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ABSTRACT 

The influence of the power spectral density (PSD) profile of fluid temperature 

fluctuations on thermal fatigue predictions of pipes is analysed in this paper. The fatigue 

assessment employs the improved spectral method for the generation of synthetic temperature 

histories, simplified one-dimensional pipe model and codified rules for fatigue design 

together with the rainflow counting method. The lifetime predictions are compared to the 

sinusoidal method. The results of the analyses show that, for water and stainless steel pipe, 

shorter fatigue lives are obtained for peaks in the PSD located at frequencies below 10 Hz and t
hat the most damaging peaks are located at about 1 Hz. The analyses moreover verify the 

ability of the rainflow method to identify damaging events in complex stress histories. 

1 INTRODUCTION 

Thermal fatigue has been the cause of primary water leakages in the safety related 

piping of nuclear power plants [1]. In several cases, the structural damage due to thermal 

fatigue has evolved in T-junction piping where fluids at different temperatures turbulently 

mixed [2]. Under these circumstances, the frequency content of the temperature fluctuations 

near the pipes is an important factor driving the fatigue damage. 

The power spectral density (PSD), computed with temperature readings from 

experiments and simulations of the mixing fluids, is used to characterize the temperature 

fluctuations in the frequency domain [3,4]. It is known that the turbulent temperature 

fluctuations have a multi-frequency and variable amplitude content and that higher amplitudes 

are located in the low frequency range. Fatigue predictions of structures under multi-

frequency and variable amplitude loadings (spectrum loading) have been performed using the 

PSD as the input data. Examples include fatigue predictions with numerically obtained PSD [
3,5], with simplifications of the turbulent spectra [3,6-8] and with PSD derived from the 

theory of turbulent flows [4,9,10]. An upgraded approach to that proposed by Hannink and 

Timperi [4] has allowed evaluating the effects on fatigue predictions from several factors such 

as the history time-length, the level of temperature fluctuations and the distributions of fluid 

temperatures [10]. However, the theoretical PSD roughly describes the measured PSD. The 

main differences between the two include the peaks in the frequency range between 1 and 10 

Hz and the lower PSD levels in the frequencies above 10 Hz, observed in experimental and 

numerical PSDs. 

The aim of this paper is to study the influence on lifetime predictions of the main 

differences between theoretical and measured PSDs through dedicated sensitivity analyses. 

Additionally, the influence of multi-frequency and variable amplitude fluid temperature 

histories on the thermo-mechanical response of the pipe wall is also investigated. The fatigue 



307.2 

Proceedings of the International Conference Nuclear Energy for New Europe, Bled, Slovenia, September 11-14, 2017 

analyses employ synthetic fluid temperature histories, the one-dimensional (1D) pipe model 

for the heat transfer and mechanical analyses and the codified ASME rules for fatigue design 

together with the rainflow counting method. The fatigue assessment is briefly described in 

Section 2. In Section 3, the results of the sensitivity analyses are presented and the lifetime 

prediction results are evaluated through comparison with the sinusoidal (SIN) method [1], 
which assumes single frequency temperature fluctuations. At the end, the conclusions are 

given in Section 4. 

2 FLUID TEMPERATURES, THERMO-MECHANICAL AND FATIGUE 

ANALYSES 

The synthetic fluid temperatures are generated with an improved spectral method, 

similar to that proposed by Hannink and Timperi [4], which additionally limits the fluid 

temperatures to the cold (𝑇f
cold) and hot (𝑇f

hot) temperatures of the mixing fluids. This is 

achieved through an optimization process of the harmonics’ phases allowing non-Gaussian 

temperature distributions [11]. Thus, sets of temperature histories with given mean 

temperature, 〈𝑇f〉, variance, 𝑇f
var, and PSD profile are generated that preserve the physical 

limits of the mixing fluid temperatures. The non-dimensional temperature, mean temperature 

and root-mean-square (rms) temperature are defined as: 
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𝑇f(𝑡)−𝑇f
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where ∆𝑇=𝑇f
hot-𝑇f

cold is the temperature difference of the mixing fluids. The expression of the 

theoretical PSD, used by Hannink and Timperi [4] in fatigue evaluations under turbulent fluid 

mixing applications, is: 
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where 𝑓0 is the transition frequency. The synthetic fluid temperatures act as a thermal 

boundary condition near the inner surface of the stainless steel pipe with the geometrical, 

physical and material properties given in Table 1. A convection heat transfer coefficient h = 

15,000 W/m2K is assumed between the fluid water and the pipe. The time-dependent radial 

temperatures of the pipe wall are then obtained by solving numerically the 1D heat equation 

with the insulated outer surface of the pipe. The initial temperature of the pipe wall is set to 

the mean temperature of the fluid. 

The pipe wall temperatures are the input to calculate the time-dependent thermal 

stresses (𝜎) with the analytical expressions for the linear-elastic, 1D long pipe with free-end 

conditions [12]. Under these conditions, the equi-biaxial stress state is obtained at the inner 

pipe surface. The circumferential (or axial) surface stress histories are the input to the fatigue 

analyses following the ASME – design by analysis – varying principle stress criterion [13]. 
The fatigue life is estimated with the rainflow cycle counting method to obtain the list of 

stress amplitudes from the complex stress history. Partial damages induced by the amplitudes 
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above the endurance (𝑆𝑒) are computed with the 2010 ASME fatigue design curve [14] and 

linearly accumulated. The damage rate is then obtained by the accumulated damage over the 

time-length τ of the stress history. Finally, the fatigue life is derived as the invers of the 

damage rate. The reader may refer to Refs. [10,15] for the detailed description of the 

procedure. 

Table 1: Austenitic stainless steel pipe characteristics 

Inner / Outer radius 12.7 / 13.6 cm 

Thermal conductivity 14.7 W/mK 

Specific heat 480 J/kg K 

Density 7,800 kg/m3 

Thermal expansion coefficient 16.4x10-6 K-1 

Young’s modulus 177x103 MPa 

Poisson’s ratio 0.3 

Fatigue endurance (𝑆𝑒) 93.7 MPa 

3 SENSITIVITY ANALYSES OF PSD PROFILES 

The analyses employ 15 fluid temperature history samples for each of the PSD profiles 

considered. All samples are generated with a time-length 𝜏=81.9 s and the non-dimensional 

mean and rms statistics equivalent to a sinusoidal signal, i.e. (〈�̃�f〉, �̃�f
rms)=(1 2⁄ , 1 2√2⁄ ). 

3.1 Transition frequency in the theoretical PSD 

The theoretical PSD with different values of the transition frequency, 𝑓0 in Eq. (1), is 

first considered. Some examples of temperature fluctuations PSDs of the fluid and of the 

inner surface (𝑟𝑖) of the pipe are shown in Fig. 1, left and right, respectively, for selected 𝑓0 

values. Note that the PSDs of the pipe surface temperatures have been obtained as the result 

of the heat transfer analyses. It can be observed in Fig. 1 that the fluctuation power of surface 

temperatures at higher frequencies is more attenuated than at lower frequencies, which 

remains at similar level than in the fluid. 

 
 

Figure 1: Temperature fluctuations PSD of the fluid (left) and of the inner pipe surface (right) 

for selected values of the transition frequency 𝑓0 in the theoretical PSD. 

The distributions of fluid temperatures for selected 𝑓0 values are shown in Fig. 2a. The 

higher probability of the limiting fluid temperatures for 𝑓0=10-1 and 1 Hz can be observed. 

This may be explained by the higher �̃�f
rms of these 𝑓0 cases. The effective �̃�f

rms of the 

generated fluid temperature signals as a function of 𝑓0 can be seen in Fig. 2d. This figure 
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indicates that the effective �̃�f
rms of signals with 𝑓0 values between 0.02 and 3 Hz are above 

90% of the input value (1 2√2⁄ ) but the rest have lower values. This is due to the 

discretization of the frequency domain which, for the signals time-length of 𝜏=81.9 s 

composed of 4096 temperature readings with a time step of 0.02 s, is limited by the minimum 

(interval) frequency of 0.0122 Hz and the Nyquist frequency of 25 Hz. Because the level of 

temperature fluctuations may considerably influence the fatigue life predictions [10,15], it is 

expected that this will affect quantitatively the results while the qualitative effect of 𝑓0 should 

remain the same (see Fig. 3). 

 
 

Figure 2: Distributions of normalized fluid temperatures (a), inner surface temperatures (b) 

and stresses (c) for selected 𝑓0 values in the theoretical PSD. For a ∆𝑇=160°C, �̃�=0.5 

corresponds to 𝜎≈330 MPa. Ratios of the signals �̃�f
rms to the input value (1 2√2⁄ ) (d). 

It is clear that the PSD profile brought by the different 𝑓0’s has an important influence 

on the distributions of surface temperatures, �̃�w(𝑟𝑖), given in Fig. 2b. The distributions are 

wider for the lower 𝑓0 values. In Fig. 2c, the distributions of normalized surface stresses, 

computed as �̃�(𝑟𝑖) = 𝜎(𝑟𝑖)
(1−𝜐)

𝛼𝐸∆𝑇
, are shown to follow a similar trend as the surface 

temperatures except in the distribution tails for the lower 𝑓0 values. 

Figure 3 shows the average fatigue lives 〈𝐹𝐿〉 calculated with the 15 fluid temperature 

history samples for each 𝑓0 considered and the assumed fluids’ temperature difference of 

∆𝑇=160°C. The results are compared with the SIN-method, obtained with the same 1D, 

thermo-mechanical, pipe model. Figure 3 shows qualitatively similar fatigue lifetime results 

than the SIN-method. The reasons for the similar behaviour of the selected multi-frequency, 

variable amplitude temperature histories and the SIN-method are two-fold: the same input 

�̃�f
rms (or very similar, Fig. 2d) and the theoretical PSD profile, where the harmonics of lower, 

and more harmful, frequencies have higher amplitudes. Moreover, in Fig. 3 the lifetime 

predictions are also compared to the theoretical PSD with an effective �̃�f
rms equal to the input 
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value (1 2√2⁄ ), i.e. scaling the input �̃�f
rms with the results in Fig. 2d. The results show the 

same qualitative effect of 𝑓0 regardless of the effective �̃�f
rms of the fluid temperature signals. 

 
 

Figure 3: Average fatigue life predictions for different 𝑓0 in the theoretical PSD (symbols) 

compared to the SIN-method predictions (full line). Theoretical PSD with lower (black 

squares) and equal (red circles) effective �̃�f
rms to the input value (1 2√2⁄ ). ∆𝑇=160°C. 

3.2 Narrow band peak in a flat PSD 

In this section, an artificial PSD is constructed from a narrow band (0.1 Hz wide) 

located at various frequencies superimposed to a flat profile, as shown in Fig. 4, left. In all 

cases, the narrow bands provide 5% of the total variance (1/8). Note that the fluid temperature 

histories are generated with the same (〈�̃�f〉, �̃�f
rms)=(1 2⁄ , 1 2√2⁄ ) statistics. The aim of this 

exercise is to analyse the effect on fatigue life predictions from the peaks in the PSD in multi-

frequency and variable amplitude temperature histories. Furthermore, this exercise should 

demonstrate the ability of the rainflow counting method [16] to detect the presence of relevant 

harmonics in complex stress histories. The results, for the sake of clarity, are presented in the 

same form as for the theoretical PSD above. 

 
 

Figure 4: Temperature fluctuations PSD of the fluid (left) and the pipe inner surface (right) 

for various locations of the superimposed narrow band. 

The PSDs of the fluid and pipe surface temperature fluctuations are shown in Fig. 4, left 

and right, respectively. As in the theoretical PSD in Fig. 1, the fluctuation power of surface 

temperatures at higher frequencies is clearly more attenuated than at lower frequencies. 
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The location of the superimposed narrow band has almost no influence on the calculated 

distributions of fluid temperatures, see Fig. 5a. However, the effects become more visible in 

Fig. 5b, where narrow bands located at lower frequencies produce wider distributions of 

surface temperatures. Similarly, the distributions of surface stresses, shown in Fig. 5c, 

become slightly wider. It is worth pointing out that the effective �̃�f
rms of all temperature 

histories are, in this case, equal to the input value (1 2√2⁄ ). 

 
 

Figure 5: Distributions of normalized fluid temperatures (a), surface temperatures (b) and 

stresses (c) for selected locations of the superimposed narrow band. For a ∆𝑇=160°C, �̃�=0.5 

corresponds to 𝜎≈330 MPa. 

Figure 6 presents the average fatigue lives 〈𝐹𝐿〉 calculated with the 15 fluid temperature 

history samples generated for each location of the narrow band and the assumed fluids 

temperature difference of ∆𝑇 =160°C. The results are again compared with the SIN-method. 

 
 

Figure 6: Average fatigue life predictions for various locations of the superimposed narrow 

band (symbols) compared to the SIN-method predictions (full line). ∆𝑇=160°C. 
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In Fig. 6, the lowest fatigue lives predicted with single (SIN) and multi-frequency 

signals differ by a magnitude (~3 compared to ~30 days). A factor 2, from ~30 to ~60 days, 

can otherwise be expected from the location of the narrow band within the flat PSD profile in 

the multi-frequency signals. An asymptotic increase of fatigue life towards ~60 days is 

observed when the band is shifted towards high frequencies. Approximately 60 days is 

therefore the expected lifetime for the flat PSD without the narrow band, i.e. when the thermal 

response of the wall becomes insensitive to the harmonics of such high frequencies. The 

frequency of the minimum lifetime for the flat PSD with superimposed narrow band also 

closely matches the frequency of the SIN-method minimum lifetime. This proves that the 

rainflow counting method is able to identify the harmonics with higher amplitudes and, 

therefore, the damaging events out of the complex stress histories. The results in Figs. 3 and 6 

moreover show that the fatigue lifetime is very dependent on the PSD considered. It may thus 

be expected that lifetime predictions of pipes under turbulent fluid mixing are rather flow case 

specific. Note that these results could furthermore be extended to include different 

width/height ratio of the superimposed narrow band and different band/PSD area ratios. 

Spectral methods are promising tools to evaluate the lifetime, and the related uncertainties, 

when comparatively short load histories to the estimated lifetimes are available from 

experiments or simulations of the mixing fluids. 

4 CONCLUSIONS 

This paper presents the fatigue analyses of pipes under fluid temperatures with multi-

frequency and variable amplitude (spectrum loading) content. Fluid temperature history 

samples with different PSD profiles are generated with the improved spectral method and the 

pipe wall temperatures and stresses obtained with the 1D pipe model. The fatigue analyses are 

performed following codified rules and rainflow cycle counting method. The lifetime 

predictions for the considered PSD profiles are shown to be consistent with the results of the 

SIN-method. Namely, for water and stainless steel pipe, shorter fatigue lives are obtained for 

peaks in the PSD located at frequencies below 10 Hz and the most damaging peaks are 

located at about 1 Hz. This yields a very important outcome of this work, being that the 

rainflow counting method is able to identify damaging events in the complex stress histories, 

which were imposed by the frequency content of the temperature fluctuations. The results also 

show that the lifetime predictions are very dependent on the characteristic PSD of the fluid 

temperatures. 
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