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ABSTRACT  

The pressurizer surge line is one of the locations of high usage factors and most easy-to-

fail considering the effects of LWR environments.  Meanwhile, it is known that usage factors 

at many locations could be shown to be acceptable by refined analysis using fatigue 

monitoring based on actual metal temperature.  This paper discusses the methodology to 

evaluate the stress from the measured outer surface temperature by means of inverse heat 

conduction problem (IHCP) and direct heat transfer problem (DHTP).  The result of IHCP 

was divergent with the low sensitivity coefficient.  A sequential IHCP method was suggested 

to solve this problem.  As a result, it was possible to predict the inner surface temperature of 

pipe based on the outer surface temperature and to evaluate the thermal stress through the 

calculated inside temperature.  In conclusion, the proposed methodology is effective in the 

evaluation of inner surface temperature and stress time history at the surge line. 

1 INTRODUCTION 

Thermal stratification occurs when hot and cold fluids are not mixed and a layer is 

formed due to density difference.  This phenomenon results in unexpected thermal stresses in 

the piping, and if repeated, severe damage can be caused by the thermal fatigue.  Some 

defects were observed due to thermal stratification in piping of overseas nuclear power plants. 

The thermal stratification in piping of nuclear power plants either in operation becomes the 

principal problem. 

The assessment of environmentally assisted fatigue is needed to guarantee the 60-year 

design life of new nuclear power plants and the continuing operation of existing ones [1, 2]. 

However, it is difficult to satisfy the design requirement if the environmentally assisted 

fatigue is evaluated using design-basis event (DBE) which is much conservative than actual 

plant operating transient.  To improve this phenomenon, a fatigue monitoring system based on 

the measured outer surface temperature has been introduced.  

 Therefore, this paper presents the methodology for stress evaluation from the measured 

outer surface temperature.  Inverse heat conduction problem (IHCP) was used to predict the 

temperature of inner surface and calculated with conjugate gradient method (CGM) [3~5]. 
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Especially, the sequential IHCP method was proposed to obtain stable solution.  Thermal 

stress analysis was performed to determine the stress response due to a step increase of 

1000°F at inner surface of surge line using a three-dimensional finite element model of the 

surge line piping system including surge line support.  The stresses at the critical section were 

extracted into the Green’s function files [6, 7].  The files are used to calculate thermal stress 

due to inner wall temperature. 

2 FATIGUE EVALUATION METHOD  

The method of fatigue evaluation is organized in the following steps:  

STEP 1. The inverse problem for calculating inner wall temperature of surge line 

STEP 2. The direct problem for evaluating stress due to thermal load  

STEP 3. The stress due to internal pressure 

STEP 4. Fatigue analysis according to ASME code  

The inner wall temperature of surge line is predicted from the outer wall temperature 

using IHCP.  And then, the thermal stress due to the calculated temperature is evaluated using 

DHTP.  Internal pressure stress is evaluated using unit pressure analysis. All the stresses 

calculated above are combined as a total stress, and fatigue analysis is performed.  This 

process is shown in Figure 1.  

The final goal of this study is to build up fatigue monitoring system using outer wall 

temperature.  However, this paper will be focused on STEP 1 and STEP 2, which is the 

central pillar of fatigue evaluation method.  Detailed descriptions of inverse transfer function 

and direct transfer function were provided under sections 2.1 and 2.2.  STEP 3 and 4 are 

briefly described below.  A unit internal pressure was imposed on the finite element model 

and the resulting stress components were evaluated.  The resulting stresses are scaled to the 

measured internal pressure value.  The total stresses time history is determined by combining 

the six (6) stress components of the thermal stress and pressure stress.  And the calculation of 

cumulative usage factor is performed according to ASME NB-3224[8].  

 

Figure 1: Procedure for fatigue evaluation based on measured outer surface temperature 

history 
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2.1 Inverse Heat Conduction Problem  

The CGM is to find a solution by iterative calculation process to minimize the objective 

function.  The objective function is a mathematical representation of what must be minimized 

under evaluation.  In this paper, the temperature at the inner surface was predicted using the 

temperature at outer surface and the difference between the actual value and the predicted 

value of outer pipe temperature should be minimized.  Therefore, the object function is 

expressed as Equation (1) [3, 4]. 

Min 
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where Tout,meas is the measured outer surface temperature, Tout,est is the estimated outer 

surface temperature, Tin is the predicted inner surface temperature from IHCP and n denotes 

the number of time step.  

The iterative procedure of the CGM for the minimization of the above norm ∇S(Tin) is 

given by 
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where Tin is the predicted inner surface temperature, βk is the search step size, dk is the 

direction of descent and the superscript k is the number of iterations. The direction of descent 

is a conjugation of the k gradient direction, ∇S(Tin
k), and the direction of descent of the 

previous iteration, dk-1.  It is given as 
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The conjugation coefficient, γk, expression is given as 
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Here, [∇S(Tin
k)]n is the nth component of the gradient direction evaluated at iteration k. 

The expression for the gradient direction is obtained by differentiating Equation (1) with 

respect to the unknown parameters Tin, i.e., 
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The search step size βk appearing in Equation (2) is obtained by minimizing the function 

∇S(Tin
k) with respect to βk.  
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where ∂Tout /∂Tin is the sensitivity coefficient. A criterion is needed to determine the 

convergence of solutions as shown in Equation (7).  
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where μ is a stopping criterion and used a small value to get a stable solution.  In this 

paper, the value of μ is 1.0e-8 ~ 1.0e-2, depending on rate of change of outer pipe 

temperature.  

2.2 Direct Heat Transfer Problem 

The direct heat transfer problem was solved using Green’s functions.  Once the Green’s 

functions were derived, the solving time of this approach is faster than Finite Element 

Method.  The Green’s function calculates a time-dependent stress component through a 

convolution integral.  The related theory was mentioned in the EPRI technical report [7].  The 

method to calculate stress was simply described as shown below. The same Green’s function 

methodology was applied to calculate metal temperatures. 
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where :  

Go(P) the Green’s function steady-state value 

�̂�(𝑃, 𝑡) the normalized Green’s function 

td time when G(P,t) ≈ G0(P) 

Tref Stress-free temperature of the component 

ϕ(t) the local temperature(Tlocal) at time t 

G(P,t) the unitized Green’s function for location P, elapsed time t 

γ the parameter of integration 

3 STRESS EVALUATION OF SURGE LINE  

The method described above was applied to the stress evaluation of surge line.  The 

surge line is made of 12 inch schedule 160 stainless steel pipe with thermal conductivity of 

2.22e-4 BTU/sec∙in∙°F, specific heat of 0.121 Btu/lb∙°F, and thermal expansion of 9.98e-6 

in/in/°F.  The outer side of pipe was assumed to be perfectly insulated.  The critical location 

in the surge line, as shown on Figure 2, was selected by varying the stratified interface level 

and determining the location with maximum thermal stress intensity. The locations of 

temperature measurement were selected as shown in Figure 2, based on the following two 

assumptions.  First, if thermal stratification occurs, the temperature distribution of horizontal 

portion of surge line is divided into 2 sections, which are upper section and lower section. 

Second, the temperatures of these two sections are represented by the temperatures of 

locations A and B, respectively.  
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Figure 2: Geometry of Pressurizer surge line 

Because no actual measurement data of the temperature are available, the virtual inner 

and outer surface temperature data obtained from finite element analysis using ANSYS [9] 

are used as illustrated in Figure 3 in place of measured data.  The temperature profile of 

locations of A and B that showed the occurrence and dissipation of thermal stratification was 

chosen to verify the method described in Section 2.  According to DBE, thermal stratification 

lasts over several hours. In this study, reduced time for thermal stratification is applied for the 

convenience of analysis.  The applied temperature profile is based on the DBE.  While the 

temperatures of upper and lower sections were the same with each other during initial 30 

seconds, the temperature in the upper side started to increase (i.e. outsurge) since then, which 

led to thermal stratification. This thermal stratification continued for 150 seconds until water 

surged in (i.e. insurge) and the difference in the two temperatures became sharply narrow.  

 

Figure 3: Virtual inner and outer surface temperature profile of locations A & B 

3.1 Predicting Inner Surface Temperature  

The high magnitude of sensitivity coefficient, as defined in Equation (5), is the key to 

solving IHCP.  The sensitivity coefficient, ∂Tout /∂Tin, is a measure of the sensitivity of the 

estimated Tout with respect to changes in Tin. A small magnitude of ∂Tout /∂Tin indicates that 

large changed in ∂Tin yield small changed in Tout.  It can be easily noticed that the estimation 

of Tout is extremely difficult in such a case, because basically the same value for Tout would be 

obtained for a wide range of values of Tin [3].  

When the thickness of pipe was about 0.35 inch, it was possible to calculate accurate 

inner surface temperature using IHCP [4].  However, when the thickness of pipe was thicker, 
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as 1.312 inch, the result of IHCP was divergent due to low sensitivity coefficient.  To solve 

this problem, the sequential IHCP method was suggested as shown in Figure 4.  The method 

is the surge line was divided into 7 layers along the thickness direction, and IHCP is solved 

sequentially from the outside into inner side.  Specifically, T1 is calculated based on Tout at 

STEP 1, and T2 is calculated based on T1 at STEP 2.  This process is repeated until calculating 

Tin.  

 

Figure 4: Analysis model and Illustration of Sequential IHCP method 

 The Green’s function files used for direct heat conduction calculation in IHCP were 

generated using ANSYS with the finite element model as shown in Figure 5.  The 3D model 

was divided into 8 layers at the thickness direction and 50 along the circumferential direction. 

The algorithm described in sections 2.1 and 2.2 was implemented using FORTRAN language  

The results of each step were fitted using a fourth-order polynomial least-square to 

enhance the stability of solution.  If the curve fitting was not performed at each step, a small 

error of a current step (within stopping criteria) would be amplified at the next step and 

indicated as an unintended consequence of a fluctuation.  Figure 5 shows the comparison 

result between measurement data and IHCP result.  The dotted line and solid line indicates 

measurement data and IHCP result respectively.  Although the partial section of IHCP result 

showed oscillation, it became stable within a few seconds.   

 

Figure 5: Comparison of inner surface temperature between IHCP result and virtual data 
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3.2 Thermal Stress Evaluation  

This section describes the stress evaluation results for the surge line.  The Green’s 

function for calculating thermal stress was using three-dimensional finite element model of 

the surge line piping system including surge line support as shown in Figure 6.  The 

evaluation using Green’s function were performed based on IHCP result obtained from 

Section 3.1.  In order to check the validity of the Green’s function results, the stress analysis 

with ANSYS was performed based on the virtual inner surface temperature depicted in Figure 

3.  The results of stress evaluation were as shown in Figure 7 and the dotted line and solid line 

indicate ANSYS and Green’s function results respectively.  The two stress results show 

similar tendency and 5.1 percent maximum difference at circumferential direction. 

 

Figure 6: Analysis model of Green’s function for stress evaluation 

 
(a) normal stress                                          (b) shear stress 

Figure 7: Comparison of stress evaluation between Green’s function and ANSYS result 

4 CONCLUSION 

In this study a methodology is proposed to calculate inner surface temperatures and 

thermal stresses of surge line based on the outer surface temperatures using the methods of 

IHCP solution and Green's function.  Especially, the sequential IHCP method was employed 

to solve IHCP of small magnitude of sensitivity coefficient.  The validity of the presented 

methodology was verified using the virtual inner and outer surface temperatures because 

actual measured data was not available.  The comparison between stress evaluations based on 

the temperature from IHCP and virtual inner surface temperature shows 5.1 percent maximum 

difference at circumferential direction.  It was verified that the methodology used was 

appropriate.  In the future work, the stress evaluation will be performed using the actual 

measured outer surface temperature and fatigue monitoring system will be built up applying 

the methodology described in this paper. 
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