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1. Introduction 

The temperature difference in the fluid region due to the thermal 

stratification produces undesirable excessive thermal stress at the pipe in 

axial, circumferential, and radial directions, leading to thermal fatigue 

damage to the piping systems [1-4]. Several nuclear power plants have so 

far experienced such serious mechanical damages due to excessive 

thermal stress as pressurizer surge line movements and its support 

failures, and cracks in feedwater nozzle, high pressure safety injection 

lines, and residual heat removal lines. An essential prerequisite for 

assessing the structural integrity of a piping system subjected to internally 

thermal stratification is to determine the transient temperature 

distributions in the pipe wall with accuracy. 

Several investigators have made efforts to determine the temperature 

distributions in the pipe wall by means of laboratory testing of particular 

geometry, field measurement of temperature, or fully theoretical 

predictions, or numerical calculations. However, they have addressed 

only 2-dimensional cases or 3-dimensional simplified cases where the 

existence of pipe wall thickness is neglected or the piping is assumed to 

be straight [5,6].  

However, most of piping systems at nuclear power plant are designed 

to have some bent parts and thick wall taking into account the wall 

thinning effect during the long time operation. When the conducting solid 

material is included in the solution domain of fluid flow and heat transfer, 

the problem is usually called the conjugate heat transfer problem.  

Recently 2-D and 3-D conjugate heat transfer calculations for a cross-

sectional area and full flow and heat transfer domain of a simplified 

straight pipe model of PWR pressurizer, respectively, have been 

performed by Jo et al. [5, 6].  

In this study, to overcome the limitation in mesh generation for such a 

complex geometry as 3-dimensionally bent piping, 3-dimensional 

transient CFD calculations involving the conjugate heat transfer analysis 

are performed to obtain the transient temperature distributions in the wall 

of an actual PWR pressurizer surge line subjected to stratified internal 

flows either during out-surge or in-surge operation using a commercial 

CFD code called CFX-5.10 [7]. In addition, some key findings derived 

from the discussion on the CFD calculation results which should be 

followed in the process of thermal analysis are provided. 

2. Mathematical Formulation 

2.1 Problems 

The configuration of pressurizer surge line of a PWR is depicted in 

Fig.1. The geometrical data and material properties utilized in the 

calculations are shown in Table.1. Firstly, considering the situation of out-

surge flow, cold fluid at a specified temperature of 51.7 Cο  occupies 

inside the pipe maintaining the steady-state condition initially, and then at 

a certain time hot water at a specified temperature of 218.3 Cο is 

considered to begin to flow down into the pipe top nozzle (the inlet for 

the case of out-surge flow which is connected to the pressurizer) at a 

velocity of 0.07 sec/m . In case of the in-surge flow, on the contrary to 

the former case, hot fluid at a specified temperature of 218.3 C
ο

occupies 

inside the piping system maintaining the steady-state condition initially, 

and then at a certain point of time cold water at a specified temperature of 

51.7 Cο  is considered to begin to flow up into the pipe bottom nozzle (the 

inlet for the case of in-surge flow which is connected to the reactor 

coolant system) at a velocity of 0.07 sec/m . 
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Fig.1 Configuration of pressurizer surgeline. 

Table 1 Geometrical data and material properties 

Parameters Values 

Material of pipe ASME SA-312 Type 316 

Inner diameter of pipe 0.3048m 

Thickness of pipe 33.45mm 
Conductivity of pipe, ks 16.3 W/m-K 

Ri [ = )(/ 2

inavgi udg ρρ∆ ] 99.85 

2.2 Governing Equations 

To closely simulate the flow behavior during the entire discharging 

phase, the turbulent flow is considered with the shear stress transport 

(SST) turbulent model. For buoyancy calculations involving variable 

density, the density difference refρρ −  is evaluated directly [7].  

The Reynolds-Averaged Navier-Stokes equations for conservation of 

mass, momentum, and turbulent quantities for the present problem in a 

Cartesian coordinate system can be expressed as in reference [7]. 

2.3 Initial and Boundary Conditions 

In either situation, the cold fluid occupies the lower space of the pipe 

without mixing well with the hot fluid occupying the upper space due to 

the difference in density between the two fluids. This results in so-called 

thermally stratified flow in the pipe. Because the plant piping system is 

generally insulated to prevent heat loss, the adiabatic condition is 

specified at the outer wall surface of present pipe model. On the solid 

wall, the wall function method is applied.  

3. Conjugate Heat Transfer 

To take into account the thermofluid-structure interaction between the 

pipe wall and stratified flow inside the pipe, the conjugate heat transfer 

analysis has been incorporated into the CFD analysis. The solid domain 

of the pipe wall region, in which the equations for heat transfer are 

solved, is created. Within the solid domain, the conservation of energy 

equation is simplified since there is no flow inside a solid, thus 

conduction is only mode of heat transfer.  

4. CFD Analysis 

The SST model is employed to simulate the turbulence flow in this 

study because, as compared with the standard ε−k  turbulence model, it 

is known to be more conformable to analysis of flow separation and swirl 

flow and has high accuracy. The solution domain is divided into a finite 

number of hexahedral control volume cells. The discretization of the 

governing equations is performed following the finite volume approach. 

The convection terms are approximated by a higher-order bounded 

scheme. The calculation was performed with the transient mode and the 

physical time step set to 0.1sec for the out-surge case and 0.05 sec for the 

in-surge case with 10 of the maximum number coefficient iterations per 

time step. Convergence of the iterative computations for each time step is 

determined when the RMS residual of the major parameters is less than 

0.0001. The interesting time range of the present work is from the starting 

time point of either out-surge or in-surge operation through the elapsed 

time of 500 sec. 
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5. Results and Discussion 

Sensitivity studies to check both mesh and time step independencies on 

the calculation results have been performed.  The results are shown in 

Figs. 2 for out-surge case. The optimum number of mesh and time step 

sizes are 230,000 and 0.1 sec for the out-surge case (0.05 sec for the in-

surge case), respectively. It is seen from the Figs. 2 that excessive 

computation time is required with little changes in the computation 

results even if the number of nodes is increased above 230,000 or the 

time step size is reduced below 0.1sec for the out-surge case and 0.05 sec 

for the in-surge case. 
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Fig. 2 Mesh and time step dependencies for out-surge flow. 

 
        (a)           (b) 
Fig. 3 Transient temperature distributions at the inner wall surface at 
t=200sec. 

 
Fig. 4 Transient temperature distributions at the cross-section c-c’ (see 
Fig. 1) at t=200sec. 

To investigate the effect of the existence of pipe wall thickness as is in 

the actual situation on the prediction of transient temperature distributions 

in the pipe wall, two different cases where the pipe wall exists or not have 

been numerically simulated using the CFX-5.10 code. Figure 3(a) and 

3(b) show the transient temperature distributions at the inner wall surface 

at the elapsed time of 200 sec after start of out-surge for the two different 

cases mentioned above, respectively.  

Figure 4(a) and 4(b) display the transient temperature distributions at 

the cross-section c-c’ (see Fig. 1) at the elapsed time of 200 sec after start 

of out-surge for the two cases, respectively. As can be seen from Figs. 3 

and 4, the temperature distributions in the pipe wall predicted with the 

simple heat transfer model which takes no account of the existence of 

wall thickness are much different from those for the case where the 

existence of wall is considered as in the real situation. This is because 

convective heat transfer between the fluid and pipe wall as well as heat 

conduction in the pipe wall occur as the hot water flows into the 

pressurizer pipe which is filled with cold water initially.  

The transient evolutions of temperatures both at the top and bottom 

inner wall surfaces of cross-section c-c’ indicated as the point 1 and point 

3 in Fig. 1 are plotted for the two different cases in Fig. 5. As is seen from 

Fig. 5, the temperature difference between the top and bottom inner wall 

surfaces for the real pipe model is much larger than for the pipe model 

neglecting wall thickness, generally.  

0 100 200 300 400 500
0

50

100

150

200

T
e
m
p
e
ra
tu
re
 [
 o
C
]

Time [sec]

 point 1           point 1_w/o wall

 point 3           point 3_w/o wall

 
Fig. 5 Transient evolutions of temperatures both at the top and bottom 
locations of the cross-section c-c’. 

It is seen from previous results that the existence of pipe wall thickness 

is very important and makes computation results different. Therefore the 

conjugate heat transfer analysis should be performed in order to predict 

the thermal behavior of a piping system subjected to thermally stratified 

flow realistically and obtain accurate computational results of transient 

temperature distributions in the pipe wall.  

6. Conclusions 

In this work, a detailed numerical analysis of unsteady conjugate heat 

transfer was performed for an actual PWR pressurizer surge line pipe 

subjected to internally thermal stratification caused either by out-surge or 

in-surge flow. Main emphasis of the study was placed on the investigation 

of the effects of conjugate heat transfer analysis on the determinations of 

the transient temperature and thermal stress distributions in the pipe wall. 

A conjugate heat transfer analysis should be performed in order to predict 

the thermal behavior of a piping system subjected to thermally stratified 

flow realistically and obtain accurate computational results of transient 

temperature distributions in the pipe wall. 
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