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ABSTRACT 

Thermal fatigue is a structural damage of materials induced by cyclic thermal loads that 
are mainly generated by the changes of fluid temperature inside of pipes. The thermal fatigue 
assessment is highly affected by the local heat fluxes between the fluid and the pipe which are 
rather difficult to predict. 

In nuclear power plants we might find components that are susceptible to thermal 
fatigue. Obvious candidates are, for example, mixing T-junctions, leaking check valves, or 
injection nozzles. The life time extension of nuclear power plants and components might be 
influenced by the fatigue life defined by realistic in-service loads, including the turbulent fluid 
mixing. 

Between the thermal fatigue assessment methods we find the one-dimensional (1D) 
approach, also called through wall approach, where fluid temperature histories are anticipated 
at a point close to the pipe surface. Thermal, mechanical and fatigue analyses are performed 
for the tube wall assuming that the distribution of tube wall temperatures only varies along the 
tube wall thickness. In this way, safe life prediction for the specific component is attempted. 

In the present paper we expand the 1D approach to two-dimensional (2D), considering a 
field with spatially and temporally varying temperatures in the fluid near the tube wall. The 
heat transfer equations are solved using finite difference method. Results from 1D and 2D 
methods are compared. The 2D results show significant temperature gradients in the axial 
direction which can exceed 90% of the temperature gradients in the radial (wall thickness) 
direction. 

1 INTRODUCTION 

Thermal fatigue is a structural damage of materials induced by cyclic thermal loads. 
Thermal loads are mainly generated by the changes of fluid temperature inside of pipes, for 
example due to turbulent mixing of fluids with different temperatures in T-junction 
configurations. The thermal fatigue assessment is highly affected by the local heat fluxes 
between the fluid and the pipe, which are rather difficult to predict. 

In nuclear power plants we might find components that are susceptible to thermal 
fatigue. Obvious candidates are for example T-junctions where fluids with different 
temperatures mix together [1], leaking check valves which produce a mixture of fluids with 
different temperatures downstream or injection nozzles that might experience high thermal 
stresses every time they enter into service. All nuclear components have a designed fatigue 
life which might take thermal fatigue contribution into account where anticipated. The life 
time extension of nuclear power plants and components might be on the other hand influenced 
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by the results of the fatigue assessment using realistic in-service loads, including the turbulent 
fluid mixing. 

Between the thermal fatigue assessment methods we find the one-dimensional (1D) 
approach, also called through wall approach, where fluid temperature histories are anticipated 
at a point close to the pipe surface. Then thermal, mechanical and fatigue analyses are 
performed for the tube wall assuming that the distribution of tube wall temperatures only 
varies along the tube wall thickness. In this way, the prediction of safe life for the specific 
component is estimated. A wide variety of fluid temperature signal types can be chosen to 
perform the 1D analyses with. For example, the so-called sinusoidal method [2] uses 
sinusoidal signals where different amplitudes and frequencies are assumed. Other methods 
directly employ temperature readings from experimental facilities or computational fluid 
dynamic (CDF) model results of fluids mixing in T-junction configurations [3].  

In the last decade, the increase in computational power and the development of 
turbulence models and CFD codes have allowed studying fluid flow motion and fluid mixing 
behavior. The results of such simulations are coupled with computer codes for thermal 
analyses of the material and then with finite element models (FEM) to perform the 
mechanical analyses. Examples can be found in References [1], [4], [5] and [6]. Using these 
3D type of analyses, the complete fluid temperature fields and heat transfer between the fluid 
and pipe are predicted. Besides the fact that really big improvements are being performed in 
the fluid dynamics field, the CFD codes are still under development. On the other hand, the 
simulations require extremely long modeling and computing times and the results are 
dependant of the specific configurations that have been modeled. 

In the present paper we have expanded the thermal analysis of the 1D approach to two-
dimensional (2D), considering a field with spatially and temporally varying temperatures in 
the fluid near the tube wall. With this improvement to the basic thermal analyses, we want to 
understand further the thermal response of the pipe’s wall to a fluid which temperature 
changes along the pipe’s axis. At this point, qualitative conclusions can be taken with respect 
to the addition of the new dimension to the fatigue problem. In order to do so, the fluid 
temperature signal described in Section 2.1 contains axial temperature dependence. In Section 
2.2, heat convection between the fluid and the pipe, and heat conduction through the pipe’s 
wall are solved using finite difference method for different fluid conditions. In Section 3 
results are compared between the 1D approach and a 2D pipe’s single cross section. In 
Section 4, the thermal analyses’ general results are shown by looking at the temperature 
differences in radial and axial directions generated during the simulations for different fluid 
conditions. At the end, in Section 5, the conclusions are drawn. 

2 THERMAL ANALYSES: 2D APPROACH 

Time dependant fluid temperature in the pipe’s inner surface generates temperature 
changes in the pipe’s wall that produce strains and stresses. The 1D approach considers that 
the temperature of the fluid is constant in axial and circumferential dimensions. The fluid 
temperature signal at a single point is then generated and the radial wall thickness 
temperatures are studied. In this paper the thermal analysis of a pipe which fluid’s 
temperature changes with the axial position is performed. Axial temperature changes added 
by the extra temperature dimension are studied together with the radial temperature changes. 
For different fluid conditions the temperature of the pipe’s wall can be compared with the 
equivalent 1D approach. 

Our system consists of an insulated and straight pipe of inner radius =70 mm, outer 
radius =80 mm and length =1.0 m. Water flows inside of the pipe. The temperature of 
the water changes with time in the axial direction but it is constant in the circumferential 
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dimension. With these assumptions the heat flows in radial and axial directions in the pipe’s 
wall thickness so the study becomes two-dimensional. 

 
2.1 Water temperature signal 

The temperature of the water ( ) changes following a sinusoidal signal of the form: 
 

 (1) 
 

where  is the frequency in relation to the distance,  is the frequency in relation to the 
signal time,  the axial dimension of the pipe and  the simulation’s time. The temperature 
signal and simulation times are 5 seconds. The time increment =0.004 s for the 
temperature signal generation follows the stability criteria for the finite difference method 
used in the thermal analysis, explained in Section 2.2.5. The generated temperature signal 
with amplitude =1.0 °C, Eq. (1), is then rescaled to fit the maximum and minimum 
temperature of the water: =130 °C and =30 °C. One can also observe the water 
temperature at a fixed axial position, which follows a sinusoidal signal as expected from Eq. 
(1). Fig. 1 shows an example for =2 m-1 and =1/5 Hz. 

 

Figure 1: Water temperature in contact with the pipe’s inner surface. 
Left: Along z coordinate at different times. Right: At a fixed axial position vs. time. 

 
2.2 Basic equations: Finite difference method 

The system is two-dimensional considering the axial and radial dimensions of the pipe. 
The initial temperature of the pipe is taken as the average temperature of the fluid, i.e., 

=80 °C. 
 

2.2.1 Heat Equation: Conduction 

Due to the circumferential symmetry of the system, the heat conduction for the inner 
nodes is expressed with the heat equation in cylindrical coordinates, Eq. (2). 

 
 (2) 
 

Material properties like thermal conductivity ( ), specific heat ( ) and density ( ) are 

constant with geometry and temperature. Thermal diffusivity is defined as . 
The finite difference form of Eq. (2), using an explicit numeric scheme, is expressed as: 
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 (3) 
 

where  is the value of the radius at a given node. The subscripts indicate the node position 
in radial ( ) and in axial ( ) directions. To simplify the expressions and the numerical 
implementation, the spatial increments are chosen with the same value . Then 
Eq. (3) can be rearranged and simplified as: 

 

(4) 
 

where the definition of the Fourier number [7] in discrete form is: 
 

 (5) 
 

2.2.2 Boundary conditions at the pipe’s inner surface: Convection 

At  the pipe is in contact with the fluid leading to a heat transfer due to convection. 
At the same time, conduction exists between the nodes at the inner surface and their three 
neighbors since there are axial and radial temperature differences. Fig. 2 shows the domain 
for the nodal energy balance, Eq. (6), to obtain the expression for the implementation of 
boundary conditions. The heat fluxes to a given node can be observed and the discrete areas 
that divide the volume. 

 

Figure 2: Nodal domain discretization for the energy balance. 
a) 2D nodal discretization, b) Cross section. 

 

 (6) 
 

Terms in Eq. (6) are defined as follows: 
 

, , 
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,  
, , (7) 

,  
 

where h is the heat transfer coefficient. Substituting Eqs. (7) in Eq. (6) and rearranging, we 
obtain the expression for the temperature at the inner surface nodes ( =1): 

 

 (8) 
 

where the definition of the Biot number [7] in discrete form and the product of the Fourier 
and Biot numbers are: 

 

,  (9) 
 
At this point we also mention the procedure for calculating the heat transfer coefficient 

(h). The Dittus-Boelter equation from [7], shown in Eq. (10), has been used to calculate the 
local Nusselt number. Temperature dependant fluid properties from [8] are consistently used. 
A fluid pressure of =1.5 MPa has been considered. 

 

 (10) 
 
In Eq. (10), =0.4 when  and =0.3 otherwise. Eq. (10) was experimentally 

obtained for turbulent fluid conditions completely developed with  and 
. The Reynold ( ) and Prandtl ( ) numbers are defined as: 

 

 (11) 
 

where the hydraulic diameter is defined as , the kinematic viscosity as 

 and the thermal diffusivity of the water . Other fluid 
characteristics are the dynamic viscosity ( ), density ( ), thermal conductivity ( ) and 
specific heat ( ). Values of the fluid properties are temperature dependant, implemented 
using [8]. 

 

 (12) 
 

Every time Eq. (8) is evaluated,  is calculated using Eq. (12), with  from Eq. (10). 
 



611.6 

Proceedings of the International Conference Nuclear Energy for New Europe, Bovec, Slovenia, Sept. 12-15, 2011 

2.2.3 Boundary conditions at the pipe’s outer surface: Insulation 

Similar nodal energy balance is performed in the domain. Since the pipe is insulated, 
nodes at the outer surface just undergo heat conduction with their neighboring nodes. 
Proceeding as in previous section, the nodal temperature equation can be obtained: 

 

 (13) 
 

2.2.4 Boundary conditions at first and last pipe’s cross sections 

Periodic boundary condition has been implemented along the axial direction. The fluid 
temperature signal is commensurate with the pipe’s length, which constraints  to be a 
natural number. 

 
2.2.5 Stability criteria for time increment 

A usual stability criteria for  is such that the expression multiplying the  term in 
Eqs. (4), (8) and (13) must be positive [7]. Expressions from Eqs. (4) and (13) lead to the 
same result: . Expression from Eq. (8) contains  number, Eq. (9). The heat 
transfer coefficient changes with time and location. It can be seen that with =0.004 s the 
system remains stable in this case too. 

 
2.3 Results 

The explicit finite difference approach has been implemented to obtain the temporal 
behavior of the temperature of the pipe for different fluid conditions . The simulation 
variables are: time increment: =0.004 s, number of nodes in radial dimension:  = 40, 
number of nodes in axial dimension:  = 3901, velocity of the fluid: =0.2 m/s and 
material properties listed in Tab. (1). 

 

Table 1: Material properties of the pipe. 
Properties Material SS AISI 304L 
Density ( ) 7910.55 kg/m3 
Specific Heat ( ) 487.0 J/kgK 
Thermal conductivity ( ) 15.4 W/mK 
Thermal expansion (a) 16.8e-6 1/K 
Young modulus (E) 195.121e+9 Pa 
Poisson's ratio ( ) 0.3 - 
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Figure 3: Pipe’s temperature at t=3s for different  and =0.5 s-1. 
 
 
 
 
Fig. 3 shows the temperature fields results in the pipe thickness at time 3s. The fluid 

conditions, for the four cases shown, have equal =0.5 s-1 and different  values. Periodic 
boundary conditions and periodic fluid temperature in axial direction allow observing the 
section of the pipe length that represents one single axial temperature oscillation, i.e., 

. In this way, one can observe the effect of  in the overall temperature 
distribution. 

From Fig. 3 it can be observed that the temperature distribution profile does not depend 
on the  values. On the other hand, Fig. 4 shows that the value of  is the main contributor 
to the temperature profile created in the pipe’s wall. Another observation from Fig. 3 is that 

with smaller values of , temperature differences appear as well closer to the outside 
radius of the pipe. This effect strongly depends, as well, on the  value. In Fig. 4 we see that 

with higher  values, the temperature differences in the material remain closer to the 
inner surface. The temperature of the pipe at the outside radius remains unchanged due to the 
“fast” fluid temperature change at the inner surface. 
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Figure 4: Pipe’s temperature at t=3s for different  and =1 m-1. 

 

3 COMPARISON BETWEEN 1D AND 2D APPROACHES 

The thermal analyses can also be performed following the 1D approach. The 
temperature of the fluid loses the axial dimension becoming: 

 
 (14) 

 
The temperatures in the pipe’s wall thickness are then calculated using the same fluid and 
material characteristics as in the 2D analyses. The comparison between the 1D nodal 
temperatures and the 2D, at cross section =0, then shows the effect of thermal diffusivity 
with the neighbouring nodes.  
 
 

 
Figure 5: Left: 1D nodal temperature results. Right: Nodal temperature difference 

between 1D and 2D ( =0). 
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Results in Fig. 5 show that the temperature increase in Node 1 ( ) is 9 °C, in the 1D 
approach. On the other hand, the same node’s temperature maybe up to 0.8 °C less in the 2D 
case. This represents a nodal temperature differences between approaches of 9%. 

 

4 2D THERMAL ANALYSES: GENERAL RESULTS 

The thermal fatigue load is proportional to the temperature gradients, or in other words, 
related to the existing temperature differences within the material. The temperature 
differences fluctuations in the material during the analysis generate changes in the strains and 
stresses fields which, in fact, develop the fatigue phenomena. Introducing the fluid axial 
temperature dependence generates temperature differences in axial dimension which will 
contribute to the fatigue in the same measure as radial temperature differences do. 

Fig. 6 shows the ratio between the maximum axial temperature difference over the 
maximum radial temperature difference, in the material, during the 5 s simulations and for 
different fluid conditions. It can be seen that temperature gradients in the axial direction can 
exceed 90% of the temperature gradients in the radial (wall thickness) direction. The main 
contribution comes from high values of the spatial fluid frequency . On the other hand, 
increasing the temporal frequency  decreases the axial temperature differences. As it was 
observed in Section 2.3, high values of  tend to decrease the material temperature 
fluctuations. 

The axial temperature differences generate axial thermal strains which will contribute to 

the generation of thermal stresses. High values of the spatial fluid frequency  then 
seem to be such conditions for which the introduction of a new dimension to the thermal 
fatigue problem may be of interest due to obvious fatigue relevance. On the other hand, 
further work remains to be done in order to validate if such conditions are physically 
meaningful, i.e., if there are fluid-mixing flow conditions that can generate them. 
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Figure 6. Simulation maximum axial temperature difference over maximum radial 

temperature difference, for different  and  values. 
 

5 CONCLUSIONS 

In the present paper we have expanded the thermal analysis of the 1D approach for 
fatigue assessment to 2D. This includes fluid temperature fluctuations in the axial dimension 
of a straight and insulated pipe. Finite difference method has been used to solve the time 
dependant heat convection between the fluid and the pipe, and heat conduction through the 
pipe’s wall, for different fluid conditions. 

The results of the 1D and 2D approaches have been compared. Heat diffusion with 
neighbouring nodes in the 2D case generates nodal temperatures differences of 9% between 
both approaches. 

The 2D model has been tested for a wide range of fluid frequencies. The results show 
that temperature gradients in the axial direction can exceed 90% of the temperature gradients 
in the radial (wall thickness) direction. The main contribution comes from high values of the 

spatial fluid frequency . On the other hand, increasing the temporal frequency  
decreases the axial temperature differences. High  values then seem to be such conditions 
for which the introduction of a new dimension to the thermal fatigue problem may be of 
interest due to obvious fatigue relevance. The axial temperature differences generate thermal 
strains in the axial direction, in addition to the thermal strains in the radial direction. The 
radial thermal strains instead are lower due to the thermal diffusion effect. The coupling of 
both effects, i.e., addition of axial thermal strains and decrease of radial thermal strains, and 
their contribution to the final stress state and to the fatigue, are the current development works 
in this field. 

It still remains as a future work on this subject then the estimation of the thermal 
stresses generated by the 2D fluid signal and the comparison with the 1D approach. As well, it 
is important to validate the existence of fluid-mixing conditions that can generate the 2D 
thermal loads that seems to be fatigue relevant. 
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