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Introduction 

Reactor pressure vessel is the most important component of the Nuclear Power Plant. Its 

lifetime is a limiting factor for the lifetime of the entire NPP. Rupture of RPV and 

consequent LOCA with break in middle or lower part of the downcomer could lead to 

LOCA with nearly impossible cooling of the core which can lead to core damage. PTS 

events are characterized by rapid temperature decrease of the primary coolant, 

particularly in the reactor downcomer, and by subsequent cooldown of the reactor 

pressure vessel wall leading to thermal stresses in RPV wall that could be loaded at the 

same time by inner pressure. So the evaluation of PTS is a crucial task of the nuclear 

safety. 

To assess the above mentioned phenomena, NRSC has developed reactor pressure 

vessel model and performed set of calculations under Subtask 1.1.2 [1] of the Grant 

Agreement No. AID-111-G-13-00001 with USAID.  

However, during implementation of Subtask 1.1.2 several problems and unexplained 

phenomena were identified and it was decided to study them in more details under 

Subtask 1.1.3.  

This report reflects the results of analysis performed in the frame of Subtask 1.1.3. The 

objective of Subtask 1.1.3 is interpretation of the results of performed investigations and 

performing sensitivity analysis of the mixing problem during injection of cold water in case 

of LOCA. 

Main issues which were identified under Subtask 1.1.2 related to convergence of solution 

and nature of vertical eddies that were created in process of mixing of cold water with hot 

in downcomer. As a result additional investigation was performed under Subtask 1.1.3 to 

address above mentioned issues. 

Firstly, the geometry was optimized; fluid sections were grouped together and diameters of 

the pipes with different sizes that were touching were resized to eliminate small bumps. 

When this attempt introduced new problems with meshing, a new geometrical model was 

introduced with a different approach that will be explained in detail. Next, the mesh was 

refined much further to ensure inflation along the surface of all fluid mediums and smaller 

element sizes to capture all, including small scale turbulence.  

Steady state solution was obtained at the nominal power operation level and at 1000 s 

after accident initiation.  



NRSC-RT-USAID-001/13-T1.1.3-001, revision 03 

 

9 

 

Also, a separate model with straight pipes was developed and analyzed to identify the 

effect of straight pipes on changing the flow. Different turbulence models were used to 

investigate their effect on convergence, and further analysis was performed to pin down 

the cause of lower order convergence. 

The results showed that at 0 s (or normal operation), when the values of the mass flow 

rate and temperature of coolant coming in from the cold legs is close, convergence of 10-4 

is achieved; however, as the mass flow rate and temperature in three of the legs diverge 

from the rest of them (as a result of ECCS during LOCA), the order of convergence 

becomes closer to 10-3, and vertical eddies start to appear as a result of mixing in the 

reactor vessel. 

 

1 Optimization of geometry 

There were a few modifications done to the geometry of downcomer which was developed 

under Subtask 1.1.2 [1] in order to optimize the meshing and make it more similar to 

ANPP Unit 2 orginal design. 

 

 
Figure 1: Heads of the pipes sliced apart 
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The first optimization step involved slicing the cold leg into two sections where inlet and SI 

are in one section (henceforth pipe head) and the rest of the pipe is in the other section. 

This was in order to be able to achieve sweep meshing in the greater part of the pipes, 

which is more suitable for a better solution in the pipes (Figure 1). 

 

  
Figure 2: Fluid bodies grouped together as one part 

The next optimization step comprised of grouping all the coolant parts together as seen in 

Figure 2. Previously, the fluid parts had been separate bodies, though the program 

recognized the interfaces between different meshed bodies. 

There was a 2 mm bump in transition from the cold legs to the inlets of the vessel (Figure 

3), which was eliminated after clarification from design documentation. The pipes were 

modified to have a wall thickness of 32 mm and hence an inner diameter of 496 mm as 

well. 
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Figure 3: Bump between pipe and inlet to the vessel 

However, even with these modifications, meshing proved to be tedious by dropping the 

orthogonal quality if certain bodies were not suppressed during meshing, or creating 

separate fluid regions when the mesh was finally created. Eventually, the problem was 

identified as the solid body joints created in geometry to be less than perfect and having 

bumps that would interfere with the meshing. So, a new geometry was developed in which 

the pipes were created on the same model as the vessel, instead of being imported. They 

were created by using 3D operations such as skin and extrude instead of joining parts 

created by sweep and then revolving a 2D sketch of the shape of the pipe along an axis, 

which created an imperfect joint at the interface. The new geomtry results can be viewed 

in Figure 4.  
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Figure 4: New improved geometry model with only thin and extrude functions used for the 

pipes 

Furthermore, a new model with straight pipes was developed to perform sensitivity 

analysis to see how the bend of the pipes can affect the flow (Figure 5).  

 

 

Figure 5: Model with straight pipes 
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2 Mesh optimization 

Under Subtask 1.1.2 meshing of the vessel was accomplished according to Figure 6, 

which included tetrahedral meshing of the entire model except for the lower and middle 

part of the outer vessel and water which were meshed using sweep meshing. No inflation 

was introduced in the model. 

 
Figure 6: Complete view of previous mesh 

Under Subtask 1.1.3 this meshing was refined much further. Inflation was introduced in the 

entire water domain from the inlet of the cold leg to both surfaces of the downcomer, 

excluding the water in safety injection pipe. Many problems were encountered and solved 

in accomplishing a refined mesh of the model. Minimum global size of the current mesh, 

as can be seen in Figure 7Figure 9, was set to 10 mm, the maximum face size was set to 

30 mm and the maximum size to 50 mm. The model was meshed in a certain sequence 

starting from the water, then moving on to the inner wall of the vessel and then the outer 

wall. 

Inflation along the water domain was set up as a 5 layer inflation, with the first layer height 

at 5 mm and layer growth rate of 1.2. The mesh and inflation layer of the new mesh can be 

seen and compared with that of Subtask 1.1.2 in Figure 7. 
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Figure 7: Meshing of the pipe head and pipe in the previous (top) and new (bottom) mesh 

Figure 8 shows meshing of the vessel and the water near vessel wall in the previous and 

current meshing. The inflation layer of water in the current mesh can be observed. Figure 

9 shows the final meshing product. 
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Figure 8: Close view of previous (left) and current (right) meshes near vessel inlet 

 

 
Figure 9: Improved meshing of the vessel 
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Table 1 shows the details of mesh for both Subtasks 1.1.2 and 1.1.3. 

Table 1: Comparison of mesh details and statistics of current and past mesh 

Parameters 
 

Subtask 
1.1.2 

Subtask 
1.1.3 

Sizing 

Min Size (m) 0.05 0.01 

Max Face Size (m) 0.05 0.03 

Max Size (m) 0.10 0.05 

Orthogonal 
quality 

Min 0.04 0.10 

Max 1.00 1.00 

Average 0.88 0.90 

Nodes   857,885.0 3,433,235.0 

Elements   1,885,440.0 6,707,878.0 

 

Comparison of Figure 10 and Figure 11 shows that a higher percentage of the elements in 

the improved mesh have an orthogonal quality closer to 1.0 than those in the previous 

mesh. Also, there tend to be more hexahedral elements in the improved mesh by 

percentage than the previous mesh, which is dominated by tetrahedral elements.  
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Figure 10: Mesh metrics of mesh from Subtask 1.1.2 

 

 
Figure 11: Mesh metrics of improved mesh 
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3 Solution 

A detailed analysis was performed in order to recognize and fix the possible causes of 

poor convergence which was one of the main goals of this project. In the results of the 

following chapter convergence issues have been discussed.  

3.1 Detecting poor convergence causes in ANSYS CFX 

As it was already mentioned several problems were detected while performing Subtask 

1.1.2. The convergence RMS target is set to 10-4 by default. However, the convergence 

we were achieving was on the order of 10-3. One of the goals of Subtask 1.1.3 was to test 

the possible causes of the poor convergence and try to fix them.  

Several factors are listed in Table 2 that may lead to poor convergence including poor 

mesh quality, improper boundary condition selection and time step selection [2]. 

Table 2: Factors that may lead to poor convergence [2] 

Problem Solution 
 

MAX residual 
adjacent to a 
flow boundary 

Check that the boundary condition is sensible. Try different options 
for the boundary specification. If a profile (by equation or data 
interpolation) can be specified, it may help. If using a profile, check 
to see that it is correct and sensible. 

Turbulence 
model 
selection 

When choosing a turbulence model, care must be taken to use a 
mesh appropriate for the given model. Running a given turbulence 
model on an inappropriate mesh can cause convergence to stall. 

Poor grid 
quality 

Small angles or high aspect ratios can lead to round-off errors in the 
solver. Try to improve grid quality in the problem area. 

The convergence problems can be divided into two classes: start-up problems and later 

problems. The start-up problems appear at the very beginning of the solution process.  If 

there are problems with getting the solution started, it may often be due to a poor initial 

guess. In this case, it is recommended to check out the boundary conditions carefully. One 

way to find the proper boundary conditions is to solve the problem for a more simple case 

and use the results as the initial guess for more complicated solutions. If convergence is 

not achieved during solution (and is not on its way), there may be convergence problems 

later on. It should be checked whether the problem is of local or global origin, which can 

be done by comparing the orders of magnitude of MAX and RMS residuals. If the order of 

magnitude of the MAX residual is one or more orders higher than the order of magnitude 

of the RMS residual, then the problem is of local range. Testing for this particular case is 

presented below where mesh created under Subtask 1.1.2 [1] was used.  
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As can be seen from Figure 12, the order of magnitude of the MAX residual is at least two 

orders higher (10-1) than the RMS order (10-3). Therefore, it can be concluded that the 

problem is of local range. The residuals of four equations are presented: mass flow (P-

Mass), and the three components of momentum (U-Mom, V-Mom and W-Mom). 

 

 
Figure 12: Comparison of the orders of magnitude of RMS and MAX residuals  

It was also possible to detect the location of the problematic points which were located at 

the mesh points where high MAX residuals were observed. Using this methodology the 

following problematic points were detected (Figure 13 - Figure 15).  

 

 

1.0E-05

1.0E-04

1.0E-03

1.0E-02

1.0E-01

1.0E+00

1.0E+01

0 10 20 30 40 50 60 70 80 90 100

R
M

S
 

 

Timestep 
 

RMS U-Mom MAX U-Mom



NRSC-RT-USAID-001/13-T1.1.3-001, revision 03 

20 

 

Figure 13: The location of the first problematic point (safety injection pipe connection)  

 
Figure 14: The location of the second problematic point 

 
Figure 15: The location of the third problematic point 

Using the results of this assessment, a new improved meshing was created within the 

current task. 

3.2 Testing different turbulence models 

Within the framework of turbulence testing for Subtask 1.1.3, several turbulence models 

were tested. Below each of the models will be presented shortly and then the comparison 

between the models concerning turbulence will be discussed.  

3.2.1 k-ω (Wilcox) model 

k-ω (Wilcox) model uses specific dissipation rate which is defined per volume. This model 

is more accurate and robust than the k-ε model, which was not used in this comparison. 

This model allows automatic wall treatment, the purpose of which is to make results 

insensitive with respect to wall mesh refinement. The main problem of this model is its high 
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sensitivity to free stream conditions. Below the convergence results for k-ω model are 

presented for one of the meshes developed under current task (Figure 16). 

 
Figure 16: Convergence history for k-ω at 1000 s 

3.2.2 SST model 

The SST k-ω turbulence model is a two-equation eddy-viscosity model which has become 

very popular [3]. The (SST) formulation combines the better of two worlds by using both k-

ω and k-ε models. The use of a k-ω formulation in the inner parts of the boundary layer 

makes the model directly usable all the way down to the wall through the viscous sub-

layer, hence the SST k-ω model can be used as a low-Re turbulence model without any 

extra damping functions. The SST formulation also switches to a k-ε behavior in the free-

stream and thereby avoids the common k-ω problem where the model is too sensitive to 

the inlet free-stream turbulence properties. The SST k-ω model generally behaves well in 

adverse pressure gradients and separating flows. The SST k-ω model produces 

turbulence levels that are a bit too large in regions with large normal strain, like stagnation 

regions and regions with strong acceleration. This tendency is much less pronounced than 

with a normal k-ε model though. Below the convergence results for k-ω model are 

presented for one of the meshes developed under current task (Figure 17).  
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Figure 17: Convergence for the SST model 

3.2.3 Results of comparison analysis of different turbulence models 

The comparison is provided for the x components of the momentum for SST, k-ω and k-ε 

models (Figure 18). All the results converge to about 10-3 as can be seen. It was 

suggested to use for the future calculations the k-ω model taking into account that for this 

type of flow calculations it is suggested to use k-ω if there is no special reason to change 

the model.  
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Figure 18: Comparison between turbulence models (Momentum x-component) 

The following solutions were created using the k-ε turbulence model for solution time 

optimization as there was not much difference in terms of convergence between the 

models. 

3.3 Steady state solutions at normal operation 

To assess the effect of the bend in the cold legs on water flow, separate models were 

developed. One took a simplification of the reactor model, where the cold legs are straight 

all the way through. The water entering the vessel seems to have a generally downward 

motion with no rotation. The second model corresponded to the actual ANPP Unit 2 

reactor, with bent pipes and safety injections. In the second model, slight sideway motion 

can be noted as water pours downward the vessel. 

3.3.1 Straight pipe model 

In order to study the effect of pipe form and shape on the flow in the vessel, straight pipes 

attaching to the vessel were modeled as seen in Figure 19. This model was to serve as a 

comparison basis for the rest of the calculations.  Analysis was performed for full power 

operation state of ANPP. 

Water velocity vectors are pictured in Figure 19. As can be seen, when water pours down 

from the pipes into the downcomer, the maximum velocity they achieve is 17.4 m/s. The 
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lowest speeds are achieved directly underneath the pipes, at the bottom of the vessel and 

also above the downcomer, where water comes to near halt.  

 

 
Figure 19: Velocity vectors with straight piping 

Temperature of the water at the wall interface is shown in Figure 20. The temperature of 

water at the vessel inner wall is uniform and equal to 544 K.  

 

 
Figure 20: Water temperature at vessel interface  
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The water velocity streamlines are pictured in Figure 21. As can be seen, water enters 

through the inlets and pours down straight through the downcomer to the outlet. Minor 

sideway motion can be noted, but it should be emphasized that there is no overall 

rotational motion inside the downcomer in this model. 

 
Figure 21: Water velocity streamlines from the inlets to the outlet 

Pressure on the water vessel interface is shown in Figure 22. As can be seen, pressure 

increases as water is poured in from the pipes downward. The pressure profile is 

elaborated in Figure 23, which shows planes starting at -6.5 m level to 1.73 m compared 

to the ground level (which is below the pipes). Small horizontal pressure gradients can be 

seen especially close to and right beneath the pipes.  
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Figure 22: Water pressure at vessel and pipe interface 

 

 
Figure 23: Pressure at different planes of the vessel 

Absolute pressure along a straight vertical line across the vessel can be viewed in Figure 

24. Although the general trend of the pressure is to increase downward the vessel, some 

jump in pressure can be seen right above the loops, as the water gets trapped above. 
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Figure 24: Absolute pressure profile along a straight vertical line  

3.3.1 Bent pipe model 

The results of analysis for full power normal operation of ANPP are presented below. 

Solution was obtained using the k-ε model. 

Figure 25 shows the temperature on the inner surface of the vessel wall. As can be seen, 

the temperature remains the same (at about 544 K) along the entire vessel.  

 
 

Figure 25: Temperature profile at vessel and pipe interface with water 
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Figure 26 represents the water velocity streamlines through the inlet of the second loop. 

On the right a close-up view of the water streamlines inside the pipe is shown. The mass 

flow rate from all the inlets is the same.  

 

 

Figure 26: Water velocity streamlines from the inlets and the close-up view on the right  

As can be seen from Figure 26, water enters through the inlets and pours down with a 

unique angle through the downcomer to the outlet (Figure 27). This is due to the bend in 

the loops which produces a velocity gradient across of pipe and at the vessel inlet creates 

a sideway motion.  

 

Figure 27: Water velocity in bend  
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Absolute pressure along a straight vertical line across the vessel can be viewed in Figure 

28. Although the general trend of the pressure is to increase downward the vessel, some 

jump in pressure can be seen right above the pipes, as the water gets trapped above. 

 

 

Figure 28: Pressure along a straight line in water  

3.4 Solution at 1000 s after LOCA 

As mentioned above, a new set of runs with improved vessel model was performed. The 

objective was to compare the results of the analysis with previous results and be able to 

describe phenomenology which were questionable. The solution described below was 

performed under steady state conditions with boundary conditions taken from RELAP 

1000 s after start of LOCA (safety injection starts at 200 s). 

Results from the improved vessel model showed that the minimal temperature at the 

vessel wall is 188°C which is 5°C higher than in previous performed analysis [1]. In both 

case minimal temperature at the vessel wall was reached underneath the 3rd loop.  

Temperature profiles on the water interfaces of the shaft and vessel are shown in Figure 

29. Cold plumes can be seen on the inner shaft and on the vessel wall underneath the 

loops and leaning sideways, caused by lower temperature of the water pouring in from the 

pipes into the downcomer.  
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Figure 29: Temperature of vessel wall (left) and the shaft wall (right)  

a) previous mesh   b) improved mesh 

Figure 30 shows the velocity streamlines of water flowing through the safety injection inlet 

of the second loop. As can be seen, water touches the opposite surface of the pipe and 

moves forward while adhering to it, after which it spirals around while still moving close to 

the surface of the pipe until it pours down the downcomer. The tendency of the cold water, 

which is injected at higher velocity relative to the hot water to stay close to the surfaces 

may be explained by Coanda effect, which causes the faster flowing stream to tend and 

adhere to the surfaces nearby.  

 

 

a) previous mesh   b) improved mesh 

Figure 30: SI water velocity streamlines from the second leg  
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Same effect was also observed in previous performed analyses [1]. However, in the 

current case the injected water is mixed further with the hot water entering through the 

inlet.   

As can be seen in the resulting images (Figure 31) so far, the water tends to lean 

sideways after pouring down the downcomer. This can be explained if the pressure profile 

at the vessel inlets is considered. Figure 31 shows the water velocity streamlines coming 

from the second loop safety injection inlet. A plane at 0.92 m shows the pressures at that 

level. As can be seen, Coanda effect causes the cold safety injection water to lean to one 

side of the wall. The lower mass flow rate of the safety injection water compared to the hot 

water gives a higher pressure in the section where it flows, while there is lower pressure in 

the section where hot water is dominant. The pressure difference between the two 

sections is on the order of a few hundred Pascals. This pressure difference may be the 

reason that the water is pushed from the high pressure section to the low pressure 

section, causing it to lean sideways as it enters the downcomer. This pressure difference 

occurs in loops 2, 4, 6, where the safety injection takes place after the RCP. The rest of 

the loops, which do not have the same effects due to premixed water entering from the 

inlets, also lean sideways due to the rotation caused by loops 2, 4, 6, but to a lesser extent 

(Figure 32). The same effect was observed in the previous analysis. 

  

Figure 31: Pressure at the downcomer inlet, bottom view improved (right) and old (left) 

model 

Figure 32 shows the water velocity streamlines coming from all inlets. As can be seen, 

water in the loops that are fed before the RCP are almost stagnant, as the mass flow rate 

through them is on the order of 4-7 kg/s, while the mass flow rate through loops 2, 4, 6 are 

two orders of magnitude higher, causing some of the downcomer water to backflow into 

pipes 1, 3, 5 (Figure 33 - Figure 35) and mix with the water in loops 2, 4 and 6. This leads 
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to heating up of the temperature of water in loops 1, 3 and 5. Same effect was also 

observed in the previous analysis [1]. 

 

Figure 32: Water velocity streamlines and the pressure profile across vessel 

 

Figure 33: Velocity vectors at the downcomer  
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Figure 34: Velocity profile at the 3rd loop connection to the downcomer 

 

Figure 35: Water temperature profile at the 3rd loop 

Vertical eddies were observed inside the downcomer in the previous analysis, which could 

not be explained in detail. Analysis performed with the improved mesh showed that one of 

the reasons for the existence of the eddies is water injected from loops 1, 3, 5, which are 

colder than the rest of the loops; these do not mix well with the hot water and continue to 

flow in narrow streaks. This leads to the water injected from the hot loops to spread out 

and mix with the cold water (Figure 32). This process is more turbulent and may create 

vortices. 

The temperature of the vessel wall along a straight line starting underneath the third loop 

and through the cold plume downward is given in Figure 36. As can be seen, the water 

warms up fast at the initial 2 m and gradually the rate of its warm-up slows down. 
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Figure 36: Temperature of vessel wall at cold plume 

One of the important issues from the point of view of PTS is thermal stratification inside 

the loops because thermal stratification will lead to formation of cold plume on the vessel 

wall. The results of the analyses showed that thermal stratification takes place mostly in 

the loops where the HPI connected before the RCP, causing some of the downcomer 

water with relatively high temperature to backflow into pipes 1, 3 and 5. In the cases where 

the HPI was connected after the RCP, hot and cold water were premixed before being 

injected to the vessel (Figure 35 and Figure 37).   

 

Figure 37: Water temperature profile at the 2nd loop  

Figure 38 and Figure 39 give the temperature profiles of the wall at the inlets of the 

downcomer, which indicates how the water flows once ejected from the pipes. As can be 

seen, in case of the loop where HPI is supplied before the RCP and hence the mass flow 

rate is two orders of magnitude lower than the other loops, the water tends to stick to the 
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surface of the vessel, which is close to the pipe; however, in the case where water is 

injected after the RCP, it tends to stick to the surface of the inner shaft opposite the pipe 

inlet. It can be concluded that thermal shock is going to be higher on the vessel where the 

water is injected before the RCP. 

 

Figure 38: Temperature profile at reactor vessel inlet (HPI injection before the RCP) 

 

Figure 39: Temperature profile at reactor vessel inlet (HPI injection after the RCP)  
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Conclusions 

In the current investigation, several problems which were identified under Subtask 1.1.2 

were addressed. The major issues which were resolved under the current task are 

described below.   

The meshing and geometry were improved significantly, which allowed to achieve higher 

orthogonal quality of 0.10 compared with 0.04 during meshing. 

Sensitivity analysis was performed regarding the effect of the pipe shape on water flow 

through the vessel. A model with straight pipes was created, in which case water seemed 

to flow directly downward. As the bent pipes were introduced, water seemed to gain a 

sideway motion. 

Several turbulence models were assessed to identify the impact on the results of the 

analysis. The comparison showed that the convergence of RMS residual values was 

approximately the same. 

In the previous analyses, there were some vertical eddies inside the downcomer, which 

could be explained in detail. Analysis performed with the improved mesh showed that one 

reason for their existence is water injected from loops 1, 3, 5 which are relatively colder 

than other loops and do not mix well with hot water and flow in narrow streaks. This leads 

to the water injected from the hot loops to spread out and mix with cold water. This 

process is more turbulent and may create vortices. 

Results with the improved vessel model showed that the minimal temperature at vessel 

wall is 188°C which is 5°C higher than that in the previous analyses. 

Transient analyses are not performed in the frame of the current task due to the very large 

LOCA evolution time scale from CFD perspective, which needs significantly more 

computational time and will be performed in the future.  

Also, the results of the analysis showed that at the pipe cross section at the inlet of the 

reactor, the velocity gradient of the flow was shifted from center to the side during normal 

operation. This shifted profile of velocity tilts the water sideway as it pours down the 

downcomer. A model with straight pipes was created to study this effect further, and it was 

observed that the water does not tilt anymore when the pipes are straight, which suggests 

that it is the bend in the pipes that causes the velocity profile shift. This phenomenon 

requires further observation and confirmation; however, it may prove to be significant since 

it has never before been noted for a VVER reactor. 
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Finally, the results of analysis showed that in case of injection of cold water to loops water 

temperature stratification in the pipes will occur if all the RCPs are stopped.  This water 

temperature stratification can lead to temperature misreading by sensors if they are 

located improperly, and may lead to wrong operation of PTS protection system. Therefore, 

results of current analysis can be used to choose the correct locations for temperature 

sensors to be installed in order to determine whether PTS protection system should be 

activated.    
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