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ABSTRACT 

Thermal fatigue assessment of pipes due to turbulent fluid mixing is a difficult task 

because of the existing uncertainties and variability of the induced thermal stresses. The 

thermal stresses arise on three-dimensional pipe structures driven by the random thermal 

loads generated by this type of fluid phenomenon at the fluid-wall interface. A new approach 

has been developed for the generation of two-dimensional fields of time-dependent thermal 

loads. The fields recreate the thermal boundary conditions acting on the inner surface of pipes 

in turbulent fluid mixing circumstances. The approach uses fluid temperature statistics, such 

as mean and variance, from experimental or fluid dynamics simulation’s results. Moreover, 

the random nature of the simulated temperature fields is of great advantage for the study of 

thermal stresses induced on piping structures. In the paper, the presented approach is used to 

reproduce fluid temperature fields of a case study from literature. The simulated temperature 

fields are employed as thermal boundary conditions in heat transfer analyses of a pipe wall. 

At the end, thermal stresses in the pipe wall are evaluated by employing the resolved pipe 

wall temperatures in uncoupled mechanical analyses. 

1 INTRODUCTION 

In the nuclear industry, the thermal loads originating at fluid-wall interface when fluids 

at different temperatures turbulently mix in T-junctions are known as major causes of thermal 

fatigue in the surrounding piping [1]. This type of thermal loads is known as thermal stripping 

and it is characterized by random temperature fluctuations, in time and space, at the fluid-wall 

interface. Fluid turbulent mixing and its interaction with the surrounding material have been 

the topic of experimental [2] and numerical [3] studies (and references therein). Nevertheless, 

in Europe, an important research effort was put into the THERFAT project (Thermal Fatigue 

evaluation of piping system Tee-connections) [4] which provided the European Procedure for 

Assessment of High Cycle Thermal Fatigue report [5]. And from Sweden, research in the 

Vattenfall benchmark facility [6] has supplied a set of experimental data commonly used for 

the validation of computational fluid dynamics (CFD) codes and numerical approaches. 

Besides all the research effort, thermal fatigue remains as an issue and also a future research 

topic for Generation III and IV nuclear reactors [7]. The main difficulty resides in the multi-

disciplinary nature of the phenomenon [8]. Thermal fatigue assessment requires CFD analyses 

at the present moment to resolve the fluid phenomena that lead to thermal loads acting on the 

surrounding material [7]. The induced wall temperature changes are obtained by successive 

heat transfer analyses between fluid and structure. Then, three-dimensional (3D) mechanical 

and fatigue analyses are required for the complete structure in order to understand the 

deformation, stress state and fatigue likelihood. However, CFD analyses are known for their 

nearly prohibitive computing requirements thus becoming a clear drawback for improvements 
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in the structural mechanics field. Therefore, generation of thermal load fields in less 

expensive fashion but preserving the main attributes of those in fluid mixing circumstances 

would be worthwhile. 

In this paper, a new approach is presented for the generation of two-dimensional (2D) 

fields of time-dependent and random thermal loads. The approach is introduced in Section 2 

and it is validated by reproducing fluid temperature fields at the fluid-wall interface from a 

selected case from the literature. The simulated fluid temperature fields are used in Section 3 

as thermal boundary conditions in heat transfer transient analyses of a pipe wall. Thermal 

stresses arising in the pipe wall are evaluated by employing the resolved pipe wall 

temperatures in uncoupled mechanical analyses. Finally, conclusions are drawn in Section 4. 

2 NOVEL APPROACH: 2D FIELDS OF RANDOM THERMAL LOADS 

In this section, the approach for the generation of random and time-dependent 

temperature fields is presented. The fields will resemble thermal conditions existing in the 

fluid-wall interface during fluid turbulent mixing in T-junctions. The starting point of the 

presented approach is the 1-point procedure introduced by Hannink [9], which is briefly 

explained in Section 2.1. The extension of the procedure, which includes spatial dependency 

of the thermal loads, is described in Section 2.2. 

2.1  1-point and time-dependent temperature fluctuations 

Under thermal stripping conditions, the fluid temperature,  ( ), defined at 1 point in the 

proximity of the pipe wall resembles a random signal. A partial description of such a signal 

usually employs the first two moments, i.e., the mean and variance: 
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Hannink [9] approximated the fluid temperature fluctuations in the time domain 

  [   ] with: 
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where    stands for the amplitude of a specific harmonic,    is the phase and         is 

the angular frequency. Assuming that N temperature readings have been taken at a constant 

time interval   , the discrete time defined as    (   )   for  =1,2,…,N yields discrete 

temperature fluctuations     (  ). Using a discrete frequency domain, from frequency 0 to 

the Nyquist frequency     (   )⁄  with    (   ) (   )⁄  for  =1,2,…,N/2+1, the 

variance becomes phase-independent: 
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where    is the normalized and discrete power spectral density (PSD). Then, the amplitudes 

   can be directly expressed as: 

   √     .          (4) 
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Hannink [9] also proposed a PSD estimated from turbulent theory [10] where a formula 

is suggested for the one-dimensional spectra of temperature fluctuations in the energy-

containing eddies and inertial sub-range in case of isotropic turbulence: 
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  represents the gamma function and    corresponds to the wave numbers (or eddies size) in 

the transition from energy-containing eddies to inertial range. In Ref. [9] it can be observed 

that the shape of the PSD following Eq. (5) resembles the ones obtained experimentally in 

turbulent mixing conditions at various locations. Finally, the phases    in Eq. (2) can be 

simply chosen arbitrarily, e.g., randomly from the standard uniform distribution  (    ). 

2.2 2D and time-dependent temperature fields 

The approach for the generation of random surface thermal loads is presented in this 

section. The underlying idea is to use the 1-point procedure to ensure the power of the 

fluctuations at field locations. To introduce spatial dependency, a simple extension of Eq. (2) 

is proposed which defines the temperature fluctuations fields as a linear superposition of 

plane-waves: 
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The 2D fields  (     ) are defined in the near wall region of the pipe’s inner surface 
downstream of a T-junction where two fluids at different temperatures mix together. The 2D 

space is delimited by the inner perimeter of the pipe and its length (l). Both dimensions are 

normalized by the inner radius of the main pipe ( ) leading to dimensionless coordinates 

(z,  ) where   [    ⁄ ] and   [    ). The 2D fields are characterized by the (also 

dimensionless) wave numbers   
  and   

 
 in the axial and circumferential directions. The rest 

of the parameters in Eq. (6) are identical to those in Eq. (2). 

Studies of thermal response of pipe wall under thermal loads from turbulent mixing in 

T-junctions have shown that temperature fluctuation fields of the pipe’s inner surface consist 

of cold and hot spots following mainly an axial movement with velocity quite close to main 

flow velocity [11,12]. This has been implemented here by setting the phase velocity of the 

modeled temperature fluctuation fields, in axial direction, to be constant and equal to the main 

flow velocity,       
 ⁄ , which has the units of   . For spots moving along positive axial 

direction, the wave numbers obey: 
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In the circumferential direction, the only assumed constraint at this stage is that average 

velocity is 0. Another role of   
 

 is that they must ensure the circumferential symmetry of our 

domain,  (     )   (      ). Therefore,   
 

 are chosen here from a standard uniform 

distribution of integers  [    ] defined by parameter  . Finally, the fluid temperature fields 

are obtained by addition of the mean temperature fields to the modeled fluctuations, 

 (     )   (     )       (   ). 

2.2.1 Determination of phases 

The temperature fluctuations, Eq. (6), are obtained as a linear superposition of plane-

waves with random   
 

 and    arguments. From the Central Limit Theorem [13] it follows 

immediately that for large   the fluctuations  (     ) will be normally distributed around 0 
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at any point (   ). Therefore, field points with mean temperatures near the limiting hot (    ) 
and cold (     ) fluid temperatures and with variance greater than zero are likely to get 

temperatures out of the physical limits clearly imposed by the temperatures of mixing fluids. 

The physical limits of the fluid temperatures are enforced by optimizing the, initially random, 

phases    from a minimization process of an error function using the Powell’s method [13]: 

     (  )  ∭ [(      )
   (      )  (       )

   (       )]         , (9) 

where   stands for the temperature fields  (     ) and  ( ) is the Heaviside function. The 

exponent     is chosen to speed up the convergence of the minimization process. The 

minimization process ends when the temperature fields  (     ) lay within a prescribed 

tolerance    of the limiting temperatures:      (    )   (     )      (    ). 

The process has been implemented in the C language and the computation of the signal, 

within the minimization process, has been parallelized in time domain using Message Passing 

Interface (MPI) [14]. The average time required to generate 2D temperature fields with grid 

resolution 641 129 and 512 points in the time domain is about 4 hours using an average of 

256 processors. 

3 RESULTS AND DISCUSSION 

3.1 Case study 

 
Fig. 1. (a) Sketch of the Vattenfall benchmark facility. (b) Input mean temperature field with 

experimental data locations marked with black dots. (c) Input variance field of fluid 

temperature fluctuations with applied scale factor (SF=6.66). 

 

Data from the Vattenfall Benchmark facility [15] will be used in the next sub-section to 

validate the presented approach. The near-wall mean temperature and variance of the fluid 

temperature fluctuations are given at 5 axial locations downstream of the T-junction and at 4 

circumferential locations. Thus, the experimental data is enough to reproduce the thermal 

loads acting on the pipe’s inner surface with the presented approach. Parameter   , required 

also in Eq. (5), is considered equal to   =1 Hz in all field locations [9]. The temperature 

difference of the incoming fluids in the Vattenfall benchmark facility was 15 °C and flow 

bulk velocity of 0.8 m/s. In the present study, a scale factor (SF) of 6.66 has been applied to 

the Vattenfall mean temperatures and variances in order to increase the temperature difference 
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up to 100 °C [5]. A schematic description of the Vattenfall facility as well as the input data 

used for the generation of temperature fields are presented in Fig. 1. Grid values are 

interpolated linearly from data in experimental locations and values at z=0 are assumed here 

for visual validation of the generated temperature fields. 

3.2 Generated fluid temperature fields and induced wall temperatures 

The fluid temperature fields at fluid-wall interface from the Vattenfall benchmark 

facility have been reproduced for the validation of the presented approach. The simulated 

time-dependent fluid temperatures have been used in subsequent heat transfer analyses of a 

surrounding pipe wall corresponding to the straight and downstream part of the Vattenfall T-

junction, Fig. 1a, with a length of l=1.4 m. The temperature fields consists of N=512 time 

intervals with time step   =0.02 s giving a simulated time  =10.22 s. These produce a 

maximum frequency of   =25 Hz and a frequency interval   =0.0977 Hz. The main flow 

velocity is set  =0.8/0.07 s
-1

 from the experimental bulk velocity and the wave numbers in 

circumferential direction,   
 

, are limited by parameter  =2. The tolerance in the 

minimization process is set to   =0.05. Stainless Steel AISI 304L has been assumed for the 

pipe wall material with a thickness 9.6 mm [11]. The material properties are listed in Table 1. 

 

Table 1: Material properties of the pipe wall 

Properties Material SS AISI 304L 

Density (kg/m3) 7910 

Specific Heat (J/kgK) 487.0 

Thermal conductivity (W/mK) 15.4 

Thermal expansion (1/K) 16.8e-6 

Young modulus (GPa) 195 

Poisson's ratio (-) 0.3 

 

The pipe wall has been meshed using hexahedral and quadratic elements of the type 

DC3D20 [16]. The mesh comprises 160 elements in axial direction and 64 elements in 

circumferential direction. The wall thickness contains 10 elements with bias ratio 10 towards 

the inner surface. The heat transfer analyses consist of two steps. The pipe wall temperature is 

set initially to the temperature of the main flow, i.e., 100 °C considering the applied SF. In the 

first step the pipe reaches a steady-state temperature distribution with the mean temperature 

field of the fluid as boundary condition (see Fig. 1b). The second step consists of a transient 

analysis of time length 10.22 s with a time increment of 0.02 s. The simulated fluid 

temperature fields at the fluid-wall interface are used as the sink temperature in the 

convection boundary condition using a heat transfer coefficient h=15,000 W/m
2
K [5]. 

Moreover, in the second step, the FILM [16] subroutine is used to import the time dependent 

fluid temperature fields during the analysis which are interpolated at surface nodal locations. 

All simulations have been performed using the finite element solver ABAQUS [16]. 

Fig. 2 shows the simulated fluid temperature fields and the resulting temperature fields 

of the pipe wall’s inner surface from the heat transfer analysis. The fluid temperature fields 

are consistent with the “tongue” behavior which breaks into hot spots [17]. The point at 4 

diameters downstream-right side is located in the bordering region between cold/hot flows. 

This location has the highest variance of the temperature fluctuations, Fig. 1c. 
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Fig. 2. (left) Simulated fluid temperature fields and (right) resulting pipe wall’s inner surface 

temperatures from the heat transfer analysis. 

 

The convection phenomenon, coupled with the heat conduction in the wall, acts as a 

filter between the fluid and surface temperatures [8]. This can be seen in Fig. 3 in time and 

frequency domain. The amplitude of temperature fluctuations in the structure are of lower 

magnitude than in the fluid, Fig. 3a, and high frequency temperature fluctuations are more 

attenuated than low frequency ones, Fig. 3b [18]. 

 

 
Fig. 3. Filtering effect between fluid and pipe wall (solid) temperatures. 

3.3 Thermal stresses in pipe wall 

The time-dependent wall temperatures obtained in the heat transfer analyses are used 

here as the source of thermal stresses. The 1-way or uncoupled mechanical analyses are used 

elsewhere [8] since it is assumed that structure displacements will not affect either the flow 

condition or the wall thermal fields. Hexahedral and quadratic elements of the type C3D20 

[16] have been used to perform the mechanical analyses with the same mesh as described in 

the heat transfer analyses. 

Two types of mechanical boundary conditions (BCs) are applied to the studied pipe 

section. In both cases, the pipe wall is stress free at 100 °C. First one, BC-soft, is shown in 

Fig. 4a. The nodes in the pipe’s cross section at z=0 are kept on plane (axial displacement 

uz=0). In this cross section, the outer surface node at the top of the pipe is pinned to avoid free 

body movement. The kinematic motion of the nodes at the end cross section z=l/r is averaged 
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in a free point located on the pipe’s axis. In this way, some rigidity is kept in this cross 

section. Fig. 4a clearly shows the pipe bending due to the existing circumferential temperature 

gradients between top (hot tongue) and bottom (cold). The BC at z=0 clearly affects the stress 

state while the BC at the end of pipe is too soft. 

The second BC, named BC-hard, is shown in Fig. 4b. The wall rigidity induced by the 

omitted parts of the installation, i.e., T-junction (inlet and branch pipes) and outlet pipe, have 

been simulated with the addition of beams. The lengths of the inlet and outlet beams are 

assumed equal to the 3D pipe length (1.4 m) and the branch beam length equal to 0.5 m. The 

beam components are meshed with 50 (inlet, outlet) and 20 (branch) linear elements of type 

BC31 [16]. The beams are modeled with a pipe cross-section equal to the 3D pipe and they 

are stress free at 100 °C too. The temperature during the analyses is kept at 100 °C for the 

inlet beam and set to 200 and 150 °C for the branch and outlet beams respectively. The 

boundary condition applied on the outer nodes of the beams suppresses all degrees of freedom 

except for the outlet beam which can move in the axial direction. Further, the beam’s nodes 

located at the 3D pipe’s boundaries are kinematically coupled with the respective cross 

sections of the 3D pipe. Comparing the deformation states from both BCs, Fig. 4, it can be 

observed that, with BC-hard, the boundary condition at z=0 has been slightly softened while 

the outlet beam affects the overall 3D pipe deformation state. In this case, the deformation of 

the beams and 3D pipe prove to be reasonable. Note the difference of the scale factors 

between both deformation states corresponding to different boundary conditions in Fig. 4. 

Vertical displacement of cross section z=l/r in BC-soft is an order of magnitude higher than in 

BC-hard case. The modeling approach has also shown to be computationally inexpensive. 

 

 
Fig. 4. Effects of mechanical boundary conditions on the deformation state at step time=6.6 s. 

(a) Using BC-soft and (b) BC-hard. Boundary conditions described in text. 

 

The effect of BCs on the axial stresses can be seen in Fig. 5a. The stress intensities (or 

fluctuations) prove to be equal while different BCs represent a different mean stress value as a 

consequence of the overall thermo-mechanical loading of the structure. Fig. 5b shows the 

PSDs of the axial and hoop stresses compared to the PSD of pipe surface’s temperature 

fluctuations, at the same location. One can observe that all PSDs follow very similar trends. 
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Fig. 5. (a) Comparison of timely axial stresses for different boundary conditions. (b) PSD of 

pipe surface’s temperature fluctuations compared to PSDs of axial and hoop stresses. 

4 CONCLUSIONS 

In this paper, a new approach has been presented in the first place for fast and reliable 

generation of random surface thermal loads. The resultant 2D and time-dependent 

temperature fields emulate the thermal loads at the fluid-wall interface originating from 

turbulent fluid mixing in a T-junction. A selected case study from literature has been used to 

demonstrate the applicability of the approach. The simulated fluid temperature fields are 

applied as thermal boundary conditions in heat transfer analyses of piping. Results show that 

the amplitudes of temperature fluctuations in the structure are of lower magnitude than in the 

fluid. Moreover, the study in frequency domain indicates that greater attenuation of 

temperature fluctuations occurs at higher frequency values. Mechanical analyses with the 

resolved wall temperatures have been performed with two different mechanical boundary 

conditions. Using beams to simulate the wall rigidity produced by omitted parts of the 

installation gives a more realistic deformation of the 3D pipe. The stress fluctuations of the 

pipe’s inner surface do not depend on boundary conditions however different mean stress 

states arise as a consequence of the overall thermo-mechanical loading of the structure. It has 

also been shown that stresses and surface temperature fluctuations share almost the same PSD 

behavior. 
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