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Abstract

The temperature fluctuations due to the mixing of two streams in a T-junction induce
thermal stresses in the piping material, resulting in a pipe failure in Nuclear Power Plants.
The numerical modeling of the thermal mixing in T-junctions is a challenging task in
computational fluid dynamics (CFD) as it requires advanced turbulence modeling with
scale-resolving capabilities for accurate prediction of the temperature fluctuations near the
wall. One approach to address this challenge is using Partially Averaged Navier–Stokes
modeling (PANS), which can capture the unresolved turbulent scales more accurately than
traditional Reynolds-Averaged Navier–Stokes models. PANS modeling with k-ε closure
gives encouraging results in the case of the Vattenfall T-junction benchmark case. In this
study, PANS k-ω closure modeling is implemented for the WATLON T-junction Benchmark
case. The momentum ratio (MR) for two inlet streams is 8.14, which is a wall jet case. The
time-averaged and root mean square velocity and temperature profiles are compared with
the PANS k-ε and LES results and with experimental data. The velocity and temperature
field results for PANS k-ω are close to the experimental data as compared to the PANS k-ε
for a given filter control parameter fk.

Keywords: thermal mixing; partially averaged navier-stokes; thermal fatigue; T-junction

1. Introduction
High-cycle thermal fatigue is a mechanism that affects the structural material of nuclear

power plant piping. This degradation primarily arises from thermal stresses within the
pipe wall, induced by temperature fluctuations resulting from the mixing of cold and hot
fluid streams in T-junctions, a phenomenon known as thermal mixing. Thermal mixing is
inherently complex, unsteady, and three-dimensional. Consequently, accurately predicting
temperature fluctuations near pipe walls remains a significant challenge in computational
fluid mechanics (CFD), yet it is crucial for assessing the structural integrity and reliability
of nuclear power plant components susceptible to high-cycle thermal fatigue.

Thermal mixing in T-junction piping has been extensively studied both experimentally
and numerically. A CFD benchmark study was conducted at Vattenfall, which provides
data to researchers to analyze different turbulence modeling approaches to predict the tem-
perature fluctuations near the wall [1]. Different researchers analyze the benchmark using
different turbulence modeling approaches, which include large eddy simulations (LES) and
Unsteady Reynolds-Averaged Navier–Stokes (URANS) models [2–5]. LES generally gives

J. Nucl. Eng. 2026, 7, 2 https://doi.org/10.3390/jne7010002

https://crossmark.crossref.org/dialog?doi=10.3390/jne7010002&domain=pdf&date_stamp=2025-12-24
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jne
https://www.mdpi.com
https://orcid.org/0000-0003-1104-7026
https://orcid.org/0000-0002-2013-3391
https://doi.org/10.3390/jne7010002


J. Nucl. Eng. 2026, 7, 2 2 of 23

better results for both temperature fluctuations, but it is computationally expensive in the
case of high Reynolds numbers, and its computation cost can be a limiting factor [6,7]. On
the other hand, the URANS turbulence model resolves the Reynolds-averaged flow velocity
and mean temperature, but it is unable to model velocity and temperature variations near
the wall. Some researchers also employed a hybrid turbulence model, detached eddy
simulation (DES), for the thermal mixing [8]. DES combines the classical RANS method
with the elements of LES. The impacts of the input velocity profile on the mixing region are
further investigated with an improved delayed DES Shear stress Transport (IDDES-SST)
model [9].

The MOTHER (Modeling T-junction Heat Transfer) is another benchmark case that
also includes heat transfer data in the wall structure, along with the temperature fluc-
tuations [10]. CFD simulations were performed by 29 participants. LES provided the
most accurate results, but it needed long physical times to obtain data for the temperature
fluctuations, which was computationally costly.

The Fluid Structure Interaction (FSI) facility was established for the study of the
effects of high temperature differences between the inlets of a T-junction [11]. An LES
study with conjugate heat transfer was employed for the study of piping material effects
due to temperature fluctuations [12]. The study results showed incomplete mixing three
diameters downstream, and the mixing process resulted in dynamic thermal stratification
flow behavior.

A WATLON T-junction study was performed to study the mixing behavior and cat-
egorize the flow pattern induced by a branch jet using the momentum ratio (MR) [13].
The flow pattern can be predicted as the impinging jet (MR < 0.35), the deflecting jet
(0.35 < MR < 1.35), and the wall jet (MR > 1.35). The deflection ratio in the wall jet is high,
and the jet from the branch pipe is bent to the wall of the main pipe. Numerical simulations
of the WATLON T-junction were performed to study the average temperature and velocity
profiles using the SST k-w model [14]. Different URANS models were used for the simula-
tions of the WATLON T-junction benchmark. A low Reynolds number cubic k-ε approach
worked better than the linear k-ε model [7]. Numerical simulations of thermal mixing were
carried out using various turbulence models, each offering different levels of accuracy and
computational cost [15].

Apart from the benchmark studies, research was also performed to establish new
turbulence modeling for the thermal mixing phenomenon at a computationally feasible
cost. For this, a 2G-URANS model, named STRUCT, was established. The thermal mixing
phenomenon was modeled using the STRUCT model and generally gave good results with
less computational cost as compared to LES [16,17].

The Partially Averaged Navier–Stokes (PANS) is a method that bridges Reynolds-
Averaged Navier–Stokes and Direct Numerical Simulation [18]. It is governed by two
filter control parameters, unresolved-to-total turbulent kinetic (fk) and unresolved-to-total
dissipation (fε). The values of these filter control parameters, along with the size of the
computational grid, determine the amount of turbulence being resolved in a given case.
As the fk value decreases, more scales of turbulence are resolved. The PANS method has
been employed for different flow cases, such as flow in the reactor core [19,20] and mixing
of flow in rectangular jets [21]. In the case of thermal mixing, PANS k-ε was used for the
Vattenfall T junction case and showed comparable results with LES [22,23].

In this work, the PANS k-ω model is used for the simulation of a WATLON T-junction.
The Reynolds number of WATLON is higher than the Vattenfall T-junction, which signifi-
cantly increases the computation cost. PANS k-ε and LES were also performed. For LES, a
WALE subgrid scale model is used. The results of the PANS models are compared with
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the LES and experimental data. The PANS k-ω model produces comparable results at less
computational cost.

2. Benchmark Case and CFD Modeling
2.1. WATLON T-Junction

The WATLON T-junction was used to observe the thermal mixing phenomenon in
T-junction piping. It comprised a main horizontal pipe with a diameter of 150 mm that
connects to a branch pipe with a diameter of 50 mm, buffer tanks, and an array of ther-
mocouples [13]. A thermocouple array was employed to measure the fluid temperature
within the main pipe. Fifteen thermocouples were positioned radially at a 5 mm interval
from the pipe’s center, while two additional thermocouples were placed in a comb-like
configuration at distances of 1 mm and 3 mm from the wall. The Particle Image Velocimetry
(PIV) technique was utilized to quantify the distribution of flow velocity within the tee.
The sample frequency for the velocity field measurement was 15 Hz over a 17 s period,
whereas for the temperature field, it was 100 Hz over 100 s.

2.2. Computational Domain

A uniform computational domain was used for all computations. The T-junction
segment of the WATLON facility, as illustrated in Figure 1, was replicated. The computa-
tional domain comprised the main and the branch pipes. Both pipes located upstream of
the junction exhibited identical lengths, measuring three times the diameter of the main
pipe (3Dm). The length of the pipe located downstream of the junction was seven times
the diameter of the main pipe (7Dm). The longer length of the outlet section effectively
inhibited the reverse flow.

Figure 1. Computational domain of WATLON T-junction.

Table 1 shows the details of the WATLON benchmark case. Considering the compara-
tively low ∆T of the case under consideration, the physical characteristics of the fluid were
assumed to remain uniform throughout all computations and were equal to the properties
of liquid water at a temperature of 313.5 K, as presented in Table 2.

Table 1. Details of WATLON benchmark.

Inlet Temperature [◦C] Pipe Diameter [mm] Inlet Velocity [m/s] Flow Regime

Main 48 150 1.46 Turbulent
Branch 33 50 1.0 Turbulent
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Table 2. Physical properties of water at 313.5 K.

Quantity Value Units

Density 992.09 [kg/m3]
Specific heat 4178.55 [J/(kg·K)]
Thermal conductivity 0.6311 [W/(m·K)]
Dynamic viscosity 6.652 × 10−4 [N·s/m2]

The aforementioned properties are indicative of a molecular Prandtl number of
Pr = 4.42. The adiabatic no-slip boundary conditions were considered for the pipe walls.
Empirical evidence suggested that this thermal boundary condition was a viable approxi-
mation for fluid-only simulations, as the wall of the WATLON facility used acrylic resin
as a structural material [24]. A pressure outlet boundary condition was utilized for the
outlet section. The velocity and turbulence of both the main and branch inlet sections were
subjected to fully developed profiles. In order to obtain the entry flow profiles, supple-
mentary calculations were performed using the RANS k-ω SST [25] model for both the
primary inlet pipe and the branch inlet pipe, which possessed lengths of 25Dm and 30Db,
respectively. Uniform temperature values, as mentioned in Table 1, were employed for
both inlet sections.

The Reynolds number of the main pipe had a value of approximately 3.26 × 105. The
Richardson number was approximately 0.004, indicating a significantly low value. There-
fore, the CFD model did not incorporate buoyancy effects. In the current computations, the
temperature could be regarded as a passive scalar.

2.3. Turbulence Modeling
2.3.1. LES

The LES models the small eddies while effectively resolving the large eddies com-
pletely. LES modeling is based on the filtered Navier–Stokes equations, where the filtering
operation effectively separates the large, energy-containing scales from the small, dissipa-
tive scales. In LES simulations, the WALE mode is used for subgrid-scale (SGS) modeling.
The WALE model better predicts the wall behavior. The SGS turbulent viscosity in the
WALE model is given by the equation

µt = ρL2
s

(
Sd

ijS
d
ij

) 3
2

(
SijSij

) 5
2 +

(
Sd

ijS
d
ij

) 5
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In Equation (2), κ is the Von Kármán constant, d is the distance to the wall, V is the
volume of the cell, Cw is the WALE model constant, and its value used in the calculations is
0.325. The conservation of energy is given as Equation (5).

∂ρh
∂t

+
∂ρhuj

∂xj
=

∂

∂xj

(
ke f f

∂T
∂xj

)
(5)

h and T represent the filtered enthalpy and the temperature, respectively.

2.3.2. Partially Averaged Navier–Stokes

The PANS model is a hybrid approach designed to provide a seamless transition
between Reynolds-averaged Navier–Stokes (RANS) and large eddy simulation/direct
numerical simulation (LES/DNS) methods [18,26]. Two closure modeling k-ε and k-ω are
employed in this paper. The unsteady, incompressible Navier–Stokes equation is given
as follows:

∂Vi
∂t

+ Vj
∂Vi
∂xj

= − ∂p
∂xi

+ ν
∂2Vi

∂xj∂xj
(6)

where Vi is the instantaneous velocity, and p is the pressure. An arbitrary generalized filter
operator <·> is applied to the Navier–Stokes equations to decompose the instantaneous
velocity field Vi into the resolved (filtered) Ui and unresolved (unfiltered) ui parts.

The flow variables in the case of PANS are partially averaged, and the resulting
resolved velocity is given by

Ui =< Vi > (7)

The velocity field is related to the resolved and unresolved variables by

Vi = Ui + ui (8)

The partially averaged Navier–Stokes equation is now given by

∂Ui
∂t

+ Uj
∂Ui
∂xj

+
∂τ
(
Vi, Vj

)
∂xj

= − ∂p
∂xi

+ ν
∂2Ui

∂xj∂xj
(9)

where τ
(
Vi, Vj

)
is the central second moment of instantaneous velocity. This leads to a

closure problem in the PANS equations.
The PANS k-ε was already employed in the case of the Vattenfall T-junction case

and provided good results [23]. The PANS k-ω model is based on the same underlying
principles as the PANS k-ε model [27]. The turbulent frequency of the PANS model is
characterized by the unresolved scales of motion.

ωu =
εu

β∗ku
(10)

The variables ku and εu refer to the unresolved kinetic energy and unresolved dissipa-
tion rate in the PANS method. The parameter β* (=0.09) is a fixed model parameter.

The variables k, ε, and β are used to represent the kinetic energy, dissipation, and
turbulent frequency of the overall fluctuations. The control of filter width in PANS can
be achieved through the specification of either the ratios of unresolved-to-total kinetic
energy (fk) and unresolved-to-total turbulent frequency (fω) or the ratios of unresolved-to-
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total kinetic energy (fk) and unresolved-to-total dissipation rate (fε). The aforementioned
parameters are formally defined as:

fω =
ωu

ω
=

εu
β∗ku

ε
β∗k

=
fε

fk
(11)

The PANS k-ω model commences with the RANS equations as presented by
Wilcox [28]:

∂k
∂t

+ U j
∂k
∂xj

= P − β∗kε +
∂

∂xj

(
νt

σk

∂k
∂xj

)
(12)

∂ω

∂t
+ U j

∂ω

∂xj
= α

Pω

k
− βkω2 +

∂

∂xj

(
νt

σω

∂ω

∂xj

)
(13)

where U is the mean velocity, P is the production of kinetic energy, ω is the RANS turbulent
frequency, and vt is the total eddy viscosity. The standard k-ω turbulence model has three
coefficients: β, α, and β*. The two-equation PANS k-ω model can be described as follows:

∂ku

∂t
+ U j

∂ku

∂xj
= Pu − β∗kuωu +

∂

∂xj

(
νu

σku

∂ku

∂xj

)
(14)

∂ωu

∂t
+ U j

∂ωu

∂xj
= α

Puωu

ku
− β′ω2

u +
∂

∂xj

(
νu

σωυ

∂ωu

∂xj

)
(15)

where
β′ = αβ∗ − αβ∗

fω
+

β

fω
(16)

The PANS k-ω model’s parameters, namely fk and fω, can be adjusted to achieve the
appropriate level of energy resolution, which is contingent upon the Reynolds number of
the flow and the necessary physical resolution. The width of the model filter ought to be
proportionate to the numerical resolution. For the present work, a static formulation [29]
for fk is used. The simulations are performed for fk = 0.6 and fk = 0.3 in the case of both
PANS k-ε and PANS k-ω formulations.

2.4. Meshing and Convergence Study

The meshing of the domain was performed using hexahedral cells. A very fine mesh
was generated close to the wall to capture the significant temperature gradients that were
anticipated within the boundary layer. Taylor microscales (λ) and energy length scales
(LR) were calculated using the precursor RANS calculations [30]. The precursor RANS
calculations gave an energy length scale of 3.38 mm and a turbulent intensity of 4.06% at
the cold inlet, and 8.52 mm and 3.12% at the hot inlet, respectively. Also, the calculation
gave the values of λ and LR, which are 0.4 mm and 17 mm, respectively, at section 0.5Dm.

Figure 2 displays a cross-sectional representation of the mesh located on the symmetry
plane of the domain, while Figure 3 displays the front view of the meshing at the main inlet
section. The impact of mesh size on the results was evaluated through steady-state compu-
tations utilizing the standard k-ε model. Three distinct meshes were utilized, comprising
cumulative cell counts of approximately 2.2, 4.5, and 8.4 million cells with base cell sizes of
2.9 mm, 2.2 mm, and 1.76 mm, respectively. All numerical grids within the computational
domain adhered to the condition of y+ < 1 at the wall. Table 3 gives the details of all three
meshes, including the first cell heights.
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Figure 2. Cross-sectional view of meshing. (a) 2.2 M mesh; (b) 4.5 M mesh; (c) 8.4 M mesh;
(d) near-wall meshing in 4.5 M mesh; (e) near-wall meshing in 8.4 M mesh.

Figure 3. Front view of meshing. (a) 2.2 M mesh; (b) 4.5 M mesh; (c) 8.4 M mesh.

Table 3. Meshing details.

Mesh Number of Cells [Million] ∆axial (z = 0) [mm] ∆axial (z = 7Dm) [mm] ∆tangential [mm] ∆normal [mm]

Mesh 1 2.2 2.9 5.9 2.9 0.01
Mesh 2 4.5 2.2 4.7 2.2 0.008
Mesh 3 8.4 1.76 3.6 1.76 0.0055

Figure 4 displays the outcomes acquired for the mean streamwise velocity component
and the turbulent kinetic energy at 0.5Dm and 1Dm. Minor variations were noted in the
profiles of mean streamwise velocity in the region of thermal mixing among the three meshes.
The turbulent kinetic energy exhibited a high degree of similarity in the predictions obtained
from all three meshes. Mesh 1 of 2.2 M cells was used for the PANS-0.6 k-ε and PANS-0.6
k-ω simulations. Mesh 2 of 4.5 M cells was used for the PANS-0.3 k-ε and PANS-0.3 k-ω
simulations, and Mesh 3 of 8.4 M cells was used for LES. fω was given by Equation (11), and
in the case of PANS-0.6 and PANS-0.3, its value was 1.667 and 3.333, respectively.
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Figure 4. Mean streamwise velocity W and turbulent kinetic energy k profiles on three meshes.

2.5. Numerical Settings

The Simple algorithm is used for the pressure–velocity coupling to solve the flow
equations. In the PANS simulations, this study employed second-order temporal dis-
cretization alongside third-order spatial discretization, specifically utilizing the third-order
hybrid Monotonic Upwind Scheme for Conservation Laws (MUSCL). A bounded central-
differencing scheme for spatial discretization, along with a second-order temporal dis-
cretization scheme, was implemented for the LES model. This was implemented to guaran-
tee the robustness of the numerical scheme.

The time steps chosen for each of the simulations and the subsequent average Courant
number are given in Table 4. The convergence criterion is set to less than 10−4 for each
time step. Transient simulations needed four to five flow passes to produce statistically
stationary turbulence conditions. Then, for around 8 sec, the velocity and temperature
transient data were recorded.

Table 4. Time step and Courant number of all the simulations.

Case Time Step [s] Average Courant Number

PANS-0.6 k-ε 0.001 0.3416
PANS-0.6 k-ω 0.001 0.3480
PANS-0.3 k-ε 0.00075 0.3298
PANS-0.3 k-ω 0.00075 0.3334
LES 0.0004 0.2212

3. Results and Discussion
This section provides a thorough analysis of the results obtained through the appli-

cation of PANS and LES turbulence modeling. An assessment of the results is performed
in relation to the current experimental data, alongside a comparison with the turbulence
models analyzed in the study.

Figure 5 represents the data sampling points of the domain downstream the junction
area (0.5Dm and 0.1Dm) and along the circumference of pipe (0◦, 10◦, 20◦, 30◦, 40◦, 50◦,
60◦, 70◦, 80◦, 90◦, 120◦, 150◦, and 180◦) during the simulation as experimental data from
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literature is available on these locations [13]. As the case considered is a wall jet where the
mixing region is attached to the main pipe so more points are considered in that area along
the circumferential direction.

Figure 5. Locations for data sampling. (a) Isometric view; (b) side view.

The velocity and temperature data are provided in a nondimensionalized format. The
time-averaged and RMS velocities were normalized using the average velocity in the main
pipe (Wm = 1.46 m/s), as demonstrated in the following equation.

W∗ =
W

Wm
; W∗

rms =
1

Wm

√
∑i(Wi − W)2

N
(17)

In Equation (17), N is the number of measurement data points. Temperature and its
RMS fluctuations are normalized as follows.

T∗ =
T − Tb

Tm − Tb
; T∗

rms =
1

Tm − Tb

√
∑N

i (Ti − T)2

N
(18)

Here, T is the time-averaged temperature at a certain point, Tm (=48◦) is the inlet
temperature in the main pipe, Tb (=33◦) is the inlet temperature of the branch pipe, and N
is the total number of data points.

3.1. PANS Model Consistency Criteria

The closure relation of the PANS model exhibited grid size independence. To ensure
the accuracy of numerical solutions from the PANS k-ε and k-ω models, an internal consis-
tency criterion was employed. The best internal consistency test is imposed-to-calculated
eddy viscosity. Due to global filtering, the eddy viscosity was fundamental to the governing
equations and bridges the filtered and unfiltered domains. The recovery ratio, the ratio of
PANS turbulent viscosity vu to RANS νt, is assessed in all PANS simulations [31].
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νu = Cµ
k2

u
εu

=
ku

ωu
(19)

νt = Cµ
k2

εu
=

k
ω

(20)

fν =
νu

ν
=

f 2
k
fε

(21)

The dissipation filter during the simulations is fε = 1, and therefore, the recovery ratio
becomes fv = fk2. Two PANS filters (fk = 0.6 and fk = 0.3) used in the simulation resulted in a
recovery ratio of fv = 0.36 and fv = 0.09. These recovery ratios were used for the internal
consistency of PANS simulations. Then, 0.5Dm and 1Dm planes downstream of the junction
area were selected for the PANS consistency test, as these planes are particularly important
for experimental validation.

Figures 6 and 7 show the distribution of recovery ratio along 0.5Dm and 1Dm for
both PANS k-ε and k-ω simulations. The recovery ratio is represented by the vertical
lines for both PANS filters, while the distribution of the recovery ratio is depicted by the
histograms. For both PANS k-ε and k-ω simulations, the recovery ratio peaks were around
or less than the externally applied ratio. PANS k-ω showed slightly less recovery ratio
as compared to the PANS k-ε simulations. It is worth noting that as the value of fk was
reduced from 0.6 to 0.3, both the histograms shifted to the left side, indicating a significant
reduction in the recovery ratios.

 

Figure 6. Recovery ratio fv distribution on 0.5Dm for PANS k-ω (left) and PANS k-ε (right).

Figure 7. Recovery ratio fv distribution on 1Dm for PANS k-ω (left) and PANS k-ε (right).
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3.2. Vortex Structures

Figure 8 showcases the iso-surfaces that correspond to Q = 200 s−2, where Q represents
the second invariant of the velocity gradient tensor and emphasizes the resolved coherent
vortical structures. The LES method was capable of resolving a greater number of flow
structures, owing to the finely resolved grid in the bulk region and close to the wall. On
the other hand, the PANS simulations were effective in resolving the larger unsteady flow
structures. The PANS-0.6 simulations conducted on the coarse mesh only resolve the large-
scale flow structures. The PANS-0.3 simulations predicted flows exhibited a resemblance
to those obtained through LES as the grid resolution was refined and the filter control
parameter was reduced to 0.3.

Figure 8. Contours of Q-criterion (Q = 200 s−2) colored with the streamwise velocity W. (a) PANS-0.6
k-ε; (b) PANS-0.6 k-ω; (c) PANS-0.3 k-ε; (d) PANS-0.3 k-ω; (e) LES.

3.3. Velocity Field

Figures 9 and 10 illustrate the contours of the streamwise velocity component W on
the symmetry plane at x = 0 and at 0.5Dm and 1Dm locations, showing the instantaneous
and time-averaged values, respectively, for all simulations. The contour graphs illustrate
the qualitative behavior of streamwise velocity in thermal mixing. The fluid stream from
the branch pipe did not reach the opposing wall of the main pipe. Instead, it was deflected
by the robust momentum flow associated with the main pipe. According to the empirical
findings, PANS-0.3 k-ε and k-ω models, combined with the LES model, indicated the
existence of a recirculating flow in the immediate wake region of the jet, extending up
to 1Dm.
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Figure 9. Contours of instantaneous streamwise velocity W along the yz-plane at x = 0 and along
0.5Dm and 1Dm. (a) PANS-0.6 k-ε; (b) PANS-0.6 k-ω; (c) PANS-0.3 k-ε; (d) PANS-0.3 k-ω; (e) LES.

The analysis of the instantaneous and mean W contours revealed that both PANS-
0.3 k-ε and k-ω and PANS-0.6 k-ω simulations demonstrated the anticipated unsteady
characteristics of the flow in the area following the junction in a qualitative manner. On
the contrary, it seemed that the fk = 0.6 in the PANS-0.6 k-ε simulation was inadequate
in its ability to apprehend the fluctuating nature of the mixing process downstream of
the junction.

As the value of fk was reduced to 0.3, more fluctuations were resolved in the mixing
zone and showed a strong variation in the instantaneous velocity. PANS-0.6 k-ε resolved
the most prominent structures detected in the wake region. Furthermore, it predicted a
large recirculation zone in comparison to the other simulations. LES simulation predicted
the most fluctuations, as depicted in Figure 9, followed by PANS-0.3 k-ω, PANS-0.3 k-ε,
PANS-0.6 k-ω, and PANS-0.6 k-ε, showing the least amount of turbulence during the mixing
of two flow streams.

All the simulations showed comparable results for time-averaged velocity contours,
as depicted in Figure 10. It is worth noting that PANS-0.3 k-ω showed similar results as
compared to the LES. As depicted in the contour plots at 0.5Dm and 1Dm, the area of the
recirculation zone in the k-ε closure modeling was more significant than in the k-ω model.
The reason for this was the inherent difference between the two closure models. In regions
of strong shear or flow separation, the k-ε model overestimated the turbulence levels, which
led to a large recirculation zone. The k-ω model better captured the flow separation in the
free stream, which resulted in a smaller predicted recirculation zone. Table 5 shows the
recirculation length calculated along the midplane at the y = −55 mm line.
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Figure 10. Contours of time-averaged streamwise velocity W along the yz-plane at x = 0 and along
0.5Dm and 1Dm. (a) PANS-0.6 k-ε; (b) PANS-0.6 k-ω; (c) PANS-0.3 k-ε; (d) PANS-0.3 k-ω; (e) LES.

Table 5. Recirculation length along the midplane at y = −55 mm.

Case Recirculation Length (mm)

PANS-0.6 k-ε 20.4
PANS-0.6 k-ω 19.8
PANS-0.3 k-ε 18.9
PANS-0.3 k-ω 15.3

The above observations are substantiated by the contour plots of calculated RMS
fluctuations of the streamwise velocity W, as shown in Figure 11. Except for PANS-0.6
k-ε, which showed some fluctuations at 1Dm, all other simulations showed the presence
of a region of high velocity fluctuations in the shear layer that separated the primary flow
from the wake region. This region started at 0.5Dm for PANS-0.6 k-ω and PANS-0.3 k-ε and
extended beyond 1Dm. In the case of PANS-0.3 k-ω and LES, the high velocity fluctuation
region started before the 0.5Dm, indicating strong mixing behavior near the junction area.
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Figure 11. Contours of RMS fluctuations of the streamwise velocity W along the yz-plane at x = 0
and along 0.5Dm and 1Dm. (a) PANS-0.6 k-ε; (b) PANS-0.6 k-ω; (c) PANS-0.3 k-ε; (d) PANS-0.3 k-ω;
(e) LES.

A small velocity fluctuation area was observed in proximity to the wall near 0.5Dm

in all simulations except for PANS-0.6 k-ε. The mentioned fluctuation area was more
pronounced in k-ω and the LES as compared to the k-ε simulations. Again, the LES and
PANS-0.3 k-ω simulation showed similar contour plots for RMS fluctuations. Moreover,
PANS-0.3 k-ω and LESs also showed the fluctuating velocities near the backend of the
junction area, indicating a penetrating flow in the branch pipe. This penetrating flow was
not present in the rest of the simulations performed.

Figure 12 presents a comparison of the time-averaged and fluctuating streamwise
velocity profiles at 0.5Dm and 1Dm, between the calculated and experimental results. At
0.5Dm, it was evident that the PANS-0.3 k-ω and LES exhibited a satisfactory level of
agreement with the experimental results for time-averaged velocity W. PANS k-ε and
PANS-0.6 k-ω overestimated the height of the recirculation zone. At 1Dm, the k-ε closure
modeling overestimated the recirculation zone, which is in line with the contour plots.
LES and PANS-0.3 k-ω predictions were slightly underestimated in the recirculation zone.
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Nevertheless, the results of the simulations were in good agreement with the experimental
data, especially for LES and PANS-0.3 k-ω.

Figure 12. Experimental and calculated time-averaged (top) and RMS (bottom) streamwise velocity
W along the y-axis.

Apart from PANS-0.6 k-ε, all the simulations effectively represented the qualitative
trends observed in the experiments for streamwise velocity fluctuations. It was observed
that the levels of fluctuations in the vicinity of the junction were significantly underesti-
mated by PANS-0.6 k-ε. This was attributed to the high turbulent viscosity values due to a
high fk value.

3.4. Temperature Field

One peak of RMS fluctuations was detected in close proximity to the wall, while
a subsequent peak was identified within the shear layer. At 0.5Dm, PANS-0.3 k-ω and
LES predictions of RMS fluctuations at the wake region and near the wall were in good
agreement with the experimental observations. PANS-0.3 k-ε and PANS-0.6 k-ω slightly
underestimated the RMS fluctuations in the wake region. At 1Dm, apart from PANS-
0.6 k-ε, all the simulations showed similar trends, and RMS fluctuations were slightly
underestimated at the wake and near the wall region.

Figures 13 and 14 display the temperature contours, both instantaneous and time-
averaged, along the symmetry plane at x = 0 and along 0.5Dm and 1Dm obtained through
the implementation of various turbulence models. The cold flow emanating from the
branch pipe was redirected by the high-momentum main flow, resulting in the formation
of a wall jet subsequent to the junction.
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Figure 13. Contours of instantaneous temperature T along the yz-plane at x = 0 and along 0.5Dm and
1Dm. (a) PANS-0.6 k-ε; (b) PANS-0.6 k-ω; (c) PANS-0.3 k-ε; (d) PANS-0.3 k-ω; (e) LES.

Figure 14. Contours of time-averaged temperature T along the yz-plane at x = 0 and along 0.5Dm and
1Dm. (a) PANS-0.6 k-ε; (b) PANS-0.6 k-ω; (c) PANS-0.3 k-ε; (d) PANS-0.3 k-ω; (e) LES.
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All the simulations showed the fluctuating pattern in the thermal field beyond the
junction, particularly as it progressed downstream within the wake zone. As expected, LES
and PANS-0.3 simulations showed more unsteadiness in the thermal field when compared
to the PANS-0.6 results. A disparity existed in the length of the low temperature core within
the wake region between the k-ε and k-ω models, with the former exhibiting a greater length
of the low temperature core that extends up to 1Dm. In all other cases, this low-temperature
region was slightly beyond 0.5Dm. The contour plots indicated that the PANS k-ω model
exhibited greater thermal mixing between the cold and hot flow streams in comparison to
the PANS k-ε model.

Figure 15 displays the contour plots of RMS temperature fluctuations. The plots
revealed a noteworthy observation regarding the thermal mixing region where the cold
and hot flow streams converge. Specifically, significant temperature fluctuations were
observed within the shear layer. This phenomenon was particularly pronounced in the case
of PANS-0.3 and LES. In the case of PANS-0.3 k-ω and LES, these high fluctuations started
near the backend of the junction region and went beyond 1Dm. In the case of PANS-0.3
k-ε, this region began at 0.5Dm and extended beyond the results of PANS-0.3 k-ω and LES.
This phenomenon was attributed to the significant turbulent flow field unsteadiness. Both
PANS-0.6 simulations were unable to produce these higher fluctuations in the wake region.

Figure 15. Contours of RMS fluctuations of temperature T along the yz-plane at x = 0 and along
0.5Dm and 1Dm. (a) PANS-0.6 k-ε; (b) PANS-0.6 k-ω; (c) PANS-0.3 k-ε; (d) PANS-0.3 k-ω; (e) LES.

Figure 16 depicts the computed time-averaged and RMS magnitudes of the stream-
wise velocity components, along with a comparison to the experimental data at 0.5Dm

and 1Dm. The analysis of the time-averaged temperature revealed a satisfactory level of
concurrence among the models and experimental data in the junction area, especially for
y/Dm > −0.2. Upon approaching the wall, it was observed that the PANS-0.3 k-ω and
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LES overestimated the time-averaged temperature values. At 1Dm, PANS-0.3 k-ω and
LES exhibited a satisfactory level of conformity with the empirical data. Conversely, the
remaining simulations, especially PANS-0.3 k-ε, exhibited a tendency to underestimate the
temperature within the wake region.

 
Figure 16. Experimental and calculated time-averaged (top) and RMS (bottom) temperature T along
the y-axis.

Regarding temperature fluctuations, PANS-0.3 k-ω and LES accurately predicted the
temperature RMS profiles at 0.5Dm but tended to overestimate the RMS fluctuations close
to the wall. Other simulations underestimated the RMS fluctuation in the bulk region at
y/Dm = −0.2. PANS-0.6 k-ε failed to predict a reasonable fluctuation at both 0.5Dm and
1Dm and was unable to resolve the turbulence structures in the mixing region.

At the downstream site at 1Dm, PANS-0.3 and LES overestimated the RMS fluctuations
in the bulk region and close to the wall. Again, PANS-0.6 k-ε failed to predict the RMS
fluctuations, while PANS-0.6 k-ω showed good results both in the bulk region and close to
the wall, although it underestimates the fluctuations in the bulk region. Both PANS-0.3 k-ω
and LES showed similar results for time-averaged and RMS temperature fluctuations.

The circumferential distribution of the RMS temperature fluctuations at distances
of 0.5Dm and 1Dm is depicted in Figure 17. The obtained results were compared with
the empirical findings. The data was obtained at a distance of 1 mm from the wall in
accordance with the experimental conditions. According to the experimental findings,
the wall jet case had a peak at θ = 35◦, and the value reached up to 0.25. The RMS
fluctuations were underestimated by PANS-0.6 and PANS-0.3 k-ε at a distance of 0.5Dm.
The PANS-0.3 k-ω and LES models exhibited an overestimation of the fluctuations, with
the former demonstrating a superior agreement with the empirical findings. The LES
simulations had yielded a peak value of 0.35. The simulation outcomes of LES and PANS-
0.3 at 1Dm were consistent with the empirical observations. The LES attained a peak
value of 0.27 at an angle of 30◦. The PANS-0.6 simulation exhibited satisfactory outcomes
in the vicinity of the junction region; however, the findings indicated a sharp decrease
as the circumferential angle increases. The cause appeared to be the flow’s inability to
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extend further in the circumferential direction. Similar observations were made for the
PANS-0.6 k-ε simulation, wherein a marked reduction in the RMS fluctuations was noted
beyond an angle of 30◦. However, it is noteworthy that the PANS-0.3 k-ω and LES models
demonstrated the experimental behavior quite well.

Figure 17. Azimuthal distribution of RMS fluctuations of temperature T.

Furthermore, validation metrics utilizing the root mean square error were established
to evaluate the differences between the simulation results and the experimental data.
Figure 18 presents three metrics: LES–Exp, PANS-0.3 k-ω–Exp, and PANS-0.3 k-ω–LES. The
root mean square error for both the temperature and velocity values was below 10%.

Figure 18. Validation metrics for numerical simulations.

3.5. Spectral Analysis

In order to assess the cyclic thermal stress that the solid pipe experiences, it was
essential to accurately forecast temperature variations near the wall. The temperature
signal’s power spectral density (PSD) was calculated for this investigation. The evaluation
was conducted for PANS-0.3 and LES at a distance of 1 mm from the wall at 1Dm and at
an angle of 30◦. The results of the evaluation are presented in Figure 19. The findings
indicated a strong concurrence between the numerical calculations and experimental results,
particularly with regard to the prominent peak detected at a frequency of approximately
6 Hz.
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Figure 19. Experimental and calculated power spectral density of the temperature signal 1 mm away
from the wall at 1Dm and at 30◦.

The temperature signal at the same location utilized in the PSD analysis was depicted
over time in Figure 20. A disparity in the time series plot of PANS-0.3 and LES was
demonstrated by plotting solely 2 s of data. The similarity in magnitude of peak amplitudes
between PANS simulations and LES could be observed.

Figure 20. Calculated time series of the temperature signal.

3.6. Cost–Benefit Analysis

All the simulations were performed on cloud computing using EPCYTM ROME
7542 processors with a base frequency of 2.6–2.9 GHz. Table 6 presents the total com-
putational time, measured in CPU-hours, for each case.

As anticipated, the PANS simulations with a high fk value exhibited a faster conver-
gence rate due to the reduced resolution of the turbulent field and higher time step used
during the course of the simulations. The computing cost rose as the number of cells
increased, and the value of fk decreased. The increase in the computational cost was due to
the increase in the mesh resolution to conform the filter control parameter to the mesh, and
also due to the decrease in the time step.
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Table 6. Computational cost of simulations.

Case No. of Cores CPU-Hours Wall Clock (h)

PANS-0.6 k-ε 32 3200 100
PANS-0.6 k-ω 32 2800 87.5
PANS-0.3 k-ε 32 6700 209.4
PANS-0.3 k-ω 32 5300 165.6

LES 64 24,000 375

The LES case computational cost was higher due to increased mesh resolution and
subsequently, a decrease in the time step to 0.4 msec so that the Courant number was
below unity during the course of a simulation. The computational cost of the LES case
was very high compared to the PANS simulations. Significant computational savings were
achieved in the case of the PANS simulations. The results of PANS-0.3 k-ω simulations
were comparable to LES results at a reduced computational cost.

4. Conclusions
This paper provides further development of the PANS methodology for thermal

mixing in a high-Reynolds-number WATLON T-junction benchmark case. Standard k-ε and
k-ω models were used for PANS closure. LES with the WALE subgrid scale model were
also performed. The PANS simulations were performed for two different values of the filter
control parameter, fk = 0.6 and fk = 0.3.

For the PANS simulations, more turbulence structures and energy scales were resolved
in the case of a decrease in the value of fk from 0.6 to 0.3. This was also depicted in the
contour plots of velocity and temperature fields, as well as vortex structures. However,
only the PANS-0.6 k-ε simulation failed to predict the near-wall temperature fluctuations.

PANS k-ω closures performed better as compared to PANS k-ε in the case of thermal
mixing due to their superior capability in modeling the near-wall flow. In the case of
PANS-0.3 k-ω simulations, temperature and velocity fluctuations were comparable to LES
with low mesh size and less computational cost.

The PSD analysis for temperature fluctuations also depicted the capability of the PANS
k-ω model in the estimation of thermal fatigue in the piping material, as it exhibited strong
correlation with the WATLON experimental data.
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