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ABSTRACT 

The turbulent mixing of fluids at different temperatures in T-junctions may be the cause 

of crack growth due to varying thermal stresses in the pipes caused by temperature fluctuations. 

The analysis of such long-transient and interdisciplinary phenomenon requires rather complex 

and computationally expensive simulations. Using the results of a computational fluid 

dynamics simulation of a fluid mixing case obtained in the ATLAS+ project, and a strategy to 

efficiently use this data in thermo-mechanical analyses, this paper presents the development of 

fracture mechanics models of the cracked T-junction. The stresses and stress intensity factors 

obtained with the original T-junction model are compared to those obtained with a simplified 

model using different analysis approaches, namely a “submodeling” technique and a reduced 

model containing the cracks connected with “tie” constraints, both available in ABAQUS code. 

The results show that the submodeling technique is not suitable for the piping configuration in-

hand, while the reduced model provides reasonable outputs. 

1 INTRODUCTION 

Fracture mechanics entails the analyses of structures that contain crack-like defects to 

evaluate the likelihood of crack growth. Fracture mechanics simulations of cracked structures 

may be challenging to perform, especially when these involve interdisciplinary and long-

transient phenomena, such as the turbulent mixing of fluids at different temperatures [1]. In 

particular, this phenomenon may potentially induce fatigue damage on the structures 

surrounding the fluids due to varying thermal stresses that arise at the surface caused by 

temperature fluctuations. Studying crack growth behaviour in such cases typically requires a 

high-resolution computational fluid dynamics (CFD) simulation of the turbulent mixing to 

resolve simultaneously the fluid phenomenon and the structural temperatures [2]. The 

subsequent thermo-mechanical and fracture mechanics analyses of the cracked structure in 

contact with the fluid allows obtaining the stress intensity factor (SIF or 𝐾𝐼) history that governs 

the crack growth. The latter is then evaluated with a fatigue analysis that translates the SIF 

ranges during the transient to crack growth rates and, ultimately, to crack growth times. With 

the exception of the CFD simulation, this laborious process needs to be repeated over different 

crack positions, sizes and orientations and could benefit from the development of advanced 

strategies to simplify the data transfer between computer codes, which potentially employ 

different structural meshes, as well as to minimize computing times and requirements. 

The work package (WP) 3 of the European Commission ATLAS+ project has the 

objective to develop advanced defect assessment tools for the long-term and safe operation of 
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nuclear power plants [3]. In turn, WP 3.1 aims at improved methods for evaluating fatigue crack 

growth caused by flow mixing. Within WP 3.1, a high-resolution CFD simulation of turbulently 

mixing fluids at different temperatures in a T-junction has been carried out to provide credible 

thermal loads for the subsequent thermo-mechanical and fracture mechanics analyses [4]. 

This paper presents the development of fracture mechanics models of a cracked T-

junction piping, where the fluid mixing occurs, for studying the crack driving force (also known 

as SIF) with reasonable computing time and resources. In Section 2, the ATLAS+ CFD 

simulation is presented and Section 3 describes the thermo-mechanical and fracture mechanics 

analyses, and the developed T-junction models and submodels with cracks. In section 4, the 

stresses and SIFs with the full T-junction model are compared to those obtained with a 

simplified model using different analysis approaches, namely a “submodeling” technique and 

a reduced model containing the cracks. Finally, the conclusions are drawn in Section 5. 

2 ATLAS+ CASE OF FLUIDS MIXING IN A T-JUNCTION 

A high-resolution CFD using Large Eddy simulation (LES) scheme with conjugate heat 

transfer (CHT) of the WATLON T-junction experimental facility [5] has been carried out 

within ATLAS+ using STAR-CCM+ code [6]. 

 

Figure 1: Sketch of ATLAS+ T-junction case and boundary conditions 

Figure 1 presents the T-junction geometry, and fluid velocities and temperatures of the 

main and branch fluids entering the T-junction. The temperature difference between the cold 

and hot fluids of 250 K was selected to achieve fatigue conditions in the surrounding pipes. The 

CFD simulation considered water properties varying with temperature (e.g. non-negligible 

buoyancy effects), and physical and material constant properties of the steel pipe at 150°C. 

These include the density 7850 kg/m3, thermal conductivity 15.8 W/mK, specific heat  

511 J/kgK, elastic modulus 188 GPa, Poisson’s ratio 0.3 and thermal expansion coefficient  

1.63x10-5 K-1. The simulation was initiated from the results of an Unsteady Reynolds Average 

Navier-Stokes (URANS) simulation presented in [4]. Approximately 120 seconds of the 

turbulent mixing transient were simulated with a time increment of Δ𝑡 = 7.5x10-4 s. 

3 THERMO-MECHANICAL AND FRACTURE MECHANICS ANALYSES 

The available data from the CFD simulation for the structural analyses include 28,060 

fields of the T-junction’s inner surface nodal temperatures at Δ𝑡 = 3.75x10-3 s. For the analyses 

presented in this paper, only 600 fields with Δ𝑡 = 7.5x10-3 s are employed, together with a 

recently developed strategy for the efficient use of detailed CFD temperature data in thermo-

mechanical analyses with arbitrary finite element (FE) meshes [7]. The strategy uses ABAQUS 
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code [8] and Python scripting through the “analytical mapped field interpolation” tool to 

generate input files for ABAQUS from the available CFD data [7]. 

 

Figure 2: Original and reduced FE models of the T-junction with meshes 

With the aim to optimize computational times and resources in future (long-transient) 

simulations, two sets of structural models of the T-junction are generated with ABAQUS, 

namely, the original and the reduced models shown in Fig. 2. The original model is used mostly 

in the analyses that consider only constant loads in time, i.e. pressure loads and mean 

temperatures. Under this type of loads, the stress-state of the T-junction is affected by the 

overall three-dimensional (3D) deformation with consideration of geometrical features and 

mechanical boundary conditions on the full geometry. On the contrary, a reduced model of the 

T-junction with its geometry limited to the region with the highest levels of temperature 

fluctuations is employed in the transient (mechanical and fracture mechanics) analyses using 

structural temperature fluctuations as inputs (Fig. 3-b): 

 𝐹(𝑥, 𝑦, 𝑧, 𝑡) = 𝑇(𝑥, 𝑦, 𝑧, 𝑡) − 〈𝑇(𝑥, 𝑦, 𝑧)〉. (1) 

The reduced model of the T-junction in Fig. 2 has a shorter length in z direction of two 

diameters of the main pipe in total, i.e., one diameter upstream and one downstream from the 

intersection with the branch pipe, the length of which is also shortened in y direction to one 

diameter of the branch pipe. Only the upper half of the main pipe is considered in the reduced 

model. 

The transient heat transfer analysis uses the transient inner surface temperatures from 

CFD as boundary conditions. This is initiated after a steady-state step with inner surface mean 

temperatures, 〈𝑇〉, as boundary conditions, shown in Fig. 3-a as obtained by ABAQUS. The 

structural temperatures and their fluctuations obtained in the heat transfer analysis are then used 

as inputs in the mechanical and fracture mechanics analyses to compute displacements, stresses 

and stress intensity factors (SIF) of postulated cracks. The mechanical analyses employ the 

same model and meshes as in the heat transfer analyses (Fig. 2). For the fracture mechanics 

analyses, submodels with inner surface, semi-elliptical, axial and circumferential cracks have 

been developed (Figs. 4 and 5) and the original and reduced models of the T-junction modified 

to include the crack submodels (Fig. 6). The meshes of the crack submodels and of the T-

junction (original and reduced) models are linked with tie constraints. The number of elements 

of all models and submodels developed to carry on the simulations is provided in Table 1. 

The final T-junction (original and reduced) models for the fracture mechanics analyses 

have three cracks postulated at locations (Px) presented in Fig. 3. 
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Figure 3: (a) Mean temperatures [K] of the T-junction’s inner surface from the CFD 

simulation, (b) temperature fluctuations of the reduced model, Eq. (1) and (c) explanatory 

sketch of stress calculation [MPa] with the reduced model, Eq. (3) and crack locations (Px) 

A circumferential crack is placed at P1 and two axial cracks at P2 and P3, such that the 

crack center point at the surface lays on the respective (Px) location. At each location, two crack 

depths of a = 1 and 5 mm are considered with constant aspect ratio (length over depth) 2𝑐/a =8. 

The cracks in ABAQUS are modelled as “Countour Integral” type, with hexahedral elements 

with collapsed element side at the crack tip becoming wedged shape, and where the second 

order mesh option includes midside node placed at 0.25 from the tip to reproduce linear-elastic 

conditions (1 √𝑟⁄  singularity). The SIF outputs at the 5th contour are requested from ABAQUS. 

Therefore, the final results of the mechanical and fracture mechanics simulations are obtained 

as the addition of the steady-state simulation results using the original model with constant 

loads (pressure 𝑃 and mean temperatures 〈𝑇(𝑥, 𝑦, 𝑧)〉) to the transient simulation results using 

the reduced model with temperature fluctuation loads. Thus, we claim that, due to linear system: 

 𝑆𝐼𝐹𝑡𝑜𝑡𝑎𝑙(𝑡) = 𝑆𝐼𝐹𝑜𝑟𝑖(𝑇(𝑡), 𝑃) ≅ 𝑆𝐼𝐹𝑜𝑟𝑖(〈𝑇〉) + 𝑆𝐼𝐹𝑜𝑟𝑖(𝑃) + 𝑆𝐼𝐹𝑟𝑒𝑑(𝐹(𝑡)), (2) 

where 𝑆𝐼𝐹𝑜𝑟𝑖  and 𝑆𝐼𝐹𝑟𝑒𝑑  are the SIFs obtained, respectively, with the original and reduced 

models. Note that Eq. (2) also holds for stresses in the reduced T-junction region as: 

 𝑆𝑧𝑡𝑜𝑡𝑎𝑙(𝑡) = 𝑆𝑧𝑜𝑟𝑖∩𝑟𝑒𝑑(𝑇(𝑡), 𝑃) ≅ 𝑆𝑧𝑜𝑟𝑖∩𝑟𝑒𝑑(〈𝑇〉) + 𝑆𝑧𝑜𝑟𝑖∩𝑟𝑒𝑑(𝑃) + 𝑆𝑧𝑟𝑒𝑑(𝐹(𝑡)), (3) 

which is depicted schematically in Fig. 3. In Eqs. (2) and (3), the spatial coordinates (𝑥, 𝑦, 𝑧) 
of temperatures, fluctuations and stresses are avoided for simplicity. The mechanical boundary 

conditions on the original and reduced T-junction models, also depicted in Fig. 1, include a zero 

displacement in vertical direction (𝑈𝑦=0) and two edges parallel to z direction with zero 

displacements in x direction (𝑈𝑥=0), both applied on the upper cross section of the branch pipe, 

and a zero displacement in the flow direction (𝑈𝑧=0) on the upstream cross section of the main 

pipe. Additionally, zero displacement in the vertical direction (𝑈𝑦=0) on the free surfaces of 

the half main pipe of the reduced model is implemented. Finally, a pressure load of P = 10 MPa 

is applied on the inner surface of the original T-junction pipes and about 47 MPa pressure load 

(Fig 1, 𝑃𝑐) on the downstream cross section of the main pipe, representing the axial force due 

to the system pressure P on a closed piping system. 
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Figure 4: Sketch of circumferential (top) and axial (bottom) crack submodels 

 

Figure 5: (Left) axial and (right) circumferential crack submodels 

 

Figure 6: (Left) original and (right-top) reduced models with three cracks each at points Px 

(Fig. 3) for fracture mechanics analyses. (Right-bottom) top-view common to both models 
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Table 1: Number of elements and information of T-junction models and crack submodels 

T-junction models without cracks Element / simulation type 

Original 9,462 Quadratic hexahedral 

Heat transfer and mechanical Reduced 4,926 

Crack depths, 𝐚 [mm] 1 5 

Linear hexahedral 

Fracture mechanics 

T-junction models with holes for submodels 

Original 11,022 11,136 

Reduced 5,844 5,658 

Submodels with cracks 

Axial 38,192 21,824 

Circumferential 35,216 21,824 

T-junction models with crack submodels 

Original 122,622 76,608 

Reduced 117,444 71,130 

4 RESULTS OF VERIFICATION ANALYSES 

This section studies the feasibility of crack submodels and the use of reduced T-junction 

models in thermo-mechanical and fracture mechanics analyses. The crack submodels are 

verified indirectly through the “submodeling” technique available in ABAQUS. 

4.1 Submodeling Technique 

The submodeling technique in ABAQUS [8] interpolates the temporal displacements 

and/or stresses obtained in the original model on the submodel boundaries as mechanical 

boundary conditions. In this way, a single simulation of the original model is needed to analyse 

several crack locations, sizes and orientations with stand-alone fracture mechanics submodels. 

While this technique has been used in pressurized thermal shock analyses of reactor pressure 

vessels [9], the goal here is to determine whether it can also be employed in the analyses of 

cracked pipes. To this end, a FE model of the original main pipe (without T-junction) is 

employed to evaluate displacement and stresses under pressure load only, and the submodeling 

technique is applied on axial crack submodels of different widths (w) to obtain the SIFs. 

 

Figure 7: Relative difference between SIFs obtained with submodeling technique and semi-

analytical formulation using displacement boundary conditions 
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Figure 8: Relative difference between SIFs obtained with submodeling technique and semi-

analytical formulation using mixed boundary conditions 

Figures 7 and 8 present the verification results in terms of the relative difference of SIF 

obtained with the submodeling technique (𝐾𝐼−𝑆𝑀) and semi-analytical formulations (𝐾𝐼−𝑆𝐴) 

[10], as a function of the submodel width (w), represented by their circumferential angle 

(180w/Ri). The results are presented for the deepest (A0) and surface (B1) points of the crack 

(see Fig. 4) using only displacements (Fig. 7) and displacements and stresses (mixed, Fig. 8) of 

the original model used as boundary conditions on the submodel boundaries. The results show 

a faster convergence of SIF with mixed, as compared to displacement, boundary conditions. 

This fact also verifies the submodels implementation and meshes for future analyses. 

Unfortunately, the boundary conditions imposed by the submodeling technique affect the 

stresses near the crack tip and, thus, the SIFs results of small submodels. Converged SIF results 

are achieved for submodels with angle above 70°, which precludes their use at pipe locations 

near the T-junction intersection with the branch pipe due to their big size. 

4.2 Tie Modelling Technique 

The analyses presented in this section follow the procedure explained in Section 3 by 

using original and reduced models with crack submodels, the meshes of which are connected 

with tie constraints. The analyses with the original model include pressure and mean 

temperature loads separately, and together with 600 increments of CFD loads (4.5 s) in the 

transient analysis. The analyses with the reduced model employ the structural temperature 

fluctuation loads only. Thus, the goal is to verify that the results of all loads acting on the 

original model can be obtained by analysing the reduced model with transient loads and the 

original model with constant loads, i.e. to obtain stresses by Eq. (3) and SIFs by Eq. (2). Due 

to the symmetry of P2 and P3 with respect to the T-junction (see Fig. 3), only the results at P1 

and P2 are analysed. The axial stresses and SIFs computed with the original model and constant 

loads, i.e. 𝑆𝑧𝑜𝑟𝑖∩𝑟𝑒𝑑(𝑃), 𝑆𝑧𝑜𝑟𝑖∩𝑟𝑒𝑑(〈𝑇〉), 𝑆𝐼𝐹𝑜𝑟𝑖(𝑃) and 𝑆𝐼𝐹𝑜𝑟𝑖(〈𝑇〉), are given in Table 2. 

Figure 9 shows the temperature histories at points P1 and P2 (Fig. 3) from the CFD 

simulation. In Fig. 10, the axial stress results obtained with all loads acting on the original model 

are compared with those obtained with the combination of original and reduced models, i.e., 

right-hand side of Eq. (3). Note that the latter results are depicted in Fig. 10 simply as “Px-

reduced” and that the differences in stress histories obtained with both approaches are analysed 

in Fig. 10 by their relative difference. 
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Figure 9. Temperature histories at P1 and P2 for 600 time increments 

 

Figure 10. Axial stress histories at P1 and P2 obtained with original and reduced models (left) 

and their relative differences (right) for 600 time increments 

Very small differences in axial stress results up to 1.6% are observed in Fig. 10, thus, 

verifying the proposed approach. In the same way as for the stresses, the results of fracture 

mechanics analyses are depicted in Figs. 11-14. Recall that circumferential and axial cracks are 

placed, respectively, at P1 and P2. The figures show the SIF histories obtained with both 

approaches (all loads in original model and right-hand side of Eq. (2)) at the deepest (A0) and 

surface (B1) points of 1 mm and 5 mm deep cracks. Also in this case, the relative differences 

between SIFs obtained with both approaches are small and up to 1.9%. Thus, these results also 

verify the proposed approach for future fracture mechanics analyses. The reduction in 

computational time from the combined use of original and reduced models is minor when 

compared to that with the original T-junction model, due to the small difference of about 5000 

elements between original and reduced models (Table 1). Nevertheless, the benefit of this 

approach will manifest in future uncertainty analyses of crack growth results, which require 

several realizations of synthetic temperatures reproducing CFD results (see Refs [5-6] in [7]). 

Table 2: Mean temperature, axial stress and SIF obtained with the original T-junction model 

assuming constant loads only (pressure and mean temperatures) 

Location/Load 
<T(Ri)> 

[K] 

Sz(Ri) 

[MPa] 

SIF [MPa*Sqrt(m)] 

at deepest point (A0) at surface point (B1) 

P1 – Circum. crack a = 1 mm 5 mm 1 mm 5 mm 

P load only, 10 MPa - 90.53 5.26 13.81 2.88 4.35 

〈𝑇(𝑥, 𝑦, 𝑧)〉 only 431.86 88.54 5.24 14.57 2.18 1.88 

P2 – Axial crack a = 1 mm 5 mm 1 mm 5 mm 

P load only, 10 MPa - 25.12 3.81 15.92 2.31 1.07 

〈𝑇(𝑥, 𝑦, 𝑧)〉 only 389.89 145.26 2.66 4.58 1.40 2.93 
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Figure 11: SIF obtained with global and reduced models at deepest point of 1 mm crack 

 

Figure 12: SIF obtained with global and reduced models at surface point of 1 mm crack 

 

Figure 13: SIF obtained with global and reduced models at deepest point of 5 mm crack 

 

Figure 14: SIF obtained with global and reduced models at surface point of 5 mm crack 
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5 CONCLUSIONS 

The development of fracture mechanics models of a cracked T-junction for the analyses 

of crack driving forces with reasonable computing time and resources is presented in this paper. 

The results of a detailed CFD simulation performed in the ATLAS+ project are employed 

together with a strategy to optimize thermo-mechanical and fracture mechanics analyses with 

arbitrary finite element meshes. The results of surface stresses and SIF obtained with the 

original T-junction model are compared to those obtained with simplified models using two 

analysis approaches, namely a “submodeling” technique and a reduced model containing the 

cracks. The results show that, for the selected crack locations, the submodeling technique is not 

suitable. On the other hand, the combined use of reduced model with transient loads and original 

model with constant loads can be employed in future fracture mechanics analyses of cracked 

T-junction piping under long-transient and interdisciplinary phenomena such as fluid mixing. 
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