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ABSTRACT 

The turbulent mixing of fluids at different temperatures is a well-recognized source of 

thermal fatigue in the safety related piping of nuclear power plants. The fluid temperature 

fluctuations at the fluid-wall interface, caused by the turbulent mixing, induce stress 

fluctuations in the pipe, which may lead, in some circumstances, to fatigue and subsequent 

leakage. 

This paper estimates the probability of surface crack growth through the pipe wall under 

turbulent fluid mixing conditions using a damage tolerant approach. The growth rates of 

stipulated surface cracks are studied for diverse variations of fluid temperatures generated 

with an improved spectral loading approach recently developed by Jožef Stefan Institute. The 

analyses use a rather simple and linear one-dimensional model of the pipe and linear elastic 

fracture mechanics theory to compute the time-dependent stress intensity factors of the crack. 

The uncertainties of crack growth, which arise from the use of comparatively short fluid 

temperature histories to the expected fatigue life time of months or years, are moreover 

evaluated for diverse time lengths of the fluid temperature histories. The likelihood of crack 

arrest is finally discussed. 

1 INTRODUCTION 

Field experience in the nuclear industry has revealed that turbulently mixing fluids at 

different temperatures may be the cause of thermal fatigue in safety related piping [1]. The 

fluid temperature fluctuations at the fluid-wall interface, caused by the turbulent mixing, 

induce temperature fluctuations in the surrounding pipe walls. Rather fast temperature 

fluctuations at the pipe surface induce fluctuations of localized thermal strains which are 

constrained by the adjacent material at different temperature. In this way, the fluid 

temperature fluctuations induce stress fluctuations in the pipe, which may lead, in some 

circumstances, to fatigue and subsequent leakage or even loss of structural integrity [2]. 

Thermal fatigue assessments strongly rely on the histories of stresses evolving in the 

pipe wall, which are typically derived from recorded or calculated fluid and wall temperature 

histories. Unfortunately, the complex and time-consuming computational fluid dynamic 

simulations and experiments of turbulently mixing fluids limit the history lengths to seconds, 

minutes [2-4] or about an hour at the best [5,6]. The fatigue assessment must extrapolate these 

comparatively short stress histories to the life time of weeks, months or years expected in the 

high cycle fatigue regime. Fatigue predictions may therefore be uncertain, due to the 

inherently uncertain temperature histories of the mixing fluids. This limitation may be 
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overcome by the use of one-dimensional sinusoidal (SIN) and spectral methods which are 

much easier to apply and computationally very affordable [7]. However, the consideration of a 

single frequency and the Gaussian distributed fluid temperature fluctuations, respectively, in 

the SIN [8,9] and spectral [10,11] methods are known drawbacks of these synthetic methods, 

already identified in an early review of thermal fatigue assessment techniques [12]. 

An improved spectral method has been recently proposed by Jožef Stefan Institute to 

analyse the uncertainties in the thermal fatigue assessment of pipes following a total life 

approach [13]. The synthetic temperature histories generated with this method employ sets of 

optimal phase shifts between harmonics to fully satisfy the necessary physical constraints of 

the mixing fluids through the limiting temperatures, the first two statistical moments and 

appropriate power spectral density (PSD). The obtained fluid temperatures may effectively be 

non-Gaussian distributed. In the present paper, the improved spectral method is further used 

to analyse, following a damage tolerant approach, the growth of surface cracks through the 

pipe wall under turbulent fluid mixing conditions. 

The growth rates of stipulated surface cracks are estimated with a rather simple and 

linear one-dimensional (1D) model of the pipe with numerically resolved time-dependent 

temperatures and analytical expressions for the linear elastic wall thermal stresses varying 

only in the radial direction. The linear elastic fracture mechanics theory is then employed to 

compute the time-dependent stress intensity factors of the crack following the method of 

weight functions for general stress profiles [14]. The uncertainties of crack growth are 

moreover evaluated for different time lengths of the fluid temperature histories using the Paris 

law, rainflow counting method and linear damage accumulation rule. 

It is usually believed that high frequency oscillations of fluid temperatures during 

turbulent mixing, known as thermal stripping, may be responsible for crack arrest [15]. In 

these conditions, large stress gradients in the wall thickness direction are the cause for the 

reduction of the stress intensity factor as the crack grows. However, these observations are 

typically derived from crack growth analyses assuming that fluid or pipe surface temperatures 

follow single frequency sinusoidals [16]. The likelihood of crack arrest is finally discussed for 

the fluid conditions studied in this paper. 

2 DAMAGE TOLERANT THERMAL FATIGUE ASSESSMENT IN PIPES 

This section describes the interdisciplinary approach employed in the thermal fatigue 

assessment of pipes. This includes the generation of fluid temperature histories, heat transfer 

and mechanical analyses of the pipe and fracture mechanics analyses to estimate crack 

growth. 

2.1 Fluid temperature histories 

The recently developed improved spectral method [13] to generate fluid temperature 

histories, 𝑇f(𝑡), of arbitrary lengths in a selected point anywhere along the pipe surface is 

summarized in this section for completeness. The mean, 〈𝑇f〉, and the variance, 𝑇f
var, of the 

fluid temperatures are first conveniently defined as: 

 

〈𝑇f〉 =
1

𝜏
∫ 𝑇f(𝑡)𝑑𝑡

𝜏

0
≅

1

𝐾
∑ 𝑇f,𝑖

𝐾
𝑖=1  and 

𝑇f
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1
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𝐾
∑ (𝑇f,𝑖 − 〈𝑇f〉)
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𝐹f(𝑡) = 𝑇f(𝑡) − 〈𝑇f〉, 

(1) 
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consistent with the usual characterization of the temperature variations near the pipe surface 

in experiments and numerical exercises [17,18]. The fluid temperature fluctuations 𝐹f(𝑡) in 

the time domain 𝑡 ∈ [0, 𝜏] are approximated with a harmonic superposition [10,19]: 

 𝐹f(𝑡) = ∑ 𝐴𝑗 cos(𝜔𝑗𝑡 + 𝜑𝑗)𝐾 2⁄
𝑗=1   (2) 

where 𝐴𝑗 stands for the amplitude of the jth harmonic, 𝜑𝑗 is the phase, 𝜔𝑗 = 2𝜋𝑓𝑗 is the 

angular frequency and 𝐾 is the number of temperature readings taken at a constant time 

interval Δ𝑡. The fluid temperature history 𝑇f(𝑡) is then obtained by addition of the imposed 

mean temperature 〈𝑇f〉 to the modeled fluctuations 𝐹f(𝑡), which by definition have 0 mean. In 

order to prescribe also the PSD and variance to the modelled 𝐹f(𝑡), the discrete time is 

defined as 𝑡𝑖 = (𝑖 − 1)Δ𝑡 for 𝑖=1,2,…, 𝐾 yielding the discrete temperatures 𝑇f,𝑖 = 𝑇f(𝑡𝑖) and 

fluctuations 𝐹f,𝑖 = 𝐹f(𝑡𝑖). Note that the time-length of the fluid temperature history becomes 

𝜏=(𝐾 − 1)Δ𝑡. The discrete frequency domain is then defined as 𝑓𝑗 = 𝑗 𝐾Δ𝑡⁄  for 𝑗=1,2,…,𝐾/2. 

In this way, Eq. (2) allows relating the amplitudes 𝐴𝑗 to the PSD as: 

 𝐴𝑗 = √2Δ𝑓𝑃𝑗  (3) 

where Δ𝑓 = 1 (𝐾Δ𝑡)⁄  is the frequency interval. The power content of each harmonic (𝑃𝑗) is 

given by the analytical expression of the PSD derived from the theory of turbulent flow [20]: 

 𝑃(𝑓) = 0.475 
𝑇f

var

𝑓0
[1 + (

𝑓

𝑓0
)

2
]

−5 6⁄

. (4) 

The level of the PSD in Eq. (4) is given by imposed variance of temperature fluctuations 𝑇f
var 

and 𝑓0 is the transition frequency. 

In spectral methods the phases 𝜑𝑗 in Eq. (2) are typically assumed to follow the uniform 

distribution 𝒰(0,2𝜋) which, for large 𝐾, ensures the fluid temperature fluctuations, 𝐹f(𝑡), and 

the temperature histories, 𝑇f(𝑡), to be normally distributed. The latter is then very likely to 

exceed the physical limits imposed by the hot (𝑇f
hot) and cold (𝑇f

cold) temperatures of the 

mixing fluids. In the improved spectral method [13], the physical limits of the fluid 

temperatures are numerically enforced by optimizing the initially uniformly distributed phases 

𝜑𝑗 with a minimization process of the error function: 

 
𝐸𝑟𝑟𝑜𝑟(𝜑𝑗) = ∫  [(𝑇f − 𝑇f

hot)
𝛽

⋅ 𝐻(𝑇f − 𝑇f
hot) + (𝑇f

cold − 𝑇f)
𝛽

⋅

𝐻(𝑇f
cold − 𝑇f)]  𝑑𝑡   

(5) 

using the Powell’s method [21]. In the error function, 𝑇f stands for the temperature signal 

𝑇f(𝑡) and 𝐻(𝑇) is the Heaviside function. The exponent 𝛽 ≥ 2 may be chosen to speed up the 

convergence of the minimization process. The minimization process ends when the 

temperature signal 𝑇f(𝑡) lies within the limiting temperatures with the prescribed tolerance 𝜀𝑇: 

 𝑇f
cold(1 − 𝜀𝑇) ≤ 𝑇f(𝑡) ≤ 𝑇f

hot(1 + 𝜀𝑇). (6) 

The improved spectral method just described allows generating different temperature 

history samples within stipulated limits, the same mean 〈𝑇f〉 and PSD-𝑇f
var statistics, through 

different sets of initial random phases 𝜑𝑗. 

It is now convenient to define the normalized fluid temperatures, �̃�f(𝑡), mean 

temperature, 〈�̃�f〉, and the normalized root-mean-square temperature, �̃�f
rms, as: 
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�̃�f(𝑡) =
𝑇f(𝑡)−𝑇f

cold

∆𝑇
, 

〈�̃�f〉 =
〈𝑇f〉−𝑇f

cold

∆𝑇
 and 

�̃�f
rms =

1

∆𝑇
√𝑇f

var, 

(7) 

where ∆𝑇=𝑇f
hot-𝑇f

cold is the fluids temperature difference. All possible values of 〈�̃�f〉 and 

�̃�f
rms, of the physically bounded fluid temperature histories, span a space limited to 

0 ≤ 〈�̃�f〉 ≤ 1 and: 

 max (�̃�f
rms(〈�̃�f〉))=Max_01(〈�̃�f〉)=√〈�̃�f〉(1 − 〈�̃�f〉). (8) 

The space, named as the temperature variation space, is shown in Fig. 1 [13]. The limit 

defined by Eq. (8), curve Max_01 in Fig. 1, requires that the normalized temperature history 

jumps, exactly, between 0 and 1. However, this is not consistent with the physical nature of 

the turbulent fluid mixing and does not satisfy the PSD in Eq. (4). All temperature variations 

which do satisfy the PSD have been found to be limited to a slightly smaller space, 

approximately bounded by the numerically derived curve Max_PSD in Fig. 1. 

 
Figure 1: Temperature variation space in turbulent fluid mixing limited theoretically by the 

Max_01 curve and numerically by Max_PSD curve. Experimental data in symbols [17,18]. 

The thermal fatigue of piping could therefore occur anywhere in the space below the 

Max_PSD curve in Fig. 1. Data from three experimental facilities of turbulent fluid mixing in 

T-junctions [17,18], depicted as coloured symbols in Fig. 1, clearly do not cover the whole 

temperature variation space. It is also noted that the SIN-method with 

(〈�̃�f〉, �̃�f
rms)=(1/2,1/2√2) and depicted in Fig. 1 as point SIN, does not match the conditions of 

the experimental facilities. The temperature variation space in Fig. 1 includes all physically 

possible temperature fluctuations and all flow regimes compatible with the given PSD. 

2.2 Thermo-mechanical analyses of the pipe wall 

The fluid temperature fluctuations induce temperature changes of the pipe wall through 

convection at the inner surface. The 1D heat diffusion, where heat fluxes are assumed to occur 

only in the radial direction, adiabatic outer surface and initial condition: 
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1

𝐷

∂𝑇w(𝑟,𝑡)

𝜕𝑡
=

1

𝑟

∂𝑇w(𝑟,𝑡)

𝜕𝑟
+

∂2𝑇w(𝑟,𝑡)

𝜕𝑟2 , 

∂𝑇w(𝑟,𝑡)

𝜕𝑟
|

𝑟=𝑟i

= −ℎ(𝑇w(𝑟i, 𝑡) − 𝑇f(𝑡)), 

∂𝑇w(𝑟,𝑡)

𝜕𝑟
|

𝑟=𝑟o

= 0 and 

𝑇w(𝑟, 0) = 〈𝑇f〉, 

(9) 

with the recommended constant value of the heat transfer coefficient ℎ=15,000 W/m2K [8], 

are considered in this paper. In Eq. (9), 𝐷=𝑘 𝑐𝑝𝜌⁄  is the wall thermal diffusivity, 𝑟i and 𝑟o are 

the inner and outer radius of the pipe and the rest of material properties are defined in Table 1. 

The radial and time-dependent wall temperatures 𝑇w, obtained by numerically solving 

Eq. (9) [22], are utilized as input to compute the wall thermal stresses using the analytical 

expressions for the linear elastic 1D model of a long hollow cylinder [23]. The axial stresses 

evolving in the pipe wall for free-end pipe conditions: 

 𝜎(𝑟, 𝑡)=
𝛼𝐸

1−𝜐
(

2

𝑟o
2−𝑟i

2 ∫ 𝑇w(𝑟′, 𝑡)𝑟′𝑑𝑟′
𝑟o

𝑟i
− 𝑇w(𝑟, 𝑡))  (10) 

are considered in this work with material properties defined in Table 1. It is therefore assumed 

that the studied pipe section is away from any material, geometrical or structural 

discontinuities. It is also useful to define a normalized stress in the range [-0.5,0.5] as: 

 �̃�(𝑟, 𝑡) = 𝜎(𝑟, 𝑡)
(1−𝜐)

𝛼𝐸∆𝑇
. (11) 

2.3 Fracture mechanics and crack growth analyses 

Fatigue assessments performed following a damage tolerant approach [24] assume an 

initially cracked pipe with crack length 𝑎, such as that shown in Fig. 2-left. In the linear 

elastic fracture mechanics regime, the crack stress intensity factor (SIF) can be evaluated 

using the Glinka weight function method [14]: 

 𝐾(𝑎, 𝑡) = ∫ 𝜎(𝑥, 𝑡)𝑚(𝑥, 𝑎)𝑑𝑥
𝑎

0
. (12) 

This is really appropriate for the highly non-linear and time-dependent stress profiles through 

thickness evolving in turbulent fluid mixing conditions. In Eq. (12), 𝑥=𝑟 − 𝑟i denotes wall 

units running from 0 to 𝑤=𝑟o − 𝑟i. For a wide variety of cracked bodies with 1D cracks loaded 

on Mode I, the universal weight function 𝑚(𝑥, 𝑎) in Eq. (12) may be expressed as [14]: 

 𝑚(𝑥, 𝑎) =
2

√2𝜋𝑎
[(1 −

𝑥

𝑎
)

−1 2⁄

+ 𝑀1 + 𝑀2 (1 −
𝑥

𝑎
)

1 2⁄

+ 𝑀3 (1 −
𝑥

𝑎
)]  (13) 

where the 𝑀i coefficients are geometry dependent and must be obtained with the assistance of 

finite element calculations. These coefficients can be found in dedicated studies for a wide 

variety of cracked bodies [14,25]. 

Up to this point, the assessment procedure described yields stress and SIF levels which 

behave linearly with the temperature difference of the mixing fluids. Sources of possible non-

linearities such as temperature-dependent material properties, complex definitions of the heat 

transfer from fluid to the pipe or material plasticity effects are intentionally avoided for the 

sake of clarity of the procedure. 
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Figure 2: Schematic of circumferential crack in pipe (left) and 

linear crack growth rate region, i.e. Paris law (right). 

The range of SIF, Δ𝐾 = 𝐾max − 𝐾min, correlates with the crack growth rate, d𝑎 d𝑁⁄  

where 𝑁 is the number of cycles, following the Paris law [26]: 

 

d𝑎

d𝑁
= 𝐶(Δ𝐾)𝑚           Δ𝐾 > Δ𝐾th 

d𝑎

d𝑁
= 0                       Δ𝐾 ≤ Δ𝐾th 

(14) 

where 𝐶 and 𝑚 are material properties and Δ𝐾th is the SIF range threshold, Fig. 2-right. It is 

known that Δ𝐾th is affected by the ratio 𝑅 = 𝜎min 𝜎max⁄ . The reason is the so-called crack 

closure effect when crack faces become into contact influencing the crack growth. There exist 

a variety of expressions for an effective Δ𝐾 that may take this effect into consideration 

[8,24,27]. However, the global and time-independent stresses such as those arising from the 

hydrostatic fluid pressure and the three-dimensional thermo-mechanical state of the pipe are 

not considered in this work [28]. These constant stresses would indeed affect the 𝑅 ratio and 

therefore Δ𝐾. Thus, as a conservative assumption and for the sake of clarity, the crack growth 

calculations presented below follow simply Eq. (14). 

In the SIN-method, where the temperature history is denoted by constant amplitude and 

single frequency (𝑓), the crack growth rate (per unit of time) is predicted as: 

 
d𝑎

d𝑡
|

𝑎
=

d𝑎

d𝑁
|

𝑎,𝑓
∗ 𝑓 = 𝐶(Δ𝐾(𝑎, 𝑓))

𝑚
∗ 𝑓  (15) 

where Δ𝐾(𝑎, 𝑓) is the SIF range obtained for the crack length 𝑎 and frequency considered. 

The crack growth rate in the case of random loading can be estimated using the rainflow 

counting method, applied on the SIF history 𝐾(𝑎, 𝑡) of length 𝜏, and linear damage 

accumulation rule: 

 d𝑎

d𝑡
|

𝑎
=

∑
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|
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𝑖
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𝑚
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𝑝
𝑖

𝜏
  (16) 

where 𝑛𝑖 and Δ𝐾𝑖(𝑎) denote, respectively, the number of cycles and the SIF range for the 

reversal 𝑖 obtained by rainflow. Equation (16) assumes a constant crack length 𝑎 during the 
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SIF history. This is also a reasonable assumption since very small crack growth is expected to 

occur during the time length 𝜏. 

The time for an initial crack of length 𝑎𝑖 to grow to a final length 𝑎𝑓 can be obtained 

integrating the crack growth rates 
d𝑎

d𝑡
|

𝑎
 as: 

 𝑡𝑎𝑖

𝑎𝑓 = ∫
𝑑𝑎

d𝑎 d𝑡⁄ |𝑎

𝑎𝑓

𝑎𝑖
. (17) 

3 RESULTS 

The assessment procedure described in Section 2 is implemented in this section 

assuming a temperature difference of the mixing fluids of ∆𝑇=160°C and the pipe with 

dimensions 𝑟i=0.127 m and 𝑟o=0.1363 m and typical temperature-independent material and 

physical properties of austenitic stainless steel given in Table 1. Note that these match the 

Civaux plant piping conditions where a primary water leakage occurred after ≈60 days of 

fluid mixing [2]. 

Table 1: Material properties of austenitic stainless steel 

𝑘=14.7 W/mK Thermal conductivity 

𝑐𝑝=480 J/kg K Specific heat 

𝜌=7,800 kg/m3 Density 

𝛼=16.4x10-6 K-1 Thermal expansion coefficient 

𝐸=177x103 MPa Young’s modulus 

𝜐=0.3 Poisson’s ratio 

𝐶=3.5x10-11 m/cycle Intersection Paris law 

𝑚=2.52 Slope Paris law 

Δ𝐾th=4 MPa√m SIF range threshold 

3.1 Fluid temperatures and pipe surface temperatures and stress histories 

Figure 3 shows two examples of fluid temperature histories (black lines) generated with 

a mean temperature 〈�̃�f〉=0.5 and two root-mean-square temperatures, i.e. �̃�f
rms=0.2 and 

1/2√2. The latter matches the statistics of sinusoidal signals (Fig. 1). The normalized fluid 

temperature histories with length 𝜏=81.9 s have been generated according to Eqns. (1) to (6) 

using 𝐾=4096 and Δ𝑡=0.02 s. The minimization process parameters, 𝛽=2 in Eq. (5) and 

𝜀𝑇=10-7 in Eq. (6), and the PSD given by Eq. (4) with transition frequency 𝑓0=1 Hz are 

maintained for all the temperature histories generated in this paper. Figure 3 also includes the 

temperatures of the inner surface of the pipe (red lines) as a result of the heat transfer 

analyses. It can be seen that the surface temperatures fluctuate around the fluid mean 

temperature and that these also tend to follow the fluid temperatures, however, with a clear 

attenuation and delay due to heat transfer effects. All temperature histories are illustrated also 

with the histograms of the fluid and surface temperatures and the normalized stresses at the 

surface, Eq. (11). 

The fluid temperatures in Fig. 3 share very symmetric temperature distributions [13]. 

The distributions of fluid and surface temperatures become wider as �̃�f
rms increases and the 

limiting fluid temperatures act as a physical wall. The fluid temperatures oscillate mainly 

between the two limiting values for �̃�f
rms=1/2√2. However, the heat transfer phenomena 

affect the obtained surface temperature and stress distributions in such a way that their 

extreme values are of low probability. In Fig. 3 it can also be seen that the stresses oscillate 
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around 0 following very closely the surface temperature fluctuations and, hence, sharing 

similar profiles of distributions. 

 
Figure 3: Fluid and pipe surface temperatures and surface stress distributions for two selected 

points within the temperature variation space in Fig. 1. 

3.2 Crack growth assessment 

The pipe is assumed to have an internal circumferential crack of length 𝑎, as shown in 

Fig. 2-left. The 𝑀i coefficients in Eq. (13), needed to compute the crack SIF, have been 

obtained from the work by Jones and Rothwell [25] for the pipe with 𝑟i 𝑟o⁄ =0.9. The range of 

application of the crack SIF in Eq. (12) is thus 0.02 ≤ 𝑎/𝑤 ≤ 0.95 in normalized crack length 

units. Assuming the Paris law constants in Table 1 [16], the growth rate in Eq. (14) is given in 

m/cycle with the range of SIF in MPa√m. 

 
Figure 4: SIF range (left) and crack growth rates (right) versus normalized crack length for 

sinusoidal fluid temperatures with four frequencies and random with equivalent �̃�f
rms. 

Figure 4-left shows the range of SIF obtained for four frequencies of the sinusoidal fluid 

temperatures as a function of the normalised crack length. The highest SIF range is obtained 

for 𝑓=0.1Hz. The temperature homogenization of the wall for the lower frequency 𝑓=0.01Hz 

avoids the appearance of large thermal stresses and large SIF. At higher frequencies, the heat 

transfer filtering effects prevent the transfer of fluid temperatures to the wall. For 𝑓=10Hz, 

wall temperature and stress fluctuations are low and SIF ranges are below the threshold, 

Δ𝐾th=4 MPa√m, for most of crack lengths. As a consequence, the crack growth rates shown 

in Fig. 4-right for 𝑓=10Hz are practically always zero. The influence of the sinusoidal 

frequency in the calculation of crack growth rates, Eq. (15), makes a small crack to grow 

initially faster for 𝑓=1Hz. On the other hand, the crack growth for 𝑓=0.01Hz is expected to be 

very slow. Figure 4-right also includes the growth rates obtained for 100 fluid temperature 

history samples generated with 〈�̃�f〉=0.5, �̃�f
rms=1/2√2 and time-length 𝜏=81.9 s. In this case, 
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the results are presented with a line connecting the average growth rates and bars that extent 

from the minimum to maximum rates obtained for the 100 samples, as a function of crack 

size. As compared to sinusoidal temperatures with 𝑓=1Hz, slower growth can be expected 

initially but the rates match rather well for 𝑎/𝑤>0.3. 

 
Figure 5: Crack growth for four frequencies of sinusoidal fluid temperatures and random with 

equivalent �̃�f
rms (left) and for random fluid temperatures with three �̃�f

rms (right). 

The crack growths, Eq. (17), from an initial to final crack lengths equal to 𝑎/𝑤=0.02 

and 0.95 with a crack increment 𝑎/𝑤=0.01, are shown in Fig. 5-left for the sinusoidal 

temperatures and the fluid temperatures with �̃�f
rms=1/2√2. The results of the latter are 

presented with a line connecting the average growth times and bars that extent from the 

minimum to maximum times obtained for the 100 samples, given the crack size. Except the 

sinusoidal with 𝑓=0.01Hz, the crack growth times are rather fast in absolute terms. This is the 

reason for the known conservatism of the SIN-method. Nevertheless, the crack growth of 

fluid temperatures with sinusoidal-equivalent �̃�f
rms matches that of the sinusoidal with 𝑓=1Hz 

after 10 days. Recall that experimental results of fluid mixing, however, indicate levels of 

temperature fluctuations �̃�f
rms≤0.25 (Fig 1). The results of crack growth for temperature 

signals generated with �̃�f
rms=0.14 and 0.2 are given in Fig. 5-right. These show that it is very 

likely to have significant crack growth up to 60% of the wall thickness after 60 days of fluid 

mixing for �̃�f
rms=0.2. Similar growth is obtained after 200 days for �̃�f

rms=0.14, matching that 

of the sinusoidal with 𝑓=0.01Hz. 

 
Figure 6: Distributions of crack growth times to 60% of the wall thickness for 100 fluid 

temperature history samples with 〈�̃�f〉=0.5 and �̃�f
rms=0.20 and different time-lengths 𝜏. 

The bar lengths in Fig. 5-right denote the intrinsic uncertainty in the crack growth 

analyses due to relatively short fluid temperatures as compared to the estimated fatigue lives. 
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The variability of predicted crack growth increases with crack size and, therefore, with time. 

Hence, the uncertainties in the thermal fatigue assessment are moreover evaluated in Fig. 6 by 

comparing the crack growth times to a crack size 𝑎/𝑤=0.6, 𝑡0.02
0.6 , using 100 fluid temperature 

history samples with the same mean 〈�̃�f〉=0.5 and �̃�f
rms=0.2 and different time-lengths 𝜏. 

The results in Fig. 6 are presented, at each 𝜏, through the distribution of 𝑡0.02
0.6  using a 

box plot with bars and cross symbols. The cross symbols indicate the minima and maxima 

times obtained with the 100 samples, the bars extent from the 5% to 95% probability intervals 

and the boxes denote the 25% to 75% probability intervals. Moreover, the red full squares 

indicate the average crack growth time. The behaviour of the predictions clearly indicates that 

their average values saturate and their scatter gets reduced with increasing 𝜏. The average 

value saturates to the lower range of predictions with short length histories due to the 

addition, with the longer signals, of high amplitude and long period events that may be 

missing, statistically, in short signals. 

It is worth noting at this point that no crack arrest has been observed for the fluctuation 

levels studied in this paper. Future work in this topic includes sensitivity analyses of 

important factors, besides �̃�f
rms, that may influence the results. These include the heat transfer 

coefficient ℎ in Eq. (9), the fluid temperature difference ∆𝑇 and different crack geometries. 

The thermal fatigue assessment with a damage tolerant approach presented in this paper 

allows estimating the uncertainty of the results given the length of fluid temperature histories. 

Nevertheless, the approach can also estimate the time-length needed given the accuracy of the 

fatigue prediction. 

4 CONCLUSIONS 

The paper presents the thermal fatigue assessment of pipes under turbulent fluid mixing 

using a damage tolerant approach and an improved spectral loading method to generate fluid 

temperature histories. The results have shown that the level of fluid temperature fluctuations 

�̃�f
rms clearly influences the crack growth. For a �̃�f

rms=0.2, crack growth up to 60% of the wall 

thickness can be expected in 60 days and no crack arrest is foreseen. The uncertainties of 

these results have been evaluated with fluid temperature history samples of the same statistics 

and different time lengths. For increasing length of the fluid temperature histories used in the 

analyses, the resulting average growth time saturates and the scatter of the results gets 

reduced. Moreover, the analyses using sinusoidal fluid temperatures have emphasized the 

known conservatism of the fatigue predictions. However, higher values of fluid temperature 

fluctuations close to that of a sinusoidal signal may accelerate the crack growth to fatigue life 

times close to those obtained with the SIN-method and frequencies of about 1Hz. 
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