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Abstract: This paper investigates the effects of different inlet flow profiles on thermal mixing within a
T-junction using CFD simulations with the IDDES-SST turbulence model. The different combinations
of inlet flow profiles are related to different stage in the flow entry region. The effects of the inlet flow
profile on the mean and transient flow behaviour are assessed, while a spectral proper orthogonal
decomposition and power spectral density analysis are performed to assess the underlying flow
structures and the predominant frequency modes. It is found that the vortical structures associated
with the horseshoe and hovering vortex systems consist of a single roll-up vortex for cases with
uniformly distributed boundary conditions (BCs) at the branch inlet whereas a double roll-up vortex
is observed for the other cases. The double roll-up vortex enhances the mixing locally due to the
entrainment of fluid from the branch pipe in these vortical structures, which then results in a lower
mean temperature distribution. The appearance of the secondary vortex pair and the nested vortices
is delayed for cases with uniformly distributed BCs at the branch inlet, which again results in lower
thermal mixing and consequently higher values of mean temperature when compared with the other
cases. It is also found that the vorticity related to the counter-rotating vortex pair as well as to the
second pair of vortices rotating in the opposite direction is higher for cases with uniformly distributed
BCs at the branch inlet. Lastly, the combinations of inlet flow profiles lead to different coherent
structures, and the dominant frequencies are of a Strouhal number of around 0.7 for uniformly
distributed profiles at the branch inlet and in the range 0.4–0.5 for the other cases.

Keywords: thermal mixing; T-junction; SPOD; power spectral density analysis

1. Introduction

The mixing of fluid streams with different temperature in system pipelines is of
interest to many areas of engineering. In nuclear power plants (NPPs), T-junctions are
one of the common components where fluids at different temperatures mix and can be
found within primary and secondary nuclear thermal-hydraulic circuits, as well as safety
lines [1]. The interaction between the two fluids is often highly turbulent and can result
in an incomplete mixing and, on a larger scale, can lead to damage to the pipe structure
induced by thermal fatigue [2–4]. The key factors that can cause thermal fatigue near
the T-junction are (1) thermal cycling, which is the process of cycling of the interface
of thermally stratified fluids [5], and (2) thermal striping, which is defined as a quasi-
random temperature fluctuation produced by the incomplete mixing of fluids [6,7]. Several
pipe failures and leakage incidents in NPPs have been attributed to thermal striping and
fatigue [8–10], which highlights the need to better understand the flow physics underlying
thermal fatigue for plant safety and long-term component reliability, as well as plant aging
assessment and life extension (PLEX) [11,12].

T-junction flows have been the subject of studies in recent decades and represent
considerable challenges due to the complexity of the phenomena involved. Flow visual-
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ization techniques, used to investigate different velocity ratios and Re numbers, reveal
the presence of coherent vortical structures in the region between the incoming jet from
the branch pipe and the crossflow from the main pipe with periodical shedding character,
interlocking vortices and ring-like vortices produced by the shear-layer roll-up [13]. In this
study, it is also shown the presence of a set of unsteady horseshoe vortices upstream of
the T-junction on the left-hand side of a stagnation point, whose vortex lines bend around
the jet. Flow visualisation techniques in jet-in-crossflow reveal coherent vortical structures
similar to what it is found in T-junction flows [14–17], indicating a similarity between these
types of flows. Horseshoe vortices originating just upstream of the jet are also observed in
visualisation studies of jet-in-crossflow for different velocity ratios [18,19].

Flow reversal and recirculation phenomena are observed in T-junction flow studies
downstream the jet entrance into the main pipe [13,20], together with the presence of
bubble-type vortex breakdown phenomena [21]. The phenomenon of vortex breakdown,
and associated flow reversal, are also observed in ref. [18] and found to be connected
to the mixing properties of a jet-in-crossflow. In ref. [20], it is shown that the regions of
concentrated vorticity are distributed in three pairs of counter rotating vortices, which is
also observed in jet crossflow [22]. The primary counter-rotating vortex pair, CVP, known
also as a ‘bound vortex’ in the jet-in-crossflow literature, forms the dominant structure
further downstream of the T-junction. Visualizations of the wake of the jet in T-junction
flows, and the jet-in-crossflow, reveal a resemblance to three-dimensional Karman vortex
streets, where the jet acts similar to a solid body with respect to the main flow [13,18,19].

Computational fluid dynamics (CFD) methods have also been used to provide insights
on T-junction flows. Detailed validations of the CFD methods are required to produce
accurate models and simulations (M&S) of the complex phenomena in T-junction flows.
Significant effort was devoted to generating validation benchmark datasets to improve the
capability of the CFD methods to reproduce the complex phenomena in T-junction flow.
The OECD/NEA-Vattenfall T-junction Benchmark is an example of validation benchmark
test case conducted with water at mild temperature and adiabatic wall conditions [23,24].
The MOTHER project is a more recent example of validation benchmark test case conducted
with water at similar temperature conditions which includes heat transfer and temperature
measurements within the T-junction pipe wall [25,26].

The validation benchmark datasets provided by these benchmarks have been used
to assess different CFD M&S approaches for mixing T-junction flows. In ref. [27], it was
shown that simple Reynolds-Average Navier-Stokes (RANS) turbulence models fail to
accurately capture the turbulent nature of these flows with poor agreement found in the
predictions of temperature and velocity fluctuations. In contrast, predictions obtained from
more sophisticated turbulence models, such as Large Eddy Simulations (LES), show good
agreement with the experimental data [27–29]. In ref. [28,29], however, it was also shown
that the use of a non-sufficient near-wall resolution in LES can result in poor temperature
fluctuation predictions close to the wall. Results from wall-resolved LES simulations show
better agreement close to the wall but at a higher computational cost due to the much
finer mesh requirements [30]. Performances from alternative near-wall methods, such as a
hybrid RANS-LES Detached Eddy Simulation (DES) were also investigated and compared
with LES performances [27,28]. In these studies, DES predictions showed promising results,
but still not as good as LES. Studies which use newer developments of the DES model, i.e.,
the Delayed DES (DDES) and the Improved DDES (IDDES), showed higher performances
compared with the DES model [31–35]. Indeed, in ref. [33–35], predictions of the IDDES
model agreed quite well with the experimental data, showing the ability of this model to
accurately simulate thermal mixing in T-junctions.

Inlet flow profiles of the boundary conditions (BCs) need also to be correctly prescribed
to avoid errors and inaccurate CFD predictions [36]. However, few studies present a
comprehensive analysis for T-junction flows regarding the inlet flow profiles of the BCs. A
common assumption is to use uniformly distributed or fully developed inlet flow profiles
for the CFD simulations. These simple assumptions may lead to different mean and
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transient flow behaviours and hence result in different mean temperature distributions
and temperature fluctuations at the pipe wall. These temperature fluctuations may lead
to temperature oscillations with frequencies in the range of high cycle thermal fatigue as
shown in our previous studies [33–35,37,38].

The aim of this paper is to systematically assess the effects of different combinations of
inlet flow profiles on the mean flow and turbulent flow structures using CFD simulations
with the IDDES-Shear Stress Transport (SST) model. A brief description of the computa-
tional model is presented in Section 2 and the general flow structure is given in Section 3.
Finally, Section 4 presents the effects of different inlet flow profiles on the mean flow, vortex
structure, turbulent quantities, and transient flow.

2. Description of the CFD Models

The T-junction test case, of reference for this study, is the experimental test rig used
in the OECD/NEA-Vattenfall T-junction benchmark [23,24]. In our CFD model, the flow
domain comprises two major components, the T-junction and outlet pipe. The T-junction,
formed by the main pipe with diameter D and branch pipe with diameter d, extends for
6D in the x-direction, and 3.1d in the z-direction, whereas the outlet pipe extends for a total
length of 9D (see Figure 1). For the sake of clarity, the CFD models will be named as the
“T-junction model” in our following discussion.
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Figure 1. Side elevation schematic of the computational domain and photographic image of the
Vattenfall test rig. Reproduced with permission from ref. [24].

A polyhedral and prism layer computational mesh is used in the T-junction section
while other regions are meshed using the volume extruder available in the commercial
CFD code Simcenter STAR-CCM+ version 2020.1.1 [39]. The turbulent flow is modelled
using the IDDES-SST [40] turbulence model. The IDDES-SST is a hybrid RANS/LES model
which uses RANS close to the wall and LES in the bulk flow. The RANS and LES regions
across the computational model are shown in [33] for different mesh sizes and in [37] for
different BCs.

A higher order discretization scheme, the MUSCL 3rd order central difference spatial
discretization scheme, is used as suggested in [31]. The time step size is 5× 10−4 s, which
yields to a CFL number that is in general, lower than 0.5. Three different set of meshes are
assessed with a total number of cells of 2.08 million, 3.42 million, and 7.42 million which
result in values of y+ generally lower than 1 in all meshes and a maximum grid step for
the finest mesh in the streamwise direction of ∆+

x ≈ 80. The results of the mesh sensitivity
study and model validation are reported in [33]. To reduce the numerical error, the most
refined computational mesh is used for the rest of the discussion.

The inlet flow profiles of the T-junction models are generated with separate CFD
models, i.e., inlet flow profile generators for the main pipe and branch pipe. The flow in
the inlet flow profile generators is modelled using RANS k-ω-SST [41] turbulence models.
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The bulk velocity for the inlet flow profile generator of the main pipe is 0.585 m/s, and
it is 0.764 m/s for the inlet flow profile generator of the branch pipe. The inlet values for
the turbulent kinetic energy and specific dissipation rate are assumed to be constant with
values of 0.001 J/kg and 1× 10−4 s−1, respectively. The inlet temperatures are 19 ◦C for
the main pipe and 36 ◦C for the branch pipe. The computational domains of the inlet flow
generator are meshed using the volume extruder from the T-junction inlet sections. The
length of the pipes of the inlet flow profile generators is set as 80 diameters to assure that
fully developed flow conditions can be achieved at the T-junction inlets. Fully developed
flow is reached at around 60 diameters from the inlet section of the main and branch pipes.

The inlet flow profiles of velocity, turbulent kinetic energy, and specific dissipation
rate obtained at different developing stages are then supplied as BCs to the inlets of the
T-junction computational model. Uniformly distributed flow profiles are also considered.
These uniformly distributed velocity profiles are set to the bulk velocities of the respective
inlets. Fully developed conditions refer instead to the profiles extracted at 60 diameters
downstream the inlets of the inlet flow profile generators. In ref. [33], it is shown that the
inlet flow profiles of the BCs at the branch inlet have the most significant impact on the
thermal mixing downstream of the T-junction. To further understand the flow physics
behind this observation, uniformly distributed BCs, indicated with the index ‘0’, and
profiles extracted at 5, 10, 20, 40, and 60 diameters from the inlet flow profile generator of
the branch inlet pipe are considered as the inlet of the branch pipe of the T-junction (branch
inlet for short). Only uniformly distributed BCs and fully developed profiles are considered
at the inlet of the main pipe of the T-junction inlet (main inlet for short). The velocity
profiles used for the main and branch T-junction inlets are shown in Figure 2 with respect
to the non-dimensional radius R∗ = 2r/D for the main pipe, and r∗ = 2r/d for the branch
pipe, where r is the radial coordinate. The combinations of BCs for the sets of inlet flow
profiles investigated in this study (12 in total) are summarised in Table 1. Each simulation
is identified with a pair of indices; the first index represents the inlet flow profiles used at
the main T-junction inlet, and the second index refers to the inlet flow profiles applied to
the branch T-junction inlet.
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Table 1. Summary of inlet flow profiles of the BCs. Each simulation is identified with a pair of indices;
the first index represents the inlet flow profiles used at the main T-junction inlet, and the second
index refers to the inlet flow profiles applied to the branch T-junction inlet.

Case Main Inlet
BC

Branch Inlet
BC Case Main Inlet

BC
Branch Inlet

BC

‘0-0’ 0D 0d ‘60-0’ 60D 0d
‘0-5’ 0D 5d ‘60-5’ 60D 5d

‘0-10’ 0D 10d ‘60-10’ 60D 10d
‘0-20’ 0D 20d ‘60-20’ 60D 20d
‘0-40’ 0D 40d ‘60-40’ 60D 40d
‘0-60’ 0D 60d ‘60-60’ 60D 60d

3. Overview of the Flow Structure

The jet flow pattern is characterised by the value of the momentum ratio [42,43], MR,
which represents the ratio between the momentum of the main pipe, m, and the momentum
of the branch pipe, b, defined as:

MR =
DmDbρmV2

m

π
(

Db
2

)2
ρbV2

b

. (1)

The values of MR and of the velocity ratio of the test facility used in the OECD/NEA-
Vattenfall Benchmark are 1.05 and 1.3, respectively. According to [42,43], the jet from the
branch pipe, in this study, can be classified as a deflecting jet. The jet from the branch pipe
detaches at the downstream edge and flows mainly in the central part of the main pipe,
bending in the direction of the main flow. To assess the mean flow and turbulent structures,
the computational domain is divided into four regions as shown in Figure 3: the upstream
region, the jet entrance region, the recirculation region, and the reattachment region.

The mean flow structures for each region are presented in Figure 3 using the stream-
lines and vectors contours of the mean velocity field. In the upstream region, as the jet
enters the main pipe, it produces an adverse pressure in the vicinity of the upstream edge
of the entrance of the jet. This adverse pressure causes the main flow to separate from
the upper wall and a vortical structure with a horseshoe vortex-like shape is formed just
upstream the jet entrance (see Figure 3a,b). This horseshoe vortex structure is observed for
T-junction flows with values of velocity ratios between 1.2 and 1.5 [20]. Part of the fluid
from the main pipe is entrained in the recirculation region formed in the branch pipe just
above the jet entrance. The resulting vortex structure is equivalent to the hovering vortex
system close to the upstream branch wall (see Figure 3a,b) observed in jet-in-crossflow
visualisation studies [18]. Both horseshoe and hovering vortex systems are created by the
crossflow from the main pipe.

At the downstream edge of the jet entrance, past the jet entrance region, the jet detaches
from the wall and generates a separation region, also called a separation bubble, in the wake
area of the jet (Figure 3a,c). The phenomenon of vortex breakdown is also observed in these
regions, see Figure 3a,c. The vortex breakdown phenomenon indicates a slender straight
vortex undergoing breakdown due to, for example, the recirculation region and reversal
flow [20,21]. The vortex is stopped and circulates back in the recirculation region, similarly
to a tornado-like vortex. The mean flow structure in the jet entrance and recirculation
region is very complex, and it results in the dominant flow feature represented by the
CVP (Figure 3d). When the jet enters the main pipe, it bends in the direction of the main
flow, which then causes the formation of the CVP. In the reattachment region, further
downstream of the T-junction, the dominant flow structure is a pair of counter rotating
vortices which rotate in the opposite direction to that of the CVP, represented by the second
pair of vortices in Figure 3e. These vortices are caused by the upward motion of the main
flow developed because of the flow blockage created by the incoming jet. These vortices
move the fluid from the side wall toward the bottom of the pipe.
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The complex flow structures originated in the jet entrance and recirculation regions
that lead to the formation of the CVP are presented in Figure 4, which shows the regions of
mean vorticity (see Equations (2) and (3)) at different cross-sections. Figure 4 presents also
the streamlines generated by the horseshoe and hovering vortex systems, over half pipe
cross-section, coloured by the streamwise vorticity. The regions of concentrated vorticity
are arranged over a triple pair of counter-rotating vortices as also observed in T-junction
and jet-in-crossflow studies [20,22], which then lead to the formation of the CVP further
downstream of the T-junction. The vorticity originated in the branch pipe is firstly carried
into the main flow by the jet via two regions of concentrated streamwise vorticity with
opposite sign, i.e., the primary vortex pair, observed at the jet entrance at the sides of the
branch pipe at cross-section at x/D = 0.15. Initially, the distribution of the mean vorticity
on the cross-section assumes a kidney-shaped distribution with the convex part directed
toward the bottom of the pipe. Further downstream of the T-junction, the distribution
of the mean vorticity starts to transition to two kidney-shaped regions, one in each half
plane created by cutting the pipe with the XZ symmetry plane. Compared with the initial
distribution of vorticity, the two kidney-shaped regions are rotated with respect to the
x-axis and the concave sides are oriented towards the centre of the pipe. Embedded in the
concave side of the primary vortex, additional regions of concentrated vorticity appear,
the nested vortex pairs, which have vorticity with sign opposite to the primary vortex (see
Figure 4, cross-sections x/D = 0.5 and x/D = 0.8). The nested vortex pair deforms and
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eventually split the kidney-shaped vorticity regions as described above. The nested vortex
pair has a tornado-like feature (see Figure 3a–c) that lead to the formation of the secondary
vortex pair which carries vorticity with the same sign of the primary vortex pair, visible at
cross-sections x/D = 0.5 and x/D = 0.8 in Figure 4. The nested vortices are observed for
both T-junction flow and jet-in-crossflow, though the origin of this vortex pair is different in
these two types of flow. As suggested in ref. [20], the nested vortex pair in T-junction flows
originates from the primary vortex pair, and it is carried downstream into the wake of the
jet by the recirculation flow, as opposed to the jet-in-crossflow where the nested vortex pair
originates from the crossflow boundary layer separation [44].
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The transient flow structures are shown in Figure 5. Between the incoming jet and
the main flow from the main pipe, i.e., the shear-layer jet-main flow, the shear-layer of
the jet starts to roll-up through a Kelvin-Helmholtz instability similar to that observed
for a jet-in-crossflow at the same velocity ratio [18], see Figure 5a,b. The shear-layer
roll-ups are periodic and of large scale. In the recirculation region, the wake of the jet
is also characterised by vortex shedding, similar in structure to a Karman vortex street,
which sheds from the jet acting similar to a solid body with respect to the main flow [13],
see Figure 5c.
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4. Results and Discussion

To assess the different flow structures, different locations for each region are chosen
along the computational domain as shown in Figure 6. As described above, the upstream
region is characterised by the horseshoe and hovering vortex systems. The jet entrance
region shows how the vorticity generated in the branch pipe is carried in the main flow.
The recirculation region is characterised by the triple pairs of counter-rotating vortices of
the streamwise vorticity. Finally, the reattachment region shows the CVP and the pair of
counter rotating vortices which rotate in the opposite direction of the CVP.
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Results of non-dimensional mean velocity components, normalised mean temperature,
T∗, non-dimensional mean streamwise and spanwise vorticity, ω∗x and ω∗y , turbulent kinetic
energy, k∗, and the Reynolds normal stresses, u′u′∗, v′v′∗, and w′w′∗, are presented in this
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section. The mean velocity components are non-dimensional quantities and are normalised
by the bulk velocity, Ubulk. The other quantities are defined as:

ω∗x =
D

Ubulk
ωx =

(
∂W
∂y
− ∂V

∂z

)
D

Ubulk
. (2)

ω∗y =
D

Ubulk
ωy =

(
∂U
∂z
− ∂W

∂x

)
D

Ubulk
. (3)

T∗ =
(
T − Tbranch

)
/∆T. (4)

k∗ =
u′u′ + v′v′ + w′w′

2U2
bulk

. (5)

u′u′∗ = u′u′/U2
bulk. (6)

v′v′∗ = v′v′/U2
bulk. (7)

w′w′∗ = w′w′/U2
bulk. (8)

where ωx and ωy are the mean streamwise and spanwise vorticity, U, V, and W represent
the components of the mean velocity, T is the mean temperature and ∆T is the temperature
difference between the main and branch pipe, u′, v′, and w′ are the fluctuating components
of the velocity.

The profiles of the normalised mean temperature T∗ are first shown in Section 4.1 and
compared with the measurements from the OECD/NEA-Vattenfall T-junction Benchmark.
In Section 4.1, the different velocity profiles obtained with the 12 combinations of BCs are
also compared at the jet entrance region. Section 4.2 shows the effect of different BCs on
turbulent quantities, such as k∗, u′u′∗, v′v′∗, and w′w′∗. Section 4.3 shows the effect of the
different BCs on the mean flow structures. In this section, contours of streamlines generated
by the mean velocity and coloured by ω∗x and ω∗y are shown at different locations along
the computational domain (see Figure 6). The different vortex structures extracted with
the vortex core option within STAR-CCM+ and coloured by T∗ are also presented for each
case. Lastly, Section 4.4 shows the results for the transient flow structures analysed using a
power spectral density of the time-signal of the streamwise velocity and a spectral proper
orthogonal decomposition.

4.1. Profiles of Mean Temperature and Velocity

Profiles of T∗, U/Ubulk, and W/Ubulk are compared in Figures 7 and 8. Figure 7
shows the profiles of T∗ 1 mm away from the wall for top, side, and bottom walls to
match the positions of the thermocouples used in the OECD/NEA-Vattenfall T-junction
Benchmark. The highest temperature at the top and side of the pipe is reached with a com-
bination of ‘0-0’ and ‘60-0’, whereas cases ‘0-20’ and ‘60-20’ present the lowest values at the
same locations.

Comparing the cases with uniformly distributed profiles at the main pipe with the
cases with fully developed profiles at the main inlet, the overall values are slightly higher
than the ones obtained with uniformly distributed BCs. At the top of the pipe (Figure 7a–c),
the profiles suddenly drop due to the backflow of fluid and vortex breakdown in the
proximity of the T-junction. Afterwards, T∗ increases for cases from ‘0-0’ to ‘0-10’ and
from ‘60-0’ to ‘60-10’, up to 2D downstream of the T-junction, before gradually decreasing
again and flattening at around 10D. Cases from ‘0-20’ to ‘0-60’ and from ‘60-20’ to ‘60-60’
show a different behaviour downstream the recirculation region, with a very small increase,
followed by a mild decline and a flattening at around 5D downstream of the T-junction.
Specifically, cases ‘0-60’ and ‘60-60’ present an almost constant value of T∗ after 2D.

Figure 8a shows the profiles of W/Ubulk on the axis x = 0 at a cross-section located
just above the entrance region, i.e., at z = 0.07 m, as indicated in Figure 6. Since the profiles
are symmetric on this axis, only the values of half of the pipe are shown. From Figure 8a,
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the velocity is maximum at the sides of the pipe for cases ‘0-0’, ‘0-5’, and ‘0-10’, with the
peaks gradually moving towards the centre of the pipe as the inlet flow profiles at the
branch pipe becomes fully developed. Case ‘0-0’ presents the highest velocity at the sides
of the pipe among all cases. Cases ‘0-20’, ‘0-40’, and ‘0-60’ show similar profiles, with the
velocity peaking at the centre of the pipe. The fact that case ‘0-20’ presents the highest
velocity among all cases could explain the lower value of T∗ at the top and side of the pipe
for this case (see Figure 7b–d) as also suggested in [33].
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Figure 8b shows the profiles of W/Ubulk on y = 0 at the same cross-section, i.e., at
z = 0.07 m. Close to the upstream edge, W/Ubulk for the case ‘0-0’ is positive and directed
upward. This upward motion is due to the recirculation and entrainment in the branch pipe
related to the hovering vortex system. For cases from ‘0-5’ to ‘0-60’, however, W/Ubulk is
first directed downward before this upward motion. This means that a small recirculation
and entrainment is present for these cases close to the upstream edge of the entrance region.
Away from this edge, cases ‘0-0’, ‘0-5’, and ‘0-10’ present similar profiles. The lowest value
of W/Ubulk is observed for the case ‘0-0’ in the centre of the pipe. Cases ‘0-20’, ‘0-40’, and
‘0-60’ exhibit similar behaviours, with slightly higher values of W/Ubulk at the centre of the
pipe reached for the case ‘0-20’. The values of U/Ubulk are also shown on the same axis and
at the same cross-section in Figure 8c. From Figure 8c, close to the upstream edge, U/Ubulk
is first positive and directed downstream, and it then changes sign for case ‘0-0’, whereas
for cases from ‘0-5’ to ‘0-60’ it is directed upstream. This is due again to the recirculation
and entrainment related to the hovering vortex system.

The vertical profiles of U/Ubulk are presented in Figure 8d for all cases at a cross-
section at x/D = 0. The upper half of the pipe is not influenced by the inlet flow profiles at
the main inlet at this location and only the profiles on the lower half present differences.



Energies 2022, 15, 8415 11 of 36

Specifically, in cases from ‘0-5’ to ‘0-60’ the velocity profile is much flatter and the gradi-
ent at the shear-layer jet-main flow seems lower compared with the cases from ‘60-5’ to
‘60-60’. The values of U/Ubulk for cases ‘0-0’ and ‘60-0’ are instead more uniform for the
whole pipe cross-section. Overall, cases with fully developed BCs at the main inlet present
slightly higher values of U/Ubulk in the lower half of the pipe which might explain the
less strong recirculation and mixing observed downstream of the T-junction, resulting,
therefore, in slightly higher distribution of T∗ compared with the respective cases with
uniformly distributed BCs at the main inlet, Figure 7.
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4.2. Effects of Different Inlet Flow Profiles on Turbulent Quantities

Vertical profiles of k∗, u′u′∗, v′v′∗, and w′w′∗ are shown at different cross-sections along
the computational domain from Figures 9–12. Figure 9 shows a peak in the vertical profile of
k∗ at x/D = −0.32 whose value is almost double in cases ‘0-0’ and ‘60-0’ compared with the
others. The peaks are located in the branch pipe just above the jet entrance and correspond
to the position of the hovering vortex system. This result agrees with the observation about
the higher vorticity of the hovering vortex system for the cases ‘0-0’ and ‘60-0’ discussed
in Section 4.3 (see also Figure 13). The plots of k∗ show peaks for these two cases also at
x/D = 0.15 at the shear-layer jet-main flow, whereas almost no peaks are present for the
other cases. The profiles of k∗ in the recirculation region, x/D = 0.8, show an ‘S’ shape in
all cases. The peaks are located at the shear-layers, the one between the recirculation bubble
and the jet and the other between the jet and main flow. Additionally, peaks at shear-layer
formed between the jet and main flow are higher due to the development of the mixing
layer at x/D = 0.8. The S-shaped profile is also maintained at x/D = 1.5 where the top
peak corresponds instead to the CVP.
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Figure 12. Vertical profiles of 𝑤 𝑤 ∗ at different cross-sections. Figure 12. Vertical profiles of w′w′∗ at different cross-sections.
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Normal stresses at the same locations are illustrated in Figures 10–12. The profiles
differ the most in the upstream region, e.g., x/D = −0.32, and at the jet entrance, e.g.,
x/D = 0.15. In the upstream region, peaks of u′u′∗ and w′w′∗ are higher in cases ‘0-0’ and
‘60-0’. Also, uniformly distributed BCs at the main inlet led to higher u′u′∗ and w′w′∗, i.e.,
cases from ‘0-5’ to ‘0-60’. Values of v′v′∗ in this region are instead much lower compared
with the values of the other normal stresses for all cases. Moving to the jet entrance region,
e.g., x/D = 0.15, only cases ‘0-0’ and ‘60-0’ exhibit peaks of u′u′∗ and w′w′∗, whereas
values of v′v′∗ are still low for all cases. Higher values of the normal stresses can be found
in the recirculation region and in the reattachment region. The profiles of the normal
stresses at x/D = 0.8 and x/D = 1.5 are similar among the cases. Peaks of u′u′∗ can be
found at the shear-layer jet-main flow, whereas peaks of v′v′∗ are located close to the top
wall. The profiles of w′w′∗ at x/D = 0.8 assume a saddle-like shape for cases from ‘0-5’ to
‘0-60’ and from ‘60-5’ to ‘60-60’. For cases ‘0-0’ and ‘60-0’ instead, the profiles of w′w′∗ at
the same location assume a single-peak-shape. Further downstream at x/D = 1.5, all cases
present a maximum of w′w′∗ in correspondence of the CVP.

4.3. Effects of Different Inlet Flow Profiles on the Mean Flow Structure

The contours of ω∗y and the streamline of the in-plane mean velocity, namely the
velocity vector projected on the plane, are presented in Figure 13. These contours show
the distribution of the horseshoe and hovering vortex systems among the different cases
on the XZ symmetry plane. The vortical structure related to the hovering vortex and the
recirculation region in the branch pipe, close to the upstream vertical wall, consists of a
single vortex for cases ‘0-0’ and ‘0-60’ with associated higher values of ω∗y compared with
the other cases. Cases from ‘0-5’ to ‘0-60’ and ‘60-5’ to ‘60-60’ show instead an additional
area of concentrated ω∗y just above the jet entrance region that creates a double roll-up of
the shear-layer between the jet-main flow. For these cases, the double roll-up structure
seems to be induced by the horseshoe vortex that reaches the vertical wall of the branch
pipe, pushing the fluid further away from the upstream edge of the branch pipe. In cases
‘0-0’ and ‘60-0’, the horseshoe vortex does not enter the branch pipe and remains instead
closer to the main pipe wall, limiting its influence on the hovering vortex, which results in
a single roll-up vortex. Consequently, the roll-up structure in cases ‘0-0’ and ‘60-0’ carries
mainly hot water from the branch pipe and contributes less to the thermal mixing of the
fluids (see Figure 7).

The vortical structure related to the horseshoe vortex and the recirculation region in
the main pipe, close to the horizontal upper wall, consists also of a single vortex roll-up for
cases ‘0-0’ and ‘0-60’ with associated higher values of ω∗y compared with the other cases. For
cases ‘0-20’, ‘0-40’, and ‘0-60’, additional vortex roll-ups appear at the upstream edge of the
jet entrance. These roll-ups enhance the mixing locally due to the entrainment of fluid from
the branch pipe in these vortical structures, which then result in a lower T∗ distribution
as discussed in Section 4.1. Compared with cases with uniformly distributed BCs at the
main inlet, i.e., from ‘0-5’ to ‘0-60’, the additional areas of ω∗y seem smaller, resulting in
an overall weaker double roll-up structure for the hovering vortex and horseshow vortex
systems for cases with fully developed BCs at the main inlet, i.e., from ‘60-5’ to ‘60-60’. The
thermal mixing associated with the horseshoe and hovering vortex system is lower in cases
from ‘60-5’ to ‘60-60’ compared with cases from ‘0-5’ to ‘0-60’, producing overall higher T∗

distribution, which agrees with the discussion in Section 4.1.
Cross-sections located at x/D = 0.15 and x/D = 0.35 are selected for the jet entrance

region. The contours of ω∗x and the streamlines generated by the in-plane mean velocity
are shown in Figures 14 and 15. The streamlines are symmetric with respect to the z-axis
and are shown for simplicity over half pipe cross-section. At x/D = 0.15, two regions of
concentrated streamwise vorticity with opposite sign, i.e., the primary counter-rotating
vortex pair, located at the jet entrance at the sides of the branch pipe are observed. The
primary vortex pair is still observed at the section x/D = 0.35, where it starts to transition
to two kidney-shaped regions. For cases with non-uniformly distributed BCs at the branch



Energies 2022, 15, 8415 18 of 36

inlet, i.e., from ‘0-5’ to ‘0-60’ and from ‘60-5’ to ‘60-60’, the contours of ω∗x at x/D = 0.15
show additional regions of concentrated vorticity just below the jet entrance next to the main
pipe wall. These additional regions represent the secondary counter-rotating vortex pair
(Figures 14 and 15). The presence of the secondary counter-rotating vortex pair indicates an
earlier transition of the distribution of ω∗x to the kidney-shaped compared with cases with
uniformly distributed BCs. The double pairs of counter-rotating vortices, i.e., the primary
and secondary vortex pairs, are maintained even further downstream at x/D = 0.35. At
this cross-section, the nested vortices embedded in the double pairs of counter-rotating
vortices are also shown. Compared with the cases ‘0-0’ and ‘60-0’, the double pairs of
counter-rotating vortices observed at x/D = 0.15 improve the thermal mixing at the sides
of the pipe and prevent hot fluid moving toward the wall. Specifically, the primary vortex
pair improves the mixing at the top of the pipe, whereas the secondary vortex pair increases
the mixing at the sides. Due to the lack of these double pairs in cases ‘0-0’ and ‘0-60’, the
primary vortex pair carries only water from the branch pipe, resulting in a higher value of
T∗ at the top of the pipe (see also discussion in Section 4.1).

Considering the effects of the inlet flow profiles at the main pipe, it can be observed
that, overall, uniformly distributed BCs result in vortices with higher vorticity which
increase the mixing locally and lead to lower values of T∗ across the cross-sections (see also
discussion in Section 4.1). It is worth mentioning that the nested vortices are not observed
for cases ‘0-0’ and ‘60-0’ at x/D = 0.35.

Cross-sections located at x/D = 0.5 and x/D = 0.8 are chosen to show the flow
structure in the recirculation region. The contours of ω∗x , Figures 14 and 15, clearly show
the nested vortex pair for all cases which deforms and finally splits the kidney-like shaped
vorticity in each half plane. The secondary vortex pair in cases ‘0-0’ and ‘60-0’ is not as
strong as the ones observed in the other cases. The nested vortex pair moves downwards
and pushes the secondary vortex pair radially, at x/D = 0.5, until the secondary vortex pair
almost disappears at x/D = 0.8. For cases from ‘0-5’ to ‘0-60’ and from ‘60-5’ to ‘60-60’ the
secondary vortex pair is barely present at the sides of the pipe whereas the primary vortex
pair occupies the upper part of the pipe cross-section. The resulting vortex structure at the
end of the recirculation region represents the CVP which is the dominating flow structure
up to almost 3D downstream of the T-junction. The CVP mainly carries the flow from the
side of the jet into the recirculation region, Figures 14 and 15, resulting in a lower mixing
quality in cases ‘0-0’ and ‘60-0’ when compared with the other cases (see also Section 4.1).

The reattachment region is characterized by the CVP and the second pair of vortices
rotating in the opposite direction to the CVP. The second pair of vortices is induced by
the upward motion of the main flow overcoming the blockage caused by the jet and the
recirculation zone, Figures 16 and 17. The contours of ω∗x show that the CVP is still present
at x/D = 1.5, whereas it disappears at x/D = 4, where only the second pair of vortices
with opposite vorticity sign appears. The streamline contours show the presence of the
CVP at cross-sections x/D = 1.5 and x/D = 2.5 for all cases. The second pair of rotating
vortices are also evident at x/D = 2.5 for cases ‘0-0’ and ‘60-0’. On the other hand, this
pair is still weak for cases from ‘0-5’ to ‘0-60’ and from ‘60-5’ to ‘60-60’. Cross-sections
x/D = 4 and x/D = 6 show the development of the second pair of rotating vortices further
downstream as it moves towards the centre of the pipe.
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The resulting vortex structures for the upstream region, the jet entrance and the
recirculation region are shown in Figures 18 and 19. These vortical structures are extracted
with the vortex core option available in STAR-CCM+ [45–47]. These vortex lines, shown in
black in Figures 18 and 19, are then used as a source to generate the streamlines of mean
velocity which are coloured by T∗. From these figures, it is possible to clearly visualise the
vortical structures associated with the horseshoe and hovering vortex systems, the vortices
generated by the interaction at the shear-layer jet-main flow in the entrance region, the
flow reversal in the recirculation region, and the CVP which dominates the region further
downstream. For all cases, the phenomena of vortex breakdown can be observed just below
the downstream edge of the entrance region, which agrees with the observations regarding
the distribution of ω∗x in the pipe cross-sections and the nested vortex pair (see Figures 14
and 15). When the crossflow from the main pipe meets the jet from the branch pipe, it flows
around the jet and goes into the recirculation region, i.e., in the wake region in front of the
jet, and due to recirculation and flow reversal, it is pushed back toward the jet entrance
region. From here, it flows downstream and follows the curvature of the jet just below the
recirculation region.

For cases from ‘0-5’ to ‘0-60’ and from ‘60-5’ to ‘60-60’ (Figures 18 and 19), the vortex
core lines of the vortical structures in the recirculation area, shown with black lines, sud-
denly bend downwards at the end of the recirculation regions. This results in the CVP
moving downward as well, leaving space for the streamlines originated from the horseshoe
vortex in the upstream region to go around the jet and upwards, close to the top wall.
This motion allows a larger portion of the colder fluid from the upstream region to be
entrained in the recirculation region, flows back to the jet entrance, and finally follows the
curvature of the jet just below the recirculation region, similarly to what happens with the
vortex breakdown phenomenon. The resulting temperature distribution in these cases is
therefore lower compared with cases ‘0-0’ and ‘60-0’ due to the improved mixing in the
recirculation region, as shown in ref. [33–35,37,38]. The reason of the different configuration
of the vortical structures in the recirculation region among the cases can be attributed to
the momentum of the jet. In ref. [33], it is shown that fully developed BCs at the branch
produce higher momentum at the centre of the branch pipe compared with uniformly
distributed BCs (see also Figure 8a). On the other hand, uniformly distributed BCs at the
branch inlet result in higher momentum at the sides of the branch pipe compared with
fully developed BCs (Figure 8a). This can be interpreted as a jet of a smaller cross-section
when using fully developed BCs at the branch inlet, which allows more space for cold fluid
to flow around the jet itself (see also Figures 18 and 19 top plan views).

It must be pointed out that the streamlines originated from the vortex systems in the
upstream region for cases with fully developed BCs at the main inlet, Figure 19, do not
show any entrainment of cold fluid in the recirculation region. This is because the vorticity
related to the horseshoe and hovering vortex is lower compared with cases with uniformly
distributed BCs at the main inlet as shown from the ω∗y distribution in the cross-sections
(see Figure 13). The vortex core algorithm can filter weaker lines which is why they are not
shown in Figure 19. Another consequence of the different momentum distribution is that
the streamlines originated in the hovering vortex systems join with the vortical structure
formed at the shear-layer jet-main flow in the entrance region. It is reasonable to claim,
according to Figures 14 and 15, that this results in the predominant primary vortex pair
and a delayed formation of the secondary vortex pair for cases ‘0-0’ and ‘60-0’ compared
with the other cases. This could explain the two regions of concentrated ω∗x shown in the
cross-sections in the jet entrance region for cases ‘0-0’ and ‘60-0’ and the double pairs of
counter-rotating vortices structure observed instead for cases from ‘0-5’ to ‘0-60’ and from
‘60-5’ to ‘60-60’.



Energies 2022, 15, 8415 24 of 36

Energies 2022, 15, x FOR PEER REVIEW 26 of 38 
 

 

 

 Top plan view Side elevation view Upstream view  

‘0-0’ 

 
  

 

‘0-5’ 

 
  

‘0-10’ 

 
  

‘0-20’ 

 
  

‘0-40’ 

 
  

‘0-60’ 

 
  

Figure 18. Cases with uniformly distributed BCs at the main inlet—Streamlines generated by vortex 
core lines (indicated in black) and coloured by 𝑇∗. Left: top plan view, centre: side elevation view, 
right: upstream view. 

 Top plan view Side elevation view Upstream view  

‘60-0’ 

 
  

 

Figure 18. Cases with uniformly distributed BCs at the main inlet—Streamlines generated by vortex
core lines (indicated in black) and coloured by T∗. Left: top plan view, centre: side elevation view,
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4.4. Effects of Different Inlet Flow Profiles on Transient Flow Behaviours

Figure 20 shows a snapshot in time of the time-dependent normalised temperature for
cases ‘0-0’, ‘0-60’, ‘60-0’, and ‘60-60’. Videos of over 1 s of simulation time are available in
(https://doi.org/10.5281/zenodo.7299325). As discussed in ref. [33], it can be observed that
there are similarities between the pair ‘0-0’ and ‘60-0’, and the pair ‘0-60’ and ‘60-60’, see
Figure 20. More specifically, it is possible to identify instabilities such as Kelvin-Helmholtz
instabilities at the shear-layer jet-main flow on the XZ symmetry plane for cases ‘0-0’ and
‘60-0’ (see Figure 20a,b). These instabilities are periodic and seem to start at the upstream
wall of the branch pipe with the shear-layer roll-up induced possibly by the horseshoe and
hovering vortex systems and entrainment of flow from the main pipe.

https://doi.org/10.5281/zenodo.7299325
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The shear-layer roll-up is also observed on the cross-sections close to the jet entrance
region where it resembles a mushroom-like eddy (also observed in T-junction flow [48]).
It seems this might be originated by the vorticity generated by the fluid flowing around
the jet. The frequency of this roll-up is the same as the Kelvin-Helmholtz instabilities on
the symmetry plane. For cases ‘0-60’ and ‘60-60’, the Kelvin-Helmholtz instabilities on the
symmetry plane are not witnessed (see Figure 20c,d). However, periodical oscillations can
be observed at the edges of the jet just below the jet entrance region. Just downstream of
the entrance region, hot fluid from the jet edges start to shed upward and inward toward
the recirculation bubble. Further downstream, this becomes more chaotic and resembles
large roll-up vortices.
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(d). The full videos are available via the link: https://doi.org/10.5281/zenodo.7299325.

4.4.1. Spectral Proper Orthogonal Decomposition (SPOD) Analysis

The SPOD analysis [49], applied to the velocity field is used to extract and analyse the
coherent structures of the flow. As opposed to standard POD, the modes calculated with
SPOD are orthogonal both in space and time. Therefore, this makes SPOD a better method
to extract spatial-temporal structures in the data [50]. The time-history of the velocity signal
is recorded with a frequency of 0.05 s for a total of 10 s, which gives 200 snapshots overall.
Since the transient behaviour is quite similar for the pair ‘0-0’ and ‘60-0’, and the pair ‘0-60’
and ‘60-60’, only the results of the cases ‘0-0’ and ‘0-60’ are shown.

The MATLAB spod.m subfunction [51,52] is used for the SPOD analysis with 16 snap-
shots analysed per block and a block overlap of 8 snapshots. The total number of blocks is
24, which gives a total of 24 modes and 9 frequencies. The frequency f is normalised by
Ubulk and the diameter of the main pipe, D, using the Strouhal number St defined as:

St = f D/Ubulk. (9)

The modes energy for cases ‘0-0’ and ‘0-60’ obtained for the velocity signal at the
symmetry planes XZ and XY are shown in Figures 21 and 22. The first and second modes
contain most of the energy. Therefore, only the vector contours of the first two modes are
shown on the XZ and XY symmetry planes. The dominant frequency modes for the case
‘0-0’ is of St = 0.72 for the velocity on the XZ symmetry plane and in the range 0.54–0.72
for velocity on the XY plane, whereas it is of 0.54 for the velocity on the XZ and XY planes
for case ‘0-60’.

https://doi.org/10.5281/zenodo.7299325
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Figure 21. Modal energy spectra for case ‘0-0’ of x-component (a) and z-component (c) of velocity
and for case ‘0-60’ x-component (b) and z-component (d) of velocity on XZ symmetry plane. The
different colour lines represent the different modes.
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Figures 23 and 24 present contour plots of the first and second modes on the XZ plane
of the x- and z-component of velocity coloured by the mode’s magnitude. Figure 23 reveals
several periodical vortical structures at the shear-layer jet-main flow in the entrance region
for case ‘0-0’ at all frequencies, which are instead not present for case ‘0-60’. For the case
‘0-0’, at low St numbers, very small vortices start to shed from the upstream edge of the
jet entrance and follow the jet curve downstream the T-junction. They seem to extend for
the entire thickness of the mixing layer and therefore can be generated by the shear-layer
between the jet and the main flow. At higher St number, the vortex shedding from the
upstream edge becomes bigger and more aligned along the jet curve.

From the position of the most upstream vortex, for the case ‘0-0’, it seems that the
vortex shedding at St = 0.36 is originated in the branch pipe and the ones observed up to
St = 0.72 are generated by the horseshoe vortex and hovering vortex systems. At higher St
numbers, vortex pairing appears at both lower and upper jet shear-layers and originates
once again at the upstream edge of the branch pipe. However, for the case ‘0-60’, larger
alternating regions, with respect to the x-direction, can be observed at low St number.
These seem not to be originated at the upstream corner but seem to come instead from the
downstream edge. Larger vortical structures are observed at around St = 0.54 at the upper
shear-layer between jet-recirculation bubble. Moving toward higher values of St, these
large vortical structures move downwards and double-vortex are seen at the shear-layer
jet-main flow. Finally, large vortices can be seen downstream the recirculation region
periodically organised along the shear-layer jet-main flow. The second mode contour plots
are similar to the ones related to the first mode for both cases and do not show additional
structures, and it is shown for completeness in Figure 24.

Figures 25 and 26 present contour plots of the first mode for the x- and y-components
of velocity on the XY plane. From Figure 25, at low St, small and non-ordinate vortical
structures located at the sides of the pipe can be observed. These structures seem to be
originated by the interaction of the shear-layer between the jet and the main flow moving at
the sides of the incoming jet. At St = 0.72, bigger vortices originate close to the T-junction
and are symmetrically located with respect to the y-axis. This double-vortex structure is
periodically repeated along the x-axis. For St > 1.25, an additional vortex is formed on
the symmetry axis, forming a three-vortex structure arranged on a semi-circular line that
is periodically repeated along the x-axis. For the case ‘0-60’, no vortical structures can be
observed along the x-axis. For this case, regions of high mode magnitude can be observed
alternating along the y-axis at low St and along the x-axis at medium and high St.

The contour plots of the second mode for the case ‘0-0’ show an alternating behaviour
along the y-axis for low St (up to St = 0.72), which is not seen in the first mode (Figure 26).
This is also observed to a lesser extent in case ‘0-60’. The distribution of these regions and
the symmetry with respect to the y-axis might suggest that this alternating behaviour could
be attributed to the CVP and the second pair of vortices, which rotates in the opposite
direction to the CVP and are created by the upward motion of the main flow past the
recirculation region. In Section 4.3, it was pointed out that this second pair of vortices has
higher vorticity for cases with uniformly distributed BCs at the branch inlet compared with
the other cases, which might explain the weaker alternating structure observed for the
second mode of case ‘0-60’.
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4.4.2. Power Spectral Density (PSD) Analysis

PSD analysis is used in this study to assess the time-history of the streamwise velocity
signal and identify the dominant frequency modes in the flow. PSD contour plots of the
streamwise velocity component are computed at cross-section x/D = 1.6 for different
points, as shown in Figure 6. For the sake of simplicity, only the results of cases ‘0-0’ and
‘0-60’ are presented. For the case ‘0-0’, the PSD contour plots of the streamwise velocity
at cross-section x/D = 1.6 show a distinct peak at around St = 0.7 for all cross-sectional
positions (see Figure 27). The vortical structure associated with a St value of 0.7 comes from
the interaction horseshoe-hovering vortex upstream the junction, as shown in Figure 23.
The converted oscillation frequency related to St = 0.7 is around 5 Hz which is in the range
of concern for thermal fatigue [53]. In [33], it is shown that cases with uniformly distributed
BCs at the branch inlet, i.e., ‘0-0’ and ‘60-0’, present peaks at around 5 Hz close to the top
and side wall, which are not observed for cases with fully developed BCs at the branch
inlet (cases ‘0-60’ and ‘60-60’). This might indicate that the vortical structures observed at
this frequency are responsible for the higher temperature distribution at the top wall as
well as for the oscillation in temperature for cases ‘0-0’ and ‘60-0’.
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For the case ‘0-60’, no peaks are present at the upper half of the pipe, whereas peaks
appear at the centre of the pipe and in the lower half of the pipe, for St between 0.4 and
0.5 (see Figure 27). These peaks can also be observed at the left side of the pipe. The
frequencies related to St = 0.4 and 0.5 are between 2 and 3 Hz and are again in the range of
concern for thermal fatigue. Peaks in the same range of frequencies at the sides of the pipe
are also observed in other studies [31] and found to be linked to the spanwise oscillations
in the temperature signal similar to vortex shedding behind a solid body. Peaks at these
frequencies are also observed in the PSD plots of temperature for cases ‘0-60’ and ‘60-60’
at the sides of the pipe, as shown in [33]. Therefore, it can be said that the oscillations in
streamwise velocity occurring in the lower half of the pipe and at the centre of the pipe
might be responsible for oscillations in temperature close to the side wall. From Figure 27a,
it can be observed that case ‘0-0’ also shows a peak at St = 0.5 at the left side, which can
cause the oscillations in the temperature at the sides of the wall at this cross-section, also
observed in [33]. Higher frequency modes peaks can be found only for the case ‘0-0’ at
around St = 1.4, namely, frequency of 10 Hz, in the lower half of the pipe, Figure 27. This
corresponds to the large structure observed in the SPOD modes at XZ symmetry plane
and are not seen for the case ‘0-60’ (Figure 23). A peak at this frequency, i.e., 10 Hz, is also
observed in the PSD of temperature at the sides of the pipe for these two cases [33]. This
might be due to the shear-layer roll-up observed in the cross-section which is also shown
in the first mode of the SPOD at XY symmetry plane (Figure 25).

5. Conclusions

This paper analyses the effects of different inlet flow profiles on thermal mixing within
a T-junction. The flow domain is modelled using the IDDES-SST turbulence model imple-
mented within the commercial CFD software STAR-CCM+ 2020.1.1. Different combinations
of inlet flow profiles are considered. These inlet flow profiles are related to different stages
in the flow entry region and range from uniformly distributed to fully developed. The
influence of the inlet flow profiles on the mean and transient flow structures is assessed.
The mean flow structures in the T-junction can be characterised by the horseshoe and
hovering vortex systems in the upstream region, the primary, secondary and nested vor-
tex pairs generated in the entrance and recirculation regions, as well as the CVP and the
second pair of vortices in the reattachment region. The transient flow structures can be
summarised in the Kelvin-Helmholtz instabilities, shear-layer roll-up, and Karman vortex
street phenomena.
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It is shown that the hovering and horseshoe vortex systems present higher vorticity
for cases with uniformly distributed BCs at the main inlet compared with the ones with
fully developed BCs at the main inlet. The use of fully developed BCs at the main inlet
causes more cold fluid to be entrained in the recirculation zone in the branch pipe, and
hence improves the thermal mixing in the branch pipe. For cases with non-uniformly
distributed BCs at the branch inlet, the hovering vortex assumes a double roll-up shape as
opposed to a single roll-up in cases with uniformly distributed BCs at the branch inlet. The
double roll-up shape also increases the mixing in the branch pipe, resulting in a lower mean
temperature distribution. In the jet entrance and recirculation regions, the appearance of
the secondary vortex pair and the nested vortex pair is delayed for cases with uniformly
distributed BCs at the branch inlet. This delay results in a lower thermal mixing and a
higher mean temperature distribution in cases with uniformly distributed BCs at the branch
inlet compared with the other cases. In the reattachment region, the CVP and the second
pair of vortices are also different among the cases. Specifically, for cases with uniformly
distributed BCs at the branch inlet the CVP and the second pair of vortices present higher
vorticity compared with the other cases.

The SPOD analysis revealed a series of shear-layer roll-ups and Kelvin-Helmholtz
instabilities originated from the shear-layer jet-main flow and the hovering and horseshoe
systems for cases with uniformly distributed BCs at the branch inlet. Shear-layer roll-ups
are also observed at the shear-layer jet-recirculation bubble for all cases. The dominant
frequency modes observed in the PSD plots are in the range of concern for high cycle
thermal fatigue and seem to be affected by the different inlet flow profiles used. For cases
with uniformly distributed BCs at the branch inlet, the dominant frequency mode is at St
of around 0.7, which corresponds to a frequency of 5 Hz. In a previous study, this was
shown to be the predominant frequency of the temperature near the top and sides wall for
cases with uniformly distributed BCs at the branch inlet. For the other cases, the dominant
frequency mode is at St between 0.4 and 0.5, which is equivalent to 2–3 Hz, and same
dominant frequencies were found for the temperature close to the side wall for cases with
fully developed BCs at the branch inlet.
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