length of the tubes to the cold collector). After the second injection, 
helium starts to accumulate in the every layer of the steam generator. In this part of the tubes, 
the mass fraction is almost 0.3. 
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Figure 16. Calculated helium mass fraction distribution in the uppermost and undermost 

tubes at 1800 s. 
After the injection the amount of helium present in the primary tubes is not large enough to 

create a large passive zone without any heat transfer by the steam condensation. The difference 
between steam generators outlet and the secondary side temperatures is a few degrees. After the 
second injection, larger passive zones develop in the second half-length of all tubes. Then outlet 
temperature stabilizes near to secondary side temperature.  
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Figure 17. Calculated temperature distribution in the uppermost and undermost tubes at 1800 s. 

 
It seems that the calculated helium distribution in the system differed from that of the 

experiment. This difference is believed to cause most of the differences in the steam generator 
heat transfer. 
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In the calculations injected helium does not accumulate in the steam generator tubes as 
much as in the experiment. As a consequence, the heat transfer is better than expected. It looks 
like that the calculated helium distribution differs from the test facility’s distribution. A reason 
to this may be in the simulation model, where the gas mixture is treated as a homogeneous 
mixture.  

 
4. CONCLUSION 

PACTEL test with non-condensable gas helium injection was calculated with APROS 5.04. 
APROS predicts the qualitative trend of the test correctly. The primary pressure increases after 
each injection of non-condensable gas and passive zones in the steam generators tubes are 
formed.  

In the helium case, the pressure and temperature increase is smaller than in the experiment. 
The quantitative differences are mainly consequences of too good heat transfer to the secondary 
side. In the simulation, a reason to this heat transfer problem is helium drifting out from the 
steam generator and too small passive zone in the steam generator tubes. The injected helium 
does not accumulate in the steam generator as much as expected.  

The largest contribution to the efficiency of heat transfer in the steam generator is the 
amount of non-condensable gas in the tubes. The problem in APROS calculation is that helium 
does not accumulate in the steam generator. Because of homogeneous treatment of gas mixture 
in the six equation model, helium flows with steam to the circulation loop. In the air 
experiment, it seems that in the simulation too much non-condensable gas stays in the steam 
generator. The mole weight of air is larger than that of the steam, which may explain air 
accumulation in the steam generator in the calculation. 
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