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ABSTRACT 

Fluids at different temperatures turbulently mixing in pipes are known to be the cause of 

thermal fatigue of surrounding material. Fluid temperature histories in the fluid-wall interface 

have been shown, experimentally and numerically, to resemble random signals of multi-

frequency content with higher amplitudes in the low frequency band which is characteristic of 

the inertial sub-range. However, fatigue life of components under this type of thermal loads is 

usually estimated with sinusoidal temperature signals of a single frequency and amplitude that 

represents the fluids’ temperature difference. Fatigue lives are computed for various 

frequencies by intersecting derived surface stress amplitudes with S-N design fatigue curves. 

In this paper, uncertainties in fatigue life assessment are studied by means of random 

temperature signals of different statistics compared to single frequency sinusoidal. The 

frequency power content of the generated random signals is controlled in order to evaluate 

parameters such as most harmful frequencies and signals’ time length. In these cases, 

structural damage is accounted by rainfall counting and linear damage accumulation rule. The 

results show that variability in fatigue life estimation using random temperatures is reduced 

with an increase of the signal time. Higher variance and lower frequency content of the 

temperature fluctuations reduce the estimated fatigue life. 

1 INTRODUCTION 

Thermal fatigue is a structural damage mechanism which has been the cause of primary 

water leakage in nuclear power plants [1]. A well-recognized source of thermal fatigue in 

piping is the mixing of fluids at different temperatures in T-junction components. In this case, 

the varying fluid temperature near mixing regions, named thermal stripping, induces surface-

localized temperature fluctuations in the surrounding piping material and its subsequent 

thermal expansion and/or contraction. These volume changes of material, which are self-

constraint by adjacent material at different temperature, cause thermal stresses. Therefore, 

fluid temperature fluctuations in the fluid induce stress fluctuations in the material of the pipe 

which may lead, in some circumstances, to fatigue and subsequent loss of structural integrity 

and even leakage [2]. 

Accurate structural integrity assessment of pipe components under specific turbulent 

fluid mixing circumstances requires numerical simulations of the fluid phenomenon coupled 

with thermal and mechanical analyses of the surrounding structure. However, these are known 

to be computationally very demanding and the assessment of thermal fatigue has been 

originally performed with so-called one-dimensional (1D) or through wall methods. In 1D 

methods the fluid temperature is anticipated at a single point and thermal, mechanical and 
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fatigue analyses are performed assuming that the pipe wall temperature varies only in radial 

direction. Although 1D methods are known to intrinsically omit the global response of the 

structure [3], their use may still be appropriate to study thermal and mechanical responses of 

structures under different types of thermal loads, i.e. to study temperature and stress 

fluctuations’ behaviour and to predict fatigue lifetime under complex thermal loadings [4]. 

In this paper, uncertainties in fatigue life assessment of pipe components due to random 

thermal loads, such as the ones arising in fluid mixing circumstances, are studied by means of 

1D methods. In Section 2, thermal fatigue assessment of structures is outlined for different 

types of thermal loads. Section 2.1 describes the generally accepted sinusoidal (SIN) method 

which is known for its high conservatism due to the simplification in thermal loading [5]. 

Section 2.2 explains a recently developed approach [6] to generate random thermal loads, 

characteristic of thermal stripping conditions, and the specifics of fatigue life prediction under 

this type of loading. Results of fatigue lifetime estimation with the second type of loading are 

given in Section 3. At the end, conclusions are drawn in Section 4. 

2 THERMAL FATIGUE ASSESSMENT OF PIPE COMPONENTS 

 
Figure 1. Sketch of the Vattenfall benchmark facility. 

Thermal fatigue assessment of T-junction piping, where fluids at different temperature 

turbulently mix (see Fig. 1), is performed in a simplified way following the sinusoidal (SIN) 

method [5]. This method is known to yield very conservative lifetime predictions. The results 

are obtained with simplified thermal loads described by single-frequency sinusoidal (critical 

frequency) for different sinusoidal amplitudes. A new approach to generate random thermal 

loads has been developed recently in order to study thermal fatigue phenomena under this 

type of loading [6]. The SIN-method is described in this section followed by a brief outline of 

the new approach and the specifics of fatigue life prediction under random thermal loads. 

2.1 Lifetime prediction with the sinusoidal (SIN) method 

In the SIN-method [5], the fluid temperature at the vicinity of the pipe surface is 

assumed to vary following a sinusoidal signal with amplitude given by the difference between 

the hot (    ) and cold (     ) temperatures of the mixing fluids. Thermal and mechanical 

analyses of the pipe wall are then performed considering a large range of sinusoidal 

frequencies for a given convection heat transfer coefficient (h) between the fluid and the wall, 

and the wall material properties. The outcome of thermal analysis is the time-dependent wall 

temperature distributions which are obtained by solving the one-dimensional heat equation in 

radial direction which, in cylindrical coordinates, is given by: 
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where       ⁄  is the thermal diffusivity,    is the wall temperature, r the radial 

coordinate and t the time. The boundary conditions defined at the pipe’s surfaces include 

insulated outer surface (adiabatic) and heat convection (     
 ) at the inner surface. The later 

introduces the thermal loads imposed by the fluctuating fluid temperature (  ) and is 

described as: 

      
    (  (  )    ), (2) 

where   (  ) stands for the wall temperature at the inner surface. A heat transfer coefficient 

of h=15,000 W/m
2
K has been assumed in the calculations throughout this paper, with material 

properties defined in Table 1 and pipe dimensions with inner radius   =0.07 m and outer 

radius   =0.0796 m. The initial temperature of the pipe wall is assumed equal to the fluid 

mean temperature. Derivation of the finite difference equations used in this work as well as 

the numerical scheme description can be found in reference [7]. 

Table 1: Material properties of the pipe wall 

Symbol Properties Material SS AISI 304L 

  Density (kg/m
3
) 7900 

   Specific Heat (J/kgK) 493.0 

  Thermal conductivity (W/mK) 15.29 

  Thermal expansion (1/K) 15.67e-6 

  Young modulus (GPa) 193 

  Poisson's ratio (-) 0.3 

In the mechanical analysis, the wall temperature distributions are employed to compute 

wall thermal stresses using a one-dimensional model of a long hollow cylinder. In reference 

[8], the analytical expressions for stresses in radial (  ), hoop (  ) and axial (  ) directions 

are given in cylindrical coordinates. For plain strain, the expressions at the inner surface of 

the pipe simplify to: 
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where    is the difference between the wall instantaneous temperature and the unstrained 

state temperature. In this work, Fw stands for the wall temperature fluctuations. In this way, 

mean stress effects are avoided. 

Finally, in the fatigue analysis, the derived alternating stress intensities at the surface 

(Salt), as defined by ASME [9] for varying principal stress direction, are used to intersect 

appropriate S-N fatigue design curve. Fig. 2-a shows the surface stress amplitudes obtained 

for a fluid temperature difference of 200 °C as a function of the sinusoidal frequency, and Fig. 

2-b gives three possible design fatigue curves for austenitic stainless steels [10]. In this paper, 

the curve proposed in NUREG/CR-6909 has been used due to its conservatism in the high-

cycle regime (Sa>10
6
). The number of cycles to failure, obtained by the intersection of the 

stress amplitude for a sinusoidal frequency, allows the lifetime calculation of the structure. 

For the 100 °C sinusoidal amplitude, Fig. 2-c shows the obtained lifetimes as a function of the 

frequency which resembles a U-shape. In the SIN-method, predicted fatigue life corresponds 

to the lowest result in this curve, which corresponds to approximately 1 day for a critical 

frequency slightly below 1 Hz. Fig. 2-d shows the results of the minimum lifetime as a 
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function of fluctuating temperature amplitudes by the SIN-method. The results indicate that, 

for the heat transfer coefficient and material properties used in this paper, amplitudes below 

30 °C (fluid temperature difference 60 °C) do not induce thermal fatigue damage. 

 
Figure 2. (a) Alternating stress intensities at the pipe surface using 100 °C sinusoidal 

amplitude. (b) Design fatigue curves for austenitic stainless steels. NUREG proposal is used 

in calculations of this paper. (c) Lifetime as a function of frequency obtained for 100 °C 

sinusoidal amplitude. (d) Minimum lifetime as a function of sinusoidal amplitude. 

2.2 Random thermal loads: generation and fatigue assessment 

The SIN-method largely simplifies the near-surface temperatures in fluid mixing 

circumstances. Under thermal stripping conditions, the fluid temperature,   ( ), resembles a 

random signal of multi-frequency content [11]. A partial description of such a signal usually 

employs the first two moments, i.e., the mean and variance: 
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In order to reproduce thermal stripping conditions, Hannink [11] approximated the fluid 

temperature fluctuations in the time domain   [   ] with a harmonic superposition of the 

form: 

   ( )  ∑      (      )
 

 
  

   , (5) 

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

variance becomes phase-independent: 

    (  )  ∑
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   , (6) 

where    is the normalized and discrete power spectral density (PSD). Then, the amplitudes 

   can be directly expressed as: 

    √     . (7) 

Hannink [11] also proposed a PSD derived from turbulent theory [12] 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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. (8) 

  represents the gamma function and    corresponds to the wave numbers (or eddies size) in 

the transition from energy-containing eddies to inertial range. Finally, the phases    in Eq. (5) 

can be simply chosen arbitrarily, e.g., randomly from the standard uniform distribution 

 (    ). Note that, by definition, the power content P1 of the lowest frequency mode f1=0 

should be 0 and hence A1=0. 

2.2.1 Determination of phases 

The fluid temperature signals generated by the described procedure are obtained by 

addition of the mean temperature to the modeled fluctuations, i.e.   ( )    ( )    
    . The 

temperature fluctuations, Eq. (5), are obtained as a linear superposition of harmonics with    

random arguments. From the Central Limit Theorem [13] it follows immediately that for large 

  the fluctuations   ( ) will be normally distributed around 0. Therefore, random temperature 

signals generated with mean temperatures near the limiting      and       fluid temperatures 

and with variance greater than zero are likely to get temperature values out of the physical 

limits clearly imposed by the temperatures of mixing fluids. In a previous work, the authors of 

this paper developed an approach to generate two-dimensional fields of fluid temperatures in 

fluid mixing circumstances which overcomes this inconvenience, to a great extent. In the 

approach, which has been applied in this work to generate 1-point fluid temperature signals, 

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 signal   ( ) 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 signal   ( ) lays within a prescribed 

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

  =0.01 has been used for all temperature signals. 

Fig. 3 shows and example of two temperature signals generated with the described 

approach [6]. The signals reproduce an experimentally obtained PSD [11] and a theoretical 

one given by Eq. (8), both with the same variance and mean values. Results demonstrate that 

the approach is valid to generate temperature signals within prescribed limits and that 

reproduce a specific PSD profile. Also it can be observed that the PSD profile following Eq. 

(8) resembles the one obtained experimentally in turbulent mixing conditions and that 

temperature signals from both PSD profiles do not present major differences. 
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Figure 3: Example of generated temperature signals within prescribed temperature limits [6] 

that reproduce theoretical and experimental PSD profiles (experimental PSD from [11] at D4 

Right location).     =30°C,      =15°C,    (  )  7°C
2
,   

    =19°C, N=1024, Δt=0.02s. 

The underlying idea is then to use the described approach to generate random 

temperature signals, which resemble thermal stripping conditions, using the theoretical power 

spectra profile and mean temperature and variance given in experimental facilities of 

turbulent fluid mixing. The frequency power content of the generated random signals is 

controlled in order to evaluate uncertainties in fatigue life assessment from parameters such as 

signals’ time-length and variance. 

2.2.2 Lifetime prediction under random thermal loads 

Stress fluctuations that arise in the pipe wall under random thermal loads such as the 

ones shown in Fig. 3 are rather complex. In such cases, the developing stress amplitudes and 

cycle counting are not straight forward as in the SIN-method. Rainflow counting algorithm is 

usually employed to reduce the complex stress history into a set of stress reversals of different 

amplitudes and the count of their appearance. In this work, an open-source MATLAB 

implementation of the rainflow algorithm has been employed [14]. Once the stress reversals 

are available from the stress history at the pipe’s inner surface, the linear damage 

accumulation rule (or Palmgren-Miner rule) is employed to compute the cumulative usage 

factor as: 

   ∑
  

  

 
   , (10) 

where m is the number of stress reversals obtained by rainflow,    the number of cycles 

counted by rainflow for the reversal i and Ni the number of cycles to failure given by the 

intersection of the stress amplitude of the reversal i with the fatigue curve, Fig. 2–b. This rule, 

which implementation follows the ASME code [9], assumes that the loading sequence does 

not influence damage. This assumption is usually accepted in high-cycle fatigue. From the 

accumulated damage during the signal period  , the lifetime of the structure is derived as: 

          
 

 
. (11) 

3 RESULTS AND DISCUSSIONS 

Fig. 1 shows a sketch of the Vattenfall benchmark facility which was designed to study 

turbulent fluid mixing phenomena and to validate computational fluid dynamics codes [11, 

15]. Results of the experiment showed that the location of highest temperature fluctuations 

near the pipe’s inner surface was located 4 diameters downstream of the T-junction at the 
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RIGHT side. This location presented a temperature root mean square (  
    √   ) of 

approximately 2.67 °C for a 15 °C fluid temperature difference, and   
     of 19.23 °C. 

In order to study the variability in fatigue life prediction of structures under random 

thermal loads, the results of various fatigue analyses, of the same pipe described in Section 

2.1, are analysed next for two different sets of random temperature signals. The first set of 

signals share the same variance but have different time-lengths (lower frequency content). In 

order to increase the probability for structural fatigue damage, a scale factor of 13.33 has been 

applied to the experimental statistics; therefore becoming equivalent to a fluid temperature 

difference of 200 °C and a   
   =35.6 °C. The signals have been generated with a time 

increment Δt=0.02s and time points N equal to 256, 512, 1024, 2048 and 4096 giving time-

lengths of 5.1, 10.22, 20.46, 40.94 and 81.9 seconds. Note that by increasing time-length, 

lower frequencies are included in the generated signals with a subsequent small increase in 

variance, and   
   . In order to compare results of signals with same power content, the PSD 

is rescaled so that signals match the   
    obtained with N=512, i.e.   

   =33.64 °C. Finally, 

15 sample signals have been generated for each of the selected time-lengths. The second set 

of generated signals includes 4 different values of   
   . For each of them, two time lengths 

are studied (20.46 and 81.9 seconds). 15 different sample signals have been generated for 

each combination of   
    and time-length. 

The results of the first set of signals can be seen in Fig. 4-a. These show a clear 

reduction in mean and dispersion of computed lifetimes for increasing time-length of signals. 

Also, the mean lifetime seems to stabilize to slightly above 20 days already for 40.94 and 81.9 

seconds signals. Recall that the SIN-method yields 1 day for fluids’ temperature difference of 

200 °C. From the results, one can also observe that the high dispersion of short time signals 

embraces the stabilized result at 81.9 s. 

The results of the second set of signals are given in Fig. 4-b. It can be seen that an 

increase in signal variance has a big influence on the predicted fatigue life. For the lowest 

  
    and signals of 20.46s, only 4 out of 15 samples actually predicted fatigue; and for 

signals of 81.9s, 13 out of 15. However, in both cases, the predicted mean lifetimes are really 

high, possibly indicating that no real threat of fatigue damage can be expected for   
    below 

16.81 °C. The mean lifetime obtained with the other 3 cases seems to exponentially decrease 

for increasing   
    (note log-scale given in Fig. 4-b). The difference in mean lifetimes 

obtained with 20.46 and 81.9 seconds signals decrease as the   
    increases. 

 
Figure 4. Distribution of mean fatigue lifetime with the standard deviation represented by 

error bars calculated with 15 samples of random temperature signals (a) of different time-

length with   
   =33.64 °C and (b) of different   

    with two different time-lengths. 
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In Hannink’s work [11], the predicted lifetime using the experimental temperature 

readings at the location used in this section was 13.8 days for a   
   =40°C. Interpolating this 

  
    in the results given in Fig. 4-b one obtains a fatigue lifetime of 10 days. This result 

validates the approach for random temperature signals generation to study thermal fatigue 

phenomena. 

4 CONCLUSIONS 

In this paper, thermal fatigue assessment of structures due to fluid turbulent mixing has 

been revised. The sinusoidal method has been outlined and shown to yield very conservative 

results due to the simplifications of the thermal loads based on a critical frequency sinusoidal 

that gives the lowest fatigue life for specific fluid temperature difference. Fatigue assessment 

for fluid mixing requires more realistic thermal loads of random and multi-frequency content. 

A new approach for random temperature signal generation has been described which allows 

reproducing temperature signals with specific power spectral density and with time-dependent 

temperatures kept within the physical limits stipulated by the mixing fluid temperatures. This 

approach has been used to generate two sets of temperature signals: one with different time-

lengths (lower frequency content) and another with different variances. A statistical study of 

the results has shown that longer time signals yield lower mean and smaller dispersion of 

predicted fatigue lifetimes. The predicted lifetimes also seem to stabilize for increasing time-

length of the signal. The analysis of random thermal loads with different variance has shown 

that this parameter has a big influence on the obtained fatigue life. The estimated lifetime of 

pipes under the influence of randomly generated temperature signals correlates well with 

results reported in the literature. 
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