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ABSTRACT 

 
During the design lifetime of nuclear power station (NPS), emergency core cooling system will inject the 

cold water to reactor pressure vessel (RPV) under high temperature and pressure. Then liquid will be mixed in the 
transition region between incline injection line and main pipe line. Meanwhile, the temperature gradients and related 
thermal stresses take the highest level in the nozzle, which induce through-wall crack (TWC) in the inner shell. 
Therefore, the research on characteristic of flow and heat transfer in lower plenum of RPV with incline safety 
injection system is very important. Firstly, a numerical simulation is used to investigate the scaled-down model. 
Considering two kinds of software, the same turbulence model has been analyzed as numerical simulation by 
FLUENT and CFX. Comparing two numerical results, it can verify the applicability and reliability. In addition, the 
research on sensitivity of flow is also developed, which can provide technical support on characteristic of flow and 
heat transfer for engineering practice. 
 
INTRODUCTION 

 
 During the design lifetime of NPS, emergency core cooling system will suddenly inject cold water to RPV 

under high temperature and pressure. Following that, high thermal stress could occur under the thermal shock and 
high tensile stress will present on the inner surface, which could lead TWC. With this situation developing, TWC 
induces the severe loss of water, which will result in melting down of core. Thus, the study on flow and heat transfer 
in lower plenum of RPV with incline safety injection system is very necessary and important. 

Since 60s of the 20th century, many countries have investigated the flow and heat transfer in RPV under 
PTS. The foreign design and research institutes have studied with the experimental research and study. For example, 
France Company FRAMATOME[1] has done the research about incline safety injection line nozzle of RPV and 
surge line nozzle of PRZ on heat transfer under normal pressure and temperature at 80s.Catalano[2] calculated jet 
flow field using two-equation k-ε turbulence model, which results showed that jet flow shocked the opposite in main 
pipe line under velocity ratio equal to 4. Meanwhile, they found the flow is complex at the outlet nozzle. Demuren[3] 
used finite volume methods to calculate, combining second-order moment close model and multigrid technique. As 
against this results contrast with experiment data by Anderopoulos[4], he found boundary condition is hard to 
simulate on outlet of jet flow because of the flow complexity. In china, Xi’an Jiaotong University has studied heat 
transfer on directly safety injection line nozzle of RPV [5] and single incline safety injection nozzle [6] under normal 
pressure and temperature. But all the system including incline safety injection system, main pipe line and lower 
plenum of RPV do not have been studied in experimental research at home. 

In order to represent flow and heat transfer in lower plenum of RPV with incline safety injection system, 
this report has researched this system with experimental and numerical methods.    

 
PHYSICAL MODEL  

 
Combining interrelated theory, the numerical model uses scaled-down model (1:9) of a 3-loop RPV, 

including incline safety injection feedwater system, main pipe feedwater system, safety injection heating system and 
lower plenum of RPV (Figure 1). Using water as a working liquid, a third part is the simulation model and the outlet 
is at the top. To investigate sensitive area, 25 test points are arranged on the severe mixing area and key area. They 
are arranged in incline safety injection line, elbow, inlet of RPV, welding of RPV and neutron irradiation of RPV 
respectively (Figure 2).  
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Fig1: The experimental model 

 
 
 
 
 
 
 
 
 

 

 

 

 
Fig2: Test point arrangement drawing 

 
Temperature variation is denoted by specific mixing function m at test points: 
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The proportion of velocity on incline safety injection line to main pipe line is defined by velocity ratio VR: 
VR= Vi / Vp 

Here, 
Vi－ velocity of incline safety injection line. 
Vp－ velocity of main pipe line. 

 
NUMERICAL SIMULATION  

 
For numerical calculation of flow and heat transfer, it is the one of the difficult and active fields for 

computational fluid dynamics and numerical heat transfer. Owing to difference of numerical condition and aim, 
turbulent flow can have different fine grade of numerical simulation. This paper will use k-ε and SST model in 
Reynolds time-averaged equations (RANS) method. 

Two-equation k-ε turbulence model is the most widely-used, which induces a turbulent energy dissipation 
rate ε. This model assumes the liquid as complete turbulent flow and the molecule viscosity ignored. This standard 
k-ε turbulence model can simulate the fully developed turbulent flow which far from the wall.  
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Analysis of sensitivity of mesh 

 
Figure 3 shows the boundary condition, which includes inlet velocity, outlet pressure and wall condition. 

Meanwhile, the inlet flow distribution of main flow and jet flow is fully developed turbulent pipe flow, one 
atmosphere is reference pressure, outlet pressure is 0, the temperature difference between jet flow and main flow is 
50 degree F, wall is adiabatic and inner surface is heat transfer boundary. 

Hexahedron element is used in flow field; wall is dealt with boundary layer and the first mesh center near 
wall satisfies wall function. With the mesh number changing, the sensitivity of mesh on results is analyzed. When 
mesh number equals to 2,480,000, the effect on mesh number is neglectable. Figure 4 shows that the horizontal 
ordinate is node number and vertical ordinate is corresponding velocity, in which the total node number is as follows: 
grid1 equal to 1,000,000, grid2 equal to 2,030,000 and grid3 equal to 4,420,000 respectively. 
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                              Fig3: Numerical model as scale of 1:9                                     Fig4: Sensitivity of mesh                                  
 
Comparison of the results by two kinds of software 
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Fig5: Comparative curves between two kind of Software as 1:9 scale-down model 

 
Using the same k-ε turbulence model and boundary condition in above section, the numerical simulation 

has been done by two software (FLUENT and CFX) at the same condition for 1:9 scale-down model. Then, the non-
dimensional mixing function m is obtained. Figure 5 reveals that two curves are in substantial agreement. Since two 
kinds of software can use for numerical calculation and the results are effective. 

 
Analysis of sensitivity of parameters 

 

The same k-ε turbulence model and boundary condition is used as above section analyze sensitivity of mesh. 
Under the same velocity ratio VR, the effect on the flow is researched for different velocity Vi of incline safety 
injection line and different velocity Vp of main pipe line. And the influence of incline safety injection and main pipe 
under different velocity ratio VR has also been investigated. 

Regardless of high or low velocity, as long as the velocity ratio is the same, the flow pattern is the same in 
figure 6-7. For transverse injection, (ρiVi

2)/(ρpVp
2) is the ratio of momentum flux  of jet flow to main flow. Taking 

the dimension into account, this represents the proportion of jet flow momentum to main flow momentum in unit 
time and unit area. Their relationship is exactly the root cause of the determination for the flow condition. In this 
paper, jet flow and main flow are incompressible and hence ignore the effect on density difference. Thus, the 

http://www.iciba.com/boundary/
http://www.iciba.com/boundary/
http://www.iciba.com/layer/
http://www.iciba.com/pattern/


Transactions, SMiRT 21, 6-11 November, 2011, New Delhi, India Div-II: Paper ID# 818 

 4 

identity of velocity ratio VR means the ratio of momentum flux of jet flow to main flow is the same, that is, the 
interaction of jet flow and main flow is the same. Thereby, numerical results of flow condition are in substantial 
agreement when velocity ratio is the same but the velocity of jet flow and main flow is different. 

       
a .Vi= 27.7 ,Vp=17.3                 b.Vi=1.6,Vp=1                         a.Vi=9.6,Vp=1                         b.Vi=28.8,Vp=3 

 Fig6: The distribution of streamline at VR=1.6               Fig7: The distribution of streamline at VR=9.6 

 
a.VR=4                                           b.VR=10                                           c.VR=40 

                       Fig8: Trace chart at different flow velocity 

 
It can be seen in figures 6-8 that jet flow streamline is changed with the increase of VR. In accordance with 

jet flow track and the influence range, it can be divided into three kinds streamline: 1) attachment wall transverse 
injection, 2) lifted transverse injection, 3) shock transverse injection. And velocity ratio between jet flow and main 
flow is the key factor.  

The figures show that a large portion of liquid is closely against the wall and the least of main flow is 
penetrated. The jet flow keeps parallel to wall of main pipe, because jet flow has been compressed by main flow. 
With velocity ratio increase, bending level of jet flow is decreased and the mixing between jet flow and main flow 
reinforces, which improves the effect on main flow. Then jet flow leaves wall and mixes with main flow. When 
VR=4, jet flow penetrates through the bottom of main flow. At VR=10, jet flow will form bit reflux in the upriver of 
main pipe. At high velocity ratio, jet flow sharply shocks the bottom of main pipe and forms clear reflux. The mural 
liquid stretches along the bottom of main pipe and will downward trend thanks to the sides of main pipe. Hereby, a 
large portion of jet flow locates in the lower part of main pipe and there is least jet flow near jet flow nozzle. 

          
a. VR=0.29                                                               b. VR=40 

Fig9:  Isoline chart at different velocity ratio 
 

Velocity gradient in transitional fillet at outlet of incline injection nozzle attains to maximum in figure 9, 
which is attributable to the mural jet flow. That is, the effect of jet flow and main flow concentrates on transitional 
fillet. With velocity ratio increase, deflected level of jet flow reduces. In addition, main flow is in leeward side and 
emitting velocity is gradual uniform. When VR=40, jet flow strongly shock the bottom of main pipe, where the 
velocity is inhomogeneous and turbulent flow is sharpening. Then local reflux is formed. 

Figure 10 is the distribution of flow field in main pipe outlet at VR=1.6 and VR=4. The Figure 10a and 10b 
show that flow velocity in branch pipe and main pipe is different and some have a long distance. Spatial distribution 
of flow is very closely as a whole. Figure 10c and 10d have the similarity. On the basis of above conclusion, with 
the effect on flow field of incline injection line nozzle, the distribution of flow field in outlet is very similar. From 
the figures, the streamline is a strong resemblance at the same velocity ratio though different flow velocity in main 
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pipe and branch pipe. Whereas, flow velocity value of outlet is decided by flow velocity of main pipe and branch 
pipe. 

         
a.Vi=27.7,Vp=17.3                       b.Vi=1.6,Vp=1                      c.Vi=40,Vp=10                   d.Vi=12,Vp=3 

Fig10: The distribution of flow field in main pipe outlet at VR=1.6 and VR=4 

                                
a.VR=9.6                                              b.VR=10                                           c.VR=40 

Fig11: The distribution of flow field in main pipe outlet at different velocity ratio 
 

Figure 10a and 10b reveal that jet flow is mural at low velocity ratio (VR<4) and separation between main 
flow and branch flow is visible; Jet flow will influence the streamline in the bottom of main pipe and mixing 
reinforces at VR=4; Jet flow directly shocks the bottom of main pipe and mixing between main flow and jet flow 
more intense, namely the velocity in outlet is homogeneous at VR>4 (Figure 11). 

 The streamline and distribution of flow field in plenum is more asymmetry at low velocity ratio rather than 
at high velocity ratio in figure 12 and 13. Mixing flow between main flow and branch flow enters lower plenum. 
Because the liquid directly injects against the core barrel, the liquid disperses and a part of liquid flows to both 
sides of plenum. Owing to the obstruction of core barrel, it forms complex flow field. Though the distribution of 
flow field at main pipe outlet, namely the inlet of plenum, is inhomogeneity, the distribution of flow field near wall 
at 1 millimeter looks symmetric as a whole. 

                                                     
a. Vi=16,Vp=1, VR=1.6    b.Vi=40,Vp=10,VR=4     c.Vi=9.6,Vp=1,VR=9.6   Fig13: The distribution of flow field 

Fig12: Trace chart at different flow velocity in lower plenum                 near wall at 1mm in plenum (VR=40) 
 

CHARACTERISTIC OF HEAT TRANSFER  

 

Verification on results of calculation for heat transfer coefficient 

Comparing results, numerical simulation uses the condition of isothermal transverse jet flow. Point 1 and 
Point 2 mark as reference points at upriver in main pipe and branch pipe respectively. Because main flow and jet 
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flow in mixing region are heat transfer coefficient fully developed turbulent flow, wall heat transfer coefficient of 
Point 1 and Point 2 can use Gnielinski empirical formula as below: 

  

 187121

10008
32 




f

f
f Prf.

PrRef
Nu  

Where, 
f is Darcy coefficient of resistance for turbulent flow in pipe. It can be calculated by Filonenko formula. 

  264.1Relg82.1 
f  

If prediction error of Gnielinski formula is within ±20%, it means that the results are reliable.  
Consequently, heat transfer coefficient of non-isothermal transverse jet flow should be investigated. It is 

very important in theory and engineering practice. 
For calculation of regularity, a dimensionless heat transfer coefficient is defined as follows: 

r

hN
h



 
Where,  
N is dimensionless heat transfer coefficient of each test point; 
h is heat transfer coefficient of test point between liquid and wall; 
hr is reference heat transfer coefficient, the value here is the heat transfer coefficient on point 2 obtained by 

simulation calculation. 
 

Comparing heat transfer coefficient on each point at different region 

 

(1) Intersect region between main pipe and branch pipe 
Conditions of point 3 in windward side and two points (5-6) in intersect region are similar at large velocity 

ratio range, which continuous increase with velocity ratio increase in figure 18a. And dimensionless heat transfer 
coefficient of point 4 in leeward side of jet flow is larger than other points in the same location, which also increases 
with velocity ratio increase. 
(2) Downriver of jet flow 

Dimensionless heat transfer coefficients of three points (7-9) augment with velocity ratio increase. 
Otherwise, the growth reduces with velocity ratio decrease. 
 (3)Bottom of main pipe 

The change rule for dimensionless heat transfer coefficient in test point 11 and 12 is similar. Though there 
is no jet flow at low velocity ratio, the existence of jet flow also changes heat transfer between liquid and wall at 
these two locations. With velocity ratio increase, the growth of heat transfer coefficient has an upward tendency. 
Especially, jet flow sharply shocks the bottom of main pipe, the reflux forms in upriver and heat transfer is strong at 
the location when VR=10. 
(4)Elbow of main pipe 

 Similar with other points, dimensionless heat transfer coefficient of point 13 and 14 increase with velocity 
ratio increase in figure 18d. The value of point14 is larger than that of point13, and also the growth is larger. 
(5)Inlet of plenum  

Dimensionless heat transfer coefficients of point 13 and 14 increase with velocity ratio increase. But the 
growth is slow. At the same velocity ratio, the value of point 13 is smaller than that at elbow. 
(6) Specific point 15 

Notwithstanding, point 15 is the only one point in the upper of main pipe, its curve of dimensionless heat 
transfer coefficient looks similar to other points. Also it increases with velocity ratio increase and the growth curve 
is close to the curve of point 16. 
(7) Welding region of plenum 

 Three points (19, 21, 25) are located in the first welding region and point 22 lies in other welding region 
blow the first one. The trend of dimensionless heat transfer coefficient also increases with the velocity ratio increase. 
Comparing other points, the value of point 19 is smaller at VR<4; The value of point 19 is larger than that of point 
22, smaller than that of point 21 and 25 when VR=4; The value is similar in three points (19,21, 25) and slightly 
larger than point 22 at VR=9.6 and VR=10; Dimensionless heat transfer coefficients of four points are considerable 
different at VR=40. It can be found that the value of point 25 is the highest and the value of point 19 is the smallest. 
(8) Neutron irradiation region of plenum 
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 The curve of point 20 looks similar to that of point 19. And the value of dimensionless heat transfer 
coefficient at different velocity ratio is smaller than that of point 19. Because of branch action, the value of point 24 
is far above that of point 20. 
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e.                                              f.                                            g.                                             h. 
Fig18: Comparative figure of dimensionless heat transfer coefficient at different region 

a. Intersect region of tee   b. Downriver of tee   c. Bottom of main pipe   d. Elbow e. Inlet of plenum    
 f. Specific point 15 in plenum   g. Welding region of plenum   h. Neutron irradiation region of plenum 

 
CONCLUSION 

 
This paper lays the emphases on incline safety injection system injecting to main pipe line along with 

characteristic of flow and heat transfer at different condition of reactor pressure vessel. The domestic test stand as 
scale of 1:9 which includes incline safety injection system, main pipe feedwater system and lower plenum of RPV is 
used for the first time. Using k-ε turbulence model, numerical results obtained by two kinds of software CFX and 
FLUENT, are similar each other. Thus, it can verify the applicability and reliability and it further proves that the 
numerical method is an effective method.  

Based on the previous results, the sensitivity of parameters on flow is studied by CFX using k-ε turbulence 
model. During sensitivity research, velocity ratio is the chief factor, the velocity of main flow and jet flow is the 
second. Meanwhile, the characteristic of heat transfer is investigated. The results also display that dimensionless 
heat transfer coefficient grows with velocity ratio increases. Furthermore, the influence on tee mixing region, 
welding region of plenum and neutron irradiation region of plenum is the largest. 

In a word, the results demonstrate the numerical method is reliable and it also can supply an economic 
facile method for project practice. Next the effect of pipe length and plenum clearance for scale-down model on 
flow and heat transfer should be studied. Then, it can further perform the study on flow and heat transfer. 
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