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Abstract

This PhD dissertation consists of a detailed study of the mixing between a turbu-
lent crossflow and an incoming jet in a T-junction. Our study is focused on the
complex flow structures that emerge in such flows. Special attention is also paid
to the flow field in the near-wall regions.

In the first part of the thesis we describe the governing system of equations,
which is derived from the low-Mach-number asymptotic expansion of the Navier-
Stokes-Fourier equations. This asymptotic expansion has the advantage that the
resulting energy equation is essentially decoupled from the momentum equation,
which leads to significant computational savings. We also present the algorithm
that we have implemented for the numerical treatment of the governing equations.
This algorithm is a generalisation of the popular projection method for constant-
density flows to variable density ones.

In the second part we report on wall-resolved and experimentally validated
Large-Eddy Simulations (LES) of constant-density flows. The bulk Reynolds
number of the crossflow is 15,000. Further, we consider cases with two differ-
ent momentum ratios, namely, Mr = 2 and Mr = 0.5. In the presentation of
the results we elaborate on the main features of the flow, namely, the shear lay-
ers that emanate from the corners of the entry of the jet, the large recirculation
bubble downstream the incoming jet, and the mixing process beyond the reattach-
ment point. For validation purposes, we compare our simulations with existing
experimental data. This comparison shows good agreement between our numerical
predictions and the measurements. First and second-order statistics of the flow
are also presented and analysed in detail. Our simulations reveal two features of
the flow that have not been reported before in studies of T-junctions. The first one
is a secondary small-scale recirculation region between the entry of the jet and the
large recirculation bubble. The second one is the negative turbulent kinetic energy
production that occurs in the recirculation bubble and close to the reattachment

of the flow. The analysis of our results further reveals that just across the entry of

vil
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the jet, the boundary layer at the wall opposite to the jet experiences a favourable
pressure gradient due to a Venturi effect induced by the incoming jet. In turn,
this favourable pressure gradient contributes to the local relaminarization of the
flow. On the other hand, the boundary layer downstream the recirculation bubble
experiences an adverse pressure gradient. In both cases, a significant deviation
from the law of the wall is confirmed. These findings provide an explanation for
the poor performance of wall functions in LES modelling for flows in T-junctions.

In the third part of this dissertation we examine turbulent heat transfer in
gas-gas flows via LES. The bulk Reynolds number is again set at 15,000. Empha-
sis is placed on the role of the temperature as an active scalar and on the effects
of thermal stratification to the emerging structures in the flow field. Herein we
discuss in detail the main features of the flow, such as the shear layer between
the two streams, the regions of flow acceleration due to the Venturi effect, the
recirculation regions, and the thermal mixing downstream the reattachment point
of the flow. We also elaborate on the first and second-order statistics of flow quan-
tities, including the turbulent heat fluxes, and on the near-wall behaviour of the
streamwise velocity component. Our numerical predictions compare favourably
with existing experimental measurements, as regards both the temperature field
and the turbulent heat fluxes. Our study also includes a spectral analysis of the
temperature signal at selected locations near the solid boundaries, which is helpful
for assessing the risk of thermal fatigue at the walls of the T-junction. Accord-
ing to this analysis, for the flow conditions considered herein, the walls of the
T-junction are indeed susceptible to thermal fatigue.

In the fourth part we perform a Direct Numerical Simulations (DNS) of turbu-
lent heat transfer in liquid-liquid flows. The bulk Reynolds number is set 6, 000.
Herein particular emphasis is placed on the analysis of the instantaneous features
of the flow field. According to it, mixing is initialised via mushroom-like structures
of streamwise vorticity formed at the interface of the crossflow and the incoming
jet. It is significantly enhanced, however, when this shear layer merges with the
one formed between the incoming jet and the recirculation bubble. We also com-
pute the budget of the Turbulent-Kinetic-Energy (TKE) which provides additional
information about the turbulence generation mechanisms in the flow of interest.
TKE is mostly produced at the cores of the shear layers and it is transported to-
ward the walls of the horizontal channel where it is eventually dissipated. Further,
we have conducted a wall-resolved LES in order to assess the capacity of this ap-

proach for accurately simulating flows in T-junctions. Our comparisons show good



Abstract ix

overall agreement between the predictions of DNS and LES, which is particularly
encouraging given that the LES grid is 22 times coarse than that of the DNS.
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Chapter 1

Introduction

1.1 Turbulent flows in T-junctions and applica-

tions

This thesis consists of an in-depth study of the interaction and mixing between
a turbulent crossflow and an incoming jet in a T-junction. Due to their high
efficiency in mixing, T-junctions are found in several industrial applications. We
first outline some instructive examples.

T-junctions are used in a wide range of applications related to heating, venti-
lation and air conditioning (HVAC). For example, they are encountered in many
components of heating and sanitary systems of buildings. They are also found in
the piping and plumbing systems of ships and aeroplanes as well as in AC units of
automobiles. In figure 1.1 we show an illustration of the AC unit of an automobile.
According to this figure, air that is cooled from the evaporator is mixed with hot
air that enters the AC from the heater core in a T-junction. By understanding the
emerging flow patterns one can adjust the flow rates so as to enhance the thermal
mixing between the two streams. This, in turn, may result in the downsizing of
the AC unit which is beneficial for the automotive industry.

Furthermore, T-junctions are encountered in the cooling circuits of nuclear re-
actors which employ liquid water as a cooling medium. In figure 1.2 we provide an
example of how T-junctions are used in these circuits. In particular, a cold liquid
jet enters the horizontal channel so as to decrease the temperature of the hot liquid
crossflow. However, the incomplete thermal mixing between the two fluids results
in the development of large temperature gradients in the vicinity of the entry of
the jet. These, in turn, render T-junctions susceptible to thermal fatigue. More

specifically, the high-amplitude temperature fluctuations that develop close to the
1
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Face

G Evaporator pefroster

L
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ReaarFoot

Fan
DDC FrontFoot
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Figure 1.1: TIllustration of a HVAC unit in automobiles. This image is

reprinted from [1], with permission from Springer Science & Business Me-
dia.

turbulent mixing zone

Location of thermal fatigue?
leakage or

Mo

Figure 1.2: Example of T-junctions in cooling systems of nuclear reactors.
This image is reprinted from [5], with permission from Elsevier.

walls of the piping system result in thermal stresses which may cause cracking
due to thermal fatigue [2]. This phenomenon is also known as “thermal stripping”
and is of particular concern in the design and maintenance of cooling circuits of
nuclear reactors. In fact, it may lead to important incidents; see, for example,
those described in [3] and [4].

In addition, in nuclear reactors, T-junctions play an important role in emer-
gency cooling circuits. For example, they are used as a counter measure for Loss
of Coolant Accidents (LOCA). In figure 1.3 we show an illustration of the flow
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saturated steam

ECC line
J

cold leg

main
coolant
pump

reactor pressure
vessel

Figure 1.3: Illustration of the flow in the T-junctions during LOCA in
Pressurised Water Reactors (PWR). Source: Helmholtz-Zentrum Dresden-
Rossendorf, https://www.hzdr.de/db/Cms?p0id=25292&pNid=3017.

during these situations. Accordingly, the water in the pipe that provides the core
of the reactor vessel with coolant, also known as “cold leg”, begins to evaporate
and turns into a steam-liquid mixture. This, in turn, decreases the cooling capac-
ity of the circuit and may cause the melting of the core of the reactor. For this
to be avoided, the Emergency Core Cooling (ECC) mechanism is activated. This
results in the injection of high pressure cold water from the ECC line.

The interaction of the liquid jet with the two-phase mixture in the cold leg
gives rise to complex phenomena, such as entrainment of bubbles to the bulk of
the crossflow. In addition, in many regions of the T-junction stratification effects
become important. Further, the sudden change of direction that the two streams
experience when they reach the core of the reactor affects significantly the flow
field. Despite the efficiency of this cooling mechanism, the injection of pressurised
cold water leads to the development of large thermal stresses. These render the
walls of the reactor susceptible to the Pressurised Thermal Shock (PTS), i.e. the
development of large thermal stresses at the pipe system of nuclear reactors under
highly pressurised conditions. This is one of the most important issues regarding

nuclear reactor safety [6].
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1.2 Recent advancements in the study of turbu-

lent flows in T-junctions

Due to their numerous industrial applications, flows in T-junctions have attracted
considerable interest and many research efforts have been dedicated to their study.
In this section we outline experimental and computational studies that have fo-
cused on turbulent mixing in this geometry.

As concerns experimental studies, Kamide et al. [7] examined flows in T-
junctions with circular cross-sections at various momentum ratios Mgz. The mo-
mentum ratio is defined as the ratio of the momentum flux of the crossflow to that
of the incoming jet. In these experiments, the Reynolds number was ranging from
30,000 to 100,000. According to these authors, at low momentum ratios (lower
than 0.35), a wake region is formed downstream the entry of the jet. On the
other hand, at higher momentum ratios, a large recirculation bubble is developed
instead. In their study with the same geometry and similar Reynolds numbers,
Walker et al. [8] observed the formation of two counter-rotating vortices in the re-
circulation bubble and showed that the highest root mean square (rms) velocities
are located in the mixing zone between this bubble and the jet.

De Tilly and Sousa [9] examined the mixing process in T-junctions with rect-
angular cross-sections at high momentum ratios and confirmed that mixing was
intensified when the crossflow was turbulent. They attributed the mixing en-
hancement to the formation of large-scale structures at the shear layer that was
formed between the jet and the crossflow. According to the same study, when
the crossflow was laminar these large-scale structures did not develop and the
mixing between the jet and the crossflow was significantly smaller. In addition,
Hirota et al. [10, 11] examined turbulent flows in rectangular cross-sections for
Reynolds numbers of 15,000 and 25,000. They observed a vertical oscillation of
the incoming jet as well as the formation of longitudinal eddies at the shear layer
that is formed between the incoming jet and the recirculation bubble. Further,
it is worth mentioning that various authors have studied this flow, in connection
with the thermal stripping phenomenon; see, for example, the efforts the Vatten-
fall R&D research group [12, 13], Naik-Nimbalkar et al. [14], Lin et al. [15] and
references therein.

Beside experimental studies, several computational efforts focused on turbulent
flows in T-junctions as well. The most appropriate method of investigating this

flow is Direct Numerical Simulations (DNS). In DNS, the computational mesh is
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sufficiently fine to resolve all the scales of the flow. However, this increases signif-
icantly the computational cost of this method. In fact, the cost of DNS becomes
prohibitively high as the Reynolds number increases. Therefore, currently, this
methodology is limited to low and moderate turbulent Reynolds numbers, i.e.
Reynolds numbers smaller than 100, 000.

One may also study numerically these flows via Reynolds-Averaged-Navier-
Stokes (RANS). In this method, the Reynolds decomposition is applied to the
governing equations so as to obtain their averaged version. RANS provides in-
formation about the average values of the flow quantities. On the other hand, it
yields no information about the dynamic features of turbulent flows.

Alternatively, one can investigate numerically these flows by means of Large
Eddy Simulations (LES). This method amounts to applying a spatial filter to the
governing equations of the problem. The structures larger than the width of the
spatial filter are directly resolved while those that are smaller, are modelled. This
methodology yields information about the unsteady motion of the large structures
of the flow while its computational cost is significantly reduced, in comparison to
DNS. For these reasons, it is often applied to flows in T-junctions.

Hu and Kazimi [16] performed one of the first LES of turbulent heat transfer
in T-junctions. According to this study, LES can predict fairly well the regions in
which the maximum temperature fluctuations are developed. Lee et al. [17] also
studied flows in T-junctions that are related to the thermal stripping phenomenon
with the Reynolds number ranging from 20, 000 to 200, 000. These authors exam-
ined how a crack in the solid boundary of the T-junction grows due to thermally
induced wall stresses and showed that in flows with large temperature gradients
the crack grows significantly faster. Subsequently, many authors have examined
flows in this geometry via LES; see, for example, [18-20] and references therein.
However, most of these LES of flows in T-junctions were underresolved, with re-
spect to the complexity of the flow.

More recently, the appreciation of the complexity of the flow, backed-up by the
ever increasing computational resources, has prompted researchers to perform LES
at much finer grids that revealed more details about the dynamic features of the
flow. For example, Sakowitz et al. [21, 22] performed LES of flows in both circular
and rectangular T-junctions for Reynolds numbers of the order 10, 000 and studied
the vorticity field of such flows. They reported that, in both geometries, the shear
layer that is formed between the jet and the crossflow oscillates with a Strouhal

number of order one. Also, based on the findings of their LES study, Howard and
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Serre [23, 24] concluded that mixing is enhanced by the horseshoe and counter-
rotating vortices that are formed near the entry of the incoming jet. In addition,
Tunstall et al. [25] studied turbulent flows in T-junctions with an upstream elbow
for a Reynolds number of 100, 000. They showed that the curvature upstream the
jet entry leads to the formation of Dean vortices' [26, 27] that play an important
role in the mixing process between the two streams. Finally, over the last years,
Direct Numerical Simulations (DNS) were performed in turbulent mixing in T-
junctions. Wu et al. [28, 29] have performed one of the first DNS on flows with
high momentum ratios for a Reynolds number of 3,333. However, they did not

resolve the geometry of the jet and an artificial inflow was imposed instead.

1.3 Main challenges in the simulation of flows in

T-junctions

Even though the flow configuration in T-junctions is conceptually simple, one has
to tackle several challenges in order to simulate sufficiently well the resulting flow
field.

First of all, in applications related to thermal mixing, there are large tem-
perature gradients. These, in turn, affect significantly the physics of the flow.
Therefore, one has to employ an algorithm that is able to treat such flows.

In addition, one needs to provide accurate turbulent velocity inflow data for
the crossflow and the incoming jet. As Ndombo and Howard [30] have shown,
the inflow condition plays an important role in the successful modelling of flows
in T-junctions. These authors showed that the use of reliable turbulent inflow
data is necessary for the accurate predictions of the flow field near the walls of
the T-junction. Moreover, one has to impose a turbulent outflow condition. This
condition has to ensure that the turbulent structures are exiting smoothly the
computational domain, without affecting the flow field in this vicinity.

Furthermore, one has to be very careful in the selection of the dimensions of
the computational domain. The distance of the inflow planes from the region in
which the mixing process takes place must be sufficiently long in order for the
flow field to not be distorted. The same applies for the outflow plane. However,
the choice of these distances is not simple and preliminary simulations may be

necessary in order for these to be defined.

LA secondary flow in curved pipes and channels that appears in the form of counter-rotating
cells.
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Further, the grid configuration for the simulation of flows in T-junctions is
challenging. The interaction of the two streams results in the formation of several
structures, such as shear layers and recirculation bubbles whose extent is not
known a priori. Therefore, one has to perform preliminary simulations for the
assessment of the extent of those. Further, the size of these structures may differ
considerably. For example, those that are formed in the near-wall region can be
significantly smaller than those formed at the bulk of the T-junction. The designed
grid must be able to resolve all these structures. This, in turn, necessitates the use
of a very fine grid into many regions of the flow under study. Moreover, the grid
has to be configured appropriately so as to eliminate grid-induced oscillations in
the numerical results. For example, a small stretching factor needs to be used in
regions with non-uniform grid spacing. In addition, the grid cells must have low
aspect ratios.

Furthermore, turbulence has to be modelled appropriately. Other than tur-
bulence generated close to the walls of the T-junction, the interaction of the two
streams enhances the levels of turbulence throughout the computational domain.
On the other hand, in some regions, a temperature-induced increase of the vis-
cosity of the fluid may result in the relaminarization of the flow. Therefore, if
LES is conducted, one has to ensure that the unresolved scales are modelled in

accordance with the phenomena that take place in each region of the flow.

1.4 Objectives and outline of the thesis

Despite the progress achieved thus far in the understanding of flows in T-junctions,
several questions regarding their properties remain open. More specifically, the
interaction of the crossflow with the incoming jet gives rise to several complex
phenomena which are not yet sufficiently understood. The present work aims to

fill this gap. Accordingly, we set the following objectives.

e Developing a computational framework (software) that will allow us to accu-
rately predict the dynamic features of the flow of interest and the interplay
between the important forces, such as buoyancy, and physical mechanisms,

like shear-induced turbulence etc.

e Studying at a high level of detail the mixing process in isothermal and non-

isothermal flows in T-junctions.
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Investigating in depth the role of the temperature as an active scalar, in both

gas-gas and liquid-liquid flows.

Performing, to the best of our knowledge, the first ever DNS of thermal

mixing in T-junctions at the Reynolds number of 6, 000.

e Examining in detail the flow structures in the near-wall regions of the T-

junction.

Assessing the risk of thermal fatigue in the walls of T-junction.

To this end, we have employed a robust and computationally efficient algorithm
for flows with large temperature gradients. In our simulations we take into account
inertia effects that are induced by temperature gradients. In other words, we do
not employ the Boussinesq approximation. Further, we perform wall-resolved
simulations via parallel computing. In particular, close to the walls of the T-
junction, we use a sufficiently fine grid in LES, and evidently in DNS, so as to
resolve directly the flow structures in these regions. In addition, we examine the
high-order statistics of the flow and implement visualisation techniques that allow
us to study the flow structures in the flow of interest. Moreover, we conduct an
analysis of the properties of the time-signals of the flow variables.

This thesis is structured as follows. In the second chapter we describe the
governing equations. In addition, we elaborate on the numerical algorithm that
we implement in a computational software for the numerical treatment of these
equations. In this chapter we also provide a detailed description of the implemen-
tation of the boundary conditions and turbulence modelling. Further, we describe
the parallelization techniques that we use in the software that we develop.

In the third chapter we present the results of LES of turbulent isothermal flows
in T-junctions. In this part we perform simulations for flows with low and high
momentum ratios so as to examine the impact of this parameter on the mixing
processes. We also describe the main features of the flow and compare the obtained
results of our simulations with existing experimental data. In addition, we perform
an analysis of the first- and second-order statistics of the flow.

In the fourth chapter we show the results of LES of turbulent heat transfer in
gas-gas flows in T-junctions. In this part we present the results of our numeri-
cal simulations of flows with low and high temperature ratios. In particular, we
explain the main features of the flow and elaborate on the statistics of the temper-
ature, velocity components and turbulent heat fluxes. This chapter also includes

a comparisons with experiments. In addition, we perform a time-series analysis of
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the temperature signal at selected locations of the flow field in order to assess the
risk of thermal fatigue.

Finally, in the fifth chapter we present the results of DNS and LES of turbulent
heat transfer in liquid-liquid flows in T-junctions. This chapter includes a detailed
analysis of the instantaneous structures that are formed in the flow under study.
In addition, we present the budget of the turbulent kinetic energy which provide
additional insight on the turbulent production mechanisms that take place in flows
in T-junctions. Further, we assess the capabilities of LES on modelling turbulent
heat transfer in T-junctions. This is done by performing a comparison between
the predictions of LES with those of DNS.

In this thesis, we investigate turbulent flows at moderate Reynolds numbers,
i.e. it varies from 6,000 to 15,000. The range of Reynolds numbers that is exam-
ined in this thesis is close to those of AC applications in automobiles. However,
our investigations are not relevant to nuclear applications. This is because the
Reynolds number in these flows is characteristically high. In particular, due to
the very low viscosity of pressurised liquid water [31], it may reach the value of
several millions. Such Reynolds numbers are many orders of magnitude larger
than those studied in this thesis.

The results that are presented in the rest of the thesis are based on the following

articles

e M. Georgiou and M.V. Papalexandris. Numerical study of turbulent flow
in a rectangular T-junction. Phys. Fluids, 29(6):065106, 2017 [32]

e M. Georgiou and M.V. Papalexandris. Turbulent mixing in T-junctions:
the role of the temperature as an active scalar. Int. J. Heat Mass Transfer,
115(B):793-809, 2017 [33]

e M. Georgiou and M.V. Papalexandris. Turbulent heat transfer in liquid-

liquid flow in a T-junction. Under review [34]






Chapter 2

Governing equations and

numerical algorithm

2.1 Introduction

In the flows of interest, density may vary significantly due to temperature gradients
but the flow is incompressible because the Mach number is characteristically low
[35]. Variable-density, low-Mach-number flows are very common in physical and
industrial applications. For this reason they have attracted considerable interest
over the past years.

For the numerical study of low-Mach-number flows in T-junctions, one can em-
ploy the compressible Navier-Stokes-Fourier (NSF) equations. However, the time-
step would be excessively small because of the fast-propagating acoustic waves
and the corresponding Courant-Friedrichs-Lewy (CFL) condition for numerical
stability. This difficulty can be circumvented by employing the low-Mach-number
approximation of the NSF equations. This is obtained by expanding the equations
in pertubation series with respect to the Mach number. In the resulting system,
the momentum and energy are essentially decoupled, in the sense that the work of
surface forces (including the pressure) is negligible and does not enter the energy
equation. In addition, since compressibility effects are not important, the restric-
tion in the time-step imposed by the CFL condition does not apply anymore.
Therefore, significantly larger time-steps can be used in the numerical simulation
of flows of interest.

To integrate numerically the low-Mach-number equations, one can extend the
methods that are used in the constant-density “incompressible” Navier-Stokes

equations. Probably one of the most robust approaches is the projection method

11
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[36]. In the “standard” incompressible Navier-Stokes equations this procedure
is straightforward, because continuity implies that the velocity field is divergence
free. However, in variable-density flows this procedure is more complicated because
it involves the time-derivative of the density. In flows with large temperature and
density gradients, such as those studied in this thesis, this time-derivative can be
very stiff, thereby leading to numerical instabilities. For this reason many stud-
ies have been dedicated to the implementation of projection-based algorithms in
low-Mach-number flows.

For example, Cook and Riley [37] examined turbulent reactive plumes and pro-
posed the computation of this time-derivative via second-order explicit schemes.
They also used a third-order Adams—Bashforth method for the momentum equa-
tion and showed that this algorithm is stable in such flows for temperature ratios
up to 3. In a similar manner, de Charentenay et al. [38] investigated turbulent
flames. These authors used third order schemes for this term and solved numeri-
cally flows with even larger temperature ratios. Pierce and Moin [39] implemented
spatial filters on this time-derivative which increased considerably the stability of
the algorithm in combustion applications.

However, Nicoud [40] mentioned that, in channel flows these algorithms become
unstable for wall-temperature ratios larger than 4. In addition, he proposed an
alternative algorithm for solving the low-Mach-number equations. This algorithm
is based on a mixed Runge-Kutta/Crank-Nicolson time-integration scheme and a
variable-coefficient Poisson equation for the pressure. Finally, a review and study
on available different algorithms for the treatment of unsteady low-Mach-number
flows can be found in [41].

In our numerical simulations, we use the algorithm proposed by Lessani and
Papalexandris [42] which is based on a predictor-corrector time-integration scheme.
This algorithm employs a projection method for the momentum equation that re-
sults in a constant-coefficient Poisson equation. This is a significant advantage over
other algorithms that rely on variable-coefficient Poisson equation, such as the one
proposed in [40], because it increases considerably the computational efficiency of
the simulations. Further, it employs a collocated grid that offers computational
simplicity and can be straightforwardly extended to curvilinear coordinate sys-
tems. To avoid the well known odd-even decoupling problem of collocated grids,
the algorithm includes an extension of the flux interpolation technique of Rhie and
Chow [43] to variable density flows. This algorithm is quite robust and has been

shown to be stable enough for channel flows with wall-temperature ratios up to 9.
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This chapter is structured as follows. In section 2.2 we describe the NSF equa-
tions. Then, in section 2.2 we present the low Mach number expansion of the
aforementioned equations. Next, in section 2.3 we elaborate on the numerical
algorithm that we have implemented for the numerical treatment of those. In
sections 2.5-2.8 we provide information about turbulence modelling, implementa-
tion of boundary conditions, the decomposition of the computational domain and

algorithm parallelization. Finally, section 2.9 summarises.

2.2 Governing equations

Since our study deals with single phase non-reacting flows, the governing sys-
tem of equations underlying the flows we examine are the Navier-Stokes-Fourier
equations. In this context, let Z, ¢, Z denote the spatial coordinates. Let, p,
a = (u,0,0), p, T denote the density, velocity vector, pressure and the tempera-
ture of the fluid, with the superscript * denoting dimensional quantities. On the
other hand, symbols without superscript are reserved for non-dimensional quan-
tities. In dimensional form, the conservation laws for the mass, momentum and

energy read, respectively,

dp

L4V (pa) = 0, 2.1
5 (pia) (2.1)
dpi . L

o + V- (pua) = -Vp+V -7+ /g, (2.2)
N/ o . . o .

plyr + Py VT (aﬁu-w) — (#:Va)+ V- (RVT) . (23)

In the momentum equation (2.2), § = (0,—¢,0) stands for the vector of the
gravitational acceleration. Further, ¥ denotes the deviatoric part of the viscous

stress tensor,
R o T 2 "
7 = 4| Va+ (Va) — g(V ~a)l |, (2.4)

with £ and I being the dynamic viscosity and identity matrix respectively. In the

energy equation (2.3), ¢, is the specific heat of the fluid, # is the fluid’s thermal

«

conductivity while “:” denotes the double inner product (in this case, since 7 is

symmetric, the double inner product and the double dot product coincide). If, for
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example, the fluid is an ideal gas, the equation of state reads
p = RiT, (2.5)

with R being the gas constant.

The governing equations are non-dimensionalized with respect to a set of refer-
ence variables, f)ref, Uref, Prof Prefs Tref. Also, ¢, = ép(Tref), flrot = ﬂ(Tref), Rref =
/%(Trcf). In non-dimensional form they read

ap
— pr— 2-
LV () = 0, (2.0
dpu + V- (puu) = — Pret Vp + —V T+ pRi, (2.7)
ot Dref uref Re

oT ap Y — 1 2 /A ~

T — — = M .

P gy + pcyu - V 5 (81& +u-V ) o (7 : V)
+ Toe Prv (kVT). (2.8)

In this equation, Re is the Reynolds number, Ri = (0, —Ri,0) with Ri being the
Richardson number, M is the Mach number and Pr is the Prandtl number. These

are defined by

ﬁref ﬁref Lref . gLref 7jref /lref ép
Re = == =22 Ri==" M=-"2 pPr=—"d
Href Usof Cref Rref

In these expressions Cref = \/7 Pref/ Pref is the reference speed of sound and 7 is the
ratio of the specific heats of the fluid v = ¢,/é,.

The equation of state in non-dimensional form reads
p = pT. (2.9)

Low-Mach-number expansion

We proceed to derive the low-Mach-number expansion of the governing equations.
To this end, the square of the Mach number scaled with ~ is introduced as a per-
tubation parameter, ¢ = vM?2. Since the procedure is standard, we describe only

the basic steps of the derivation. For a more detailed description on the derivation
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of the low-Mach number approximation for the compressible NSF equations the
reader is referred to [42, 44].
We first expand all the variables in a perturbation series of powers of . For

instance,
p=p"+ep+0(E?), u=u+eu+0(?), ete (2.10)

Next, we insert these expansions in equations (2.6)-(2.8) and collect terms of

the same order. At order O(1/¢), the momentum equation (2.7) yields
vp' = 0. (2.11)

According to this relation, p° does not vary in space, i.e. it is a function of time
only. p° is usually referred to as the thermodynamic pressure.
Collecting the terms of O(1) in equations (2.6)-(2.8) yields

op°

- (pPu®) = 2.12
o TV () =0, (2.12)
0410
1
T S
poc io +poc TIUN v/ AU v (KOVTO) + 7__1d_po (2.14)
POt P Re Pr voodt '

The second-order term of the expansion of the pressure, p', is interpreted as the
static pressure. The system of equations (2.12)-(2.14) is the sought-after low-
Mach-number approximation of the NSF equations. In these relations the surface
stresses, p!, 7%, do not enter the energy equation (2.14). Therefore, the momentum
equation (2.13) and the energy equation (2.14) are essentially decoupled.
Finally, by inserting the expansions for p and T" into the state equation (2.9)
we obtain
p’ = p°T°. (2.15)

In flows in T-junctions that are studied in the context of this thesis, the domain
is assumed to be open with constant ambient pressure. Therefore, for the flows

under study the last term in the right-hand side of (2.14) is identically zero.
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2.3 Numerical method

In this section we describe the algorithm that we have implemented in the context
of this thesis. This algorithm is implemented in the C4++ programming language.
It is based on a predictor-corrector method to march in time, from t"*! = " + At
and the time-step, At, is computed from the condition
Axr Ay Az

y ) c.

At < min (—

= == (2.16)
ul * o] " |w]

with C' being the Courant number that is always smaller than unity. It should
be noted that this is a necessary but not sufficient condition for stability: see,
for example the discussion in [45]. Further, the superscripts n — 1, n and n + 1
denote the quantities at the corresponding time level. In addition, the superscript

x stands for values at the predictor stage.

Predictor-corrector projection scheme
Predictor

At the beginning of each time-step we first compute the prediction temperature 7%
from relation (2.14) based on the values of the previous time-step t". As concerns

the time-integration of the energy equation (2.14), the term pc,u- VT is computed

1 el el
Re Pr $<I€$

puted explicitly as well. On the other hand, the diffusion terms in the streamwise

explicitly. The diffusive term in the spanwise z-direction T) is com-
x-direction and normal y-direction are computed implicitly via a Crank-Nicolson
scheme. This is due to the existence of wall boundaries in these two directions.
In particular, in order to resolve the flow field in the near-wall regions we need
to use grid cells of very small size. Therefore, the explicit computation of the
diffusion terms in these directions would require a very small time-step. This co-
nundrum is avoided with the choice of the Crank-Nicolson scheme. However, this
implicit time-integration gives rise to linear systems for the computation of the
temperature. This, in turn, increases considerably the computational cost of the
algorithm. Nevertheless, the gain from the larger time-steps is bigger than the
additional cost of solving linear systems. For this reason we opted for the afore-
mentioned time-integration strategy. The predicted temperature 7" is computed

by solving the linear systems resulting from
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T* _ Tn
P —xy = Resr(p",u", T7)

n 1 ) " 8T*+8T” n o ( ., 8T*+8T" (2.17)
— | "= + = — (K" =— +—=— . .

2 Re Pr \ Oz ox ox dy Jy dy

In this equation Resy groups the terms that are computed explicitly and it is given

by

Re Pr 0z H&
After the computation of 7%, the density p* is evaluated from the equation of
state (2.15)

1 T
Resp = —pc,u- VT + 0 ( 0 ) . (2.18)

1
F= (2.19)
Next, we compute the prediction of the velocity vector field u and the static
pressure p'. In flows with large density gradients, such as the ones studied in
the context of this thesis, the numerical treatment of the gravitational force can
be very cumbersome and cause stability issues on the numerical integration of
the governing system of equations. One way to increase the robustness of the
numerical algorithm is to express the pressure field in the form of the modified
pressure, p,, = p' + p Riy; see for example, Hong and Walker [46]. Therefore, we
substitute
d(pRiy)  O(pRi)

pRi = 3y —y o (2.20)

in equation (2.13) so as to obtain

I(pu)
ot

1
+ V- (puu) + Vp, = EV T+ RiyVp. (2.21)

In order to compute the velocity vector field u and the modified pressure py,,
we first calculate w (also referred to as auziliary velocity) which is given by
pu _ pu

NN - (puu) +

1

T 2.22
VT (2.22)

For the time-integration of equation (2.22) we use the Crank-Nicolson scheme
for the viscous terms in the wall-normal directions and the Adams-Moulton method
for the convective and the viscous term in the spanwise direction. The terms

which are integrated explicitly are grouped into the residuals for the velocities
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Res, = (Res, , Res, , Res,,)? that are given by

1 2 0 ov  Ow
Res, = —V~(puu)+§ {—5% (M (a—y—i-&))

LR ew
Res, = —V~(puv)+é[€% <,ug—Z)
@)L e
Res,, = —V-(puw)Jré{% (u%)—k%(ﬂ%)
) I

Further, to facilitate the presentation of the discretized momentum equation (2.22)
we group together the coefficients of the stress-tensor terms that are treated im-
plicitly. For this purpose we introduce two auxiliary diagonal tensors C and D
defined by C = diag(%, 1,1) and D = diag(1, %, ). Then, the discretized form of
(2.22) reads

X~ man 3 1
% — EResu(p”,un) - §Resu(p"_1,u

1 0 . (Ou  Ou” 1 0 . (Ou  Ou”

Having calculated @, we proceed with the discretization of equation (2.21).

n—l)

This is done in an analogous manner with the discretization of (2.22) using the

predicted values identified by “«”. The resulting equation reads

* * *

pru* p'u
At At

— Vpi, + RiVpy. (2.25)

Next, we perform the projection step. In particular, we take the divergence of
equation (2.25) and we substitute the term V- (p*u*) by the time derivative of the
density, %f, based on the continuity equation (2.6). In turn, this time-derivative
is approximated by a second-order backward difference scheme. According to [42]

this choice increases considerably the stability of the proposed algorithm. In this
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manner we arrive at an elliptic equation in which p,, is the only unknown:

3p* _4pn+pn71
2At?

. 1
Vp —

+ RiV - (yVp"). (2.26)

Once the above linear system of equations is solved we go back to equation

(2.25) and compute the predicted values of w*.

Corrector

In the corrector stage the state variables are updated to time t"*! = " + At,
following the same sequence of steps as in the predictor stage.

For the computation of 7! we solve the energy equation which reads

Tn+1 —Tn
PP A

+ 1 2 K a_T*+a_Tn _|_£ K a_T*+a_Tn (227)
2 Re Pr \ Oz Ox o oy oy oy ’ '

with Ty, = 0.5(T" + T*).
Next, we compute p"*! by using the state equation (2.19)

- ReST(P*7 U*7 Tav)

0

n p
A Tt (2.28)

To compute the auxiliary velocity of the corrector step, w, we solve the following

equation with Res,, = (Res,,Res,,Res,)” given by equation (2.23):

1
=5 (Resyu(p*, u”) + Resy,(p", u™))

1 0 (,(0u Oun 1 0 [, (00 ou

In order to compute the velocities u™*! we take the divergence of

n+1,,n+1 n+1,
P P it o
= V + RiV . 2.30
N N Pm tvVp Yy ( )

This results in a Poisson equation for the modified pressure p™! given by
3pn+1 _ 4pn + pn—l

2A¢?

1
Vit = =V (o) + +RiV-(yVp . (231)

At

Once p™™ is computed, it is substituted in equation (2.30) to obtain u™".
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It should be noted that in their article, Lessani and Papalexandris [42] proposed
an additional reintegration of the energy from t" to t"*! with the same two-stage
method but with using the final values of both density and velocity. According to
these authors, this additional reintegration increases the robustness and stability
of the algorithm. In our numerical studies, we have also implemented this step
without observing any considerable differences in the numerical results. Therefore,
for the purposes of computational efficiency, this step is omitted in the algorithm.
Further, it should be mentioned that in order to validate the code, we reproduced
the results of turbulent heat transfer in channels presented in [42, 47].

As already mentioned, this algorithm is adopted from [42]. However, in our
studies we use a different time-integration strategy. In particular, we integrate
implicitly the viscous and diffusion terms of equations (2.13) and (2.14) in the
streamwise x- and vertical y-directions. Finally, in figure 2.1 we present a simplified
flow chart that summarises the steps for both predictor and corrector stages of the

computational algorithm that we use in our studies.

( A

Compute T and T from the ex-
pression (2.17) and (2.27), respectively.

Evaluate p* and p"! from the
state equations (2.19) and (2.28).

Calculate @* and @™ from
the relations (2.24) and (2.29).

Determine p¥, and p"™! from the
Poisson equations (2.26) and (2.31).

Compute u* and u"*! from the
expressions (2.25) and (2.30).

- J

Figure 2.1: Simplified flow chart of the steps of the numerical algorithm.
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2.4 Spatial discretization

For the spatial discretization of the governing equations we employ a collocated
grid, i.e. all the variables are evaluated in the cell centre. In the description that
follows, the grid cells are uniquely identified by the indices {4, j, k}, corresponding
to the order of appearance of the cell along the x, y and z-axis respectively. The
dimensions of each cell are Az;, Ay; and Az;,. Further, subscripts with integer
coefficients (for example, i, i + 1 etc) stand for quantities at the centres of the
computational cells. Also, half-integer coefficients (e.g., 1 — 1/2, i + 1/2), stand
for quantities that are evaluated at the cell-interfaces along the direction that the
index represents. In addition, for the manipulation of the discrete operators we
assume a rectilinear grid, 7.e. a grid in which the size of the cells in each of the three
directions varies only along the respective direction, Az; = Az;(7), Ay; = Ay, ()
and Az, = Azi(k).

In order to facilitate the description of the discretization schemes that are used
in our thesis we introduce two elementary operations. The weighted interpolation

operation of a quantity ¢; ;j in the streamwise, normal, and spanwise directions

is given by,
e o DTy Gnbor T ATy Oy (2.32a)
bk AI’H_% + A.T-_% ’ '
o = B4 Pisrpn + Ay Oi- (2.32b)
1,5,k ij+% + ij_% 5
-z _ Azk—% ¢¢,j,k+% + AZH% Qbi,j,k—% (2.32¢)
Z’]’k Azk_,’_% + Azk_% ’ ’
respectively.

In addition, we introduce a finite-difference operation which is annotated by

6 6

350 3y and % along the three directions. It is defined by

5¢’L,],k . ¢l+%’]7k B (bl_%m%k

- )
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0ijh _ Pighty ~ Pijh-i
0z Zk—&—% — Zk—%

(2.33¢)

It is well known that collocated grids are susceptible to the odd-even decoupling
problem that produces spurious oscillations in the pressure field. In order to avoid
this problem we employ a generalised version of the flux interpolation method
proposed in [42]. According to this method, the velocities are interpolated on the
interfaces of the cells to yield the values that are used in the calculations of the
convective terms, instead of the cell centred values. To this end, let us introduce

the auxiliary fluxes f,, f, and f,, given by

¢ OPmoi1 3k 0piy1 3k
flivsjn = (P0)ip1 0 — —M? At + Ri —5; y At (2.34a)
JE— 5]) PR (5p- 1
~ ) moZvJ+77k . ’Lu]+77k
f”|i,j+%,k: = (pv)i,j—&-%,k — TQAt + R TQyJ+% Y At, (234b)
[E— (5]9 P 1 (5p- : 1
~ z ml?]7k+7 . Z7]7k+7
fw|i,j,k+% - (,OU))Z-,]-JH_% — 5—22At + Ri sz At . (234C)

These expressions are valid for the predictor stage. For the corrector stage
we follow the same procedure but we replace (@, 0, w) by (u, v, W), according to
equation (2.30). It should be noted that for the initialisation of the algorithm at
t = 0, the auxiliary fluxes used in the calculation of Res, and Resy are given only
as a function of the velocity and density at the initial condition.

Having defined the interpolation and differential operations we present in more
detail the spatial discretization of terms of particular interest. We first describe
the discretization of the advection term pc,u - VT, of equation (2.18). This term
is of particular importance because it is the only non-linear term in the energy
equation. The corresponding term in the momentum equation, 7.e. the convective
term, is meditated by the pressure gradient and the continuity equation which have
a “smoothening” effect [48]. However, no such mechanism is available in the energy
equation. For this reason, this term can yield sharp temperature gradients that
might result to overshoots of the temperature. To avoid such situations, particular
attention has to be paid on its discretization. In this thesis it is computed by

employing the following scheme,

T Y
51—77:7.7’]? Yy 5E7]7k z 51—;’]ak

+wi7j7k 7 . (235)

~ gz .
u- VT ~ ulp 5 + Uik
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In the context of our research, we tested different discretization schemes as well.
For example, we examined a scheme that employs the auxiliary fluxes defined in
equations (2.34a)-(2.34c). Nevertheless the discretization given in equation (2.35)
is proven to be more stable for the flows that this thesis investigates. We have also
examined the appropriateness of upwind-biased schemes, such as the first-order
scheme for the advection equation and the extension of the third-order QUICK
scheme for non-uniform grids [49]. However, these schemes were proven to be
excessively diffusive and for this reason they are not used in our numerical simu-
lations. Several authors have proposed alternative schemes for the computation of
this term, such as the Total Variation Diminishing (TVD) schemes with limiters
[50], which, although, they have not been tested in our studies. The discretization

of the diffusive term in equation (2.18) reads

) 0T ke ) 0Tk
. T ~ — X 5] — Yy 2Js 2‘
v (’L{v ) 51, (Kﬁ,],k 6.’13' ) + 5?/ ("{7/,],]9 5y ) ( 36)

0 205 5k
*5s (Kw’k 6z ) '

With regard to the convective terms in the residuals of the momentum equa-

tion, given by relation (2.23), we introduce the auxiliary fluxes f,, f, and f,. In

their discretized form they read

Sfuu”
ox

Sfou?
oy

0fuu?
0z

V- (puu) =

(2.37)

i+3.5.k ij+5.k i,g,k+5

The viscous terms that are treated explicitly are computed in a manner similar
to the heat diffusion terms for the expression (2.36). Special attention should be

paid to the terms containing cross-derivatives. An example is the diffusion term,

%)

B (ug—’;), which is discretized according to

9, ou d O g™
— — | = — e e YL 2.

Similarly for all terms containing cross-derivatives, the interpolation operation

should be applied in the corresponding two dimensions.
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2.5 Turbulence modelling

As concerns numerical studies of turbulent flows, there are three approaches,
Reynolds-Averaged-Navier-Stokes (RANS), Direct Numerical Simulations (DNS)
and Large Eddy simulations (LES).

The fist approach, RANS, amounts on solving the equations for the mean
velocity field, thus it does not provide information about the dynamic features of
the flow. For this reason it is not used in this thesis. In DNS, the computational
mesh is sufficiently fine that it resolves all turbulent scales of the flow which,
in turn, increases prohibitively its computational cost. On the other hand, in
LES only the large turbulent structures of the flow are resolved while the smaller
structures are modelled. The rationale behind this approach is that the large
structures are highly dependent on the flow conditions, hence it is difficult to
model their behaviour. On the contrary, the smaller structures behave in a more
universal manner thus rendering their modelling easier. The advantage of LES
is that it is computationally cheaper than DNS while it still provides information
about the unsteady motion of the large structures of the flow. For this reason, it is
has often been applied in numerical simulations of turbulent flows in T-junctions.

In figure 2.2 we present a comparison of the predictions of RANS and LES
in flows in T-junctions that is performed by Sakowitz et al. [22]. In particular,
we show a streamline emerging from the top entry of the vertical channel as ex-
tracted from the mean velocity field. According to this figure, LES predicts that
this streamline turns steeply and becomes parallel to the walls of the horizontal
channel. However, further downstream, it turns towards the top wall. In contrast,
the streamline extracted from the predictions of RANS stays parallel to the walls
of the horizontal channel and does not turn towards the top wall. Further, ac-
cording to the same authors, RANS provides erroneous predictions regarding the
vortical structures that are developed in flows in T-junctions. Thus, they con-
cluded that scale-resolving methods, such as DNS and LES, are more appropriate
for simulating flows in T-junctions. For these reasons, in our studies we perform
LES and DNS.

According to the LES approach, first the governing equations (2.12)-(2.14) are
spatially filtered. The filtering operation reads

o(x) = /F(w — ') (') da’ (2.39)
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i

RANS ' i

Figure 2.2: Comparison of the predictions of LES and RANS in flows in
T-junctions. In this figure we show the trajectory of a streamline that
emerges from the vertical channel which is extracted from the averaged
velocity field. This image is reprinted from [22], with permission from
Elsevier.

with F' being the filtering operator. Herein, F', is a box filter that is represented
by the computational grid. This approach is also referred to as implicit filtering.
Upon filtering, ¢ is decomposed into ¢ = ¢ + ¢”. Even though this operation
is similar to the Reynolds decomposition, which decomposes a quantity ¢ to its
steady component, <¢>, and its fluctuation, ¢’, there are important differences
between the two operations. More specifically, the filtered quantity ¢ is also a
random field while the mean of the unfiltered quantity, ¢”, is not necessarily zero,
<¢"> # 0. In addition, to eliminate density fluctuation correlations, we use a
density-weighted filtering operation ¢ = % that was introduced by Favre [51].

The filtered version of the governing equations reads

9p

— . it f— 2-4
71V (pi) = 0, (2.40)
dpu ey _ 1 . =
W#—V-(puu) ——Vp+EV-T—pR1y,—V-(puu>, (2.41)
oT . 1 3 _
ﬁcpg +pc,u - VT = o P’rv (kVT) = pu” -VT" . (2.42)

In order to close the above system of equations, we need to introduce appro-
priate models for the non-linear residual terms, V - <ﬁm > and ﬁu”f'vVT ". The
momentum equation (2.41) is closed by employing the eddy-viscosity hypothesis,
first introduced by Boussinesq [52]. According to the “energy cascade” scenario,
the larger scales of the flow provide with energy the smaller scales. Based on
this, the aforementioned hypothesis takes into account the effect of the unresolved

scales via an additional (eddy) viscosity whose action is to subtract energy from
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the resolved scales of the flow. This hypothesis reads

e~ —

1 2
— pur = ok = (va + (V)" —3(V- ﬁ)I) , (2.43)

with k. being the residual kinetic energy k. = (ww)I that is included in the
modified filtered pressure. Smagorinsky [53] first introduced this approximation

and he proposed the following expression for the computation of the eddy viscosity
pe = Cs p AT . (2.44)

In the equation above, Cy stands for Smagorinsky constant, A for the filter’s width
which is estimated as A = (Az Ay Az)l/ % and T is the characteristic filtered rate
of strain that is defined by

1
2

7= ((va+va)"): (va+(va)")) (2.45)

Expression (2.44) is the basis for many models that estimate the subgrid-scales
of the flow, also referred to as subgrid models [54]. There are two approaches re-
garding the computation of the contribution of the subgrid-scales. In the first,
the contribution is computed explicitly by using a subgrid model. Alternatively,
Boris et al. [55] suggested that one could rely on the dissipation introduced by
the the numerical schemes used for the discretization of the governing equations.
This approach, also known as implicit modelling, has minimal computational cost.
However, it depends strongly on the fineness of the computational grid and pro-
vides no control over the contribution of the subgrid stresses.

Herein, we explicitly compute the contribution of the subgrid scales and, more
specifically, we employ the dynamic model presented by Moin et al. [56] for the
computation of ;. This model is an extension to variable-density flows of the
popular dynamic procedure proposed by Germano et al. [57], combined with the
least-squares technique proposed by Lilly [58]. We opted for this model because,
beside being straightforward to implement, its contribution is eliminated in the
near-wall regions as well as in regions where flow relaminarizes.

The dynamic procedure outlined above, occasionally gives rise to negative val-
ues of the eddy-viscosity ;. This theoretically means that energy is transferred
from the subgrid to the resolved scales of the flow. However, negative values of
1 can render the simulations unstable. For this reason, several approaches have

been proposed to eliminate them. In our study, we average in the homogeneous
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direction and the remaining negative values are clipped to zero which is a com-
mon practice in LES simulations of turbulent flows in T-junctions [25]. Further, it
should be mentioned that in the context of our research we have tested alternative
approaches for the elimination of these negative values, such as local averaging
or localised subgrid models such as the one proposed by Piomelli and Liu [59].
However, the differences in the results obtained with these alternative approaches
turned out to be minimal.

In order to model the non-linear term ﬁu”/-vVT” in the energy equation (2.42)
we employ the gradient assumption first introduced by Eidson [60]. This is similar

to the eddy viscosity hypothesis and reads
—ﬁu”-/\V/T” = ki VT. (2.46)

The eddy conductivity ; is related to the eddy viscosity u; by the following

expression

[ Cp
S e 2.47
Rt _F?"t y ( )

with Pr; being the turbulent Prandtl number. This is the only unknown in the
equation above.

Herein, Pr, is assumed constant and equal to 0.9. It should be mentioned
that we have also implemented the dynamic procedure proposed by Moin et al.
[56] without observing any differences in the numerical results. This remark is in
accord with the findings of Zainali and Lessani [61]. These authors showed that
k¢ is essentially non-affected by the choice of a constant or dynamically computed
Pr;. In fact, to the best of our knowledge, all previous LES for T-junctions were
based on a constant turbulent Prandtl number whose value is either equal or close
to unity. For example, in the simulations presented in [19, 20, 62] the turbulent

Prandtl number was set equal to 0.85, whereas in [23, 24| it was set equal to unity.

Treatment of the wall regions

A critical issue in wall-bounded flows is the treatment of the wall region because
the flow in this region provides the principal mechanism for turbulent generation.
Therefore, this region should be sufficiently resolved. However, this requires very
fine grids which, in turn, increase substantially the computational cost of the
simulations. An alternative approach is to employ a wall model; see, for example
the discussion in [54]. Wall models reduce considerably the computational cost

of simulations of wall-bounded flows without affecting the statistical properties of
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turbulence, at least for certain types of flows. However, as Jayaraju et al. [62]
remarked, wall models perform poorly in flows in T-junctions. This is attributed
to the complexity of the flow under study in comparison with simple channel
flows. In particular, the interaction of the two streams results in several separation
and reattachment zones that render the application of existing wall models quite
challenging and cumbersome. For this reason, we have opted for wall-resolved
numerical simulations. Thus, the no-slip condition is applied to all three velocity
components. As for the size of the grid in the near-wall regions, more details are

provided later on.

2.6 Boundary conditions

Inflow and outflow conditions

In the simulations of flows in T-junctions we have to impose turbulent velocity
inflow conditions. As shown by Ndombo and Howard [30], the accuracy of the
numerical results is strongly dependent on the quality of this condition. For this
reason special attention is paid on its implementation.

In order to assign turbulent inflow condition, we can either employ data ob-
tained by auxiliary simulations or generate velocity profiles of synthetic turbulence.
The first approach consists of auxiliary simulations to produce reliable turbulent
inflow data and comes in two variants. According to the first variant, the com-
putation of the auxiliary simulation is performed simultaneously with the main
simulation. In the second one, the auxiliary simulation is carried out in advance
and the inflow data are stored to a numerical database.

In the second approach, the turbulent inflow data can be generated by a
stochastic reconstruction of the velocity field by adding fluctuations with spe-
cific spectral properties to the mean velocity profile. There are several methods
for the generation of synthetic turbulence, see for example [63-65] as well as the
relevant discussion in the monograph of Sagaut [54].

Herein, we opted for the use of auxiliary simulations that are performed si-
multaneously with the simulation of the flow in the T-junction. Even though this
choice is computationally more expensive, it is also the most accurate. Further,
despite the small computational cost of the second approach, i.e stochastic recon-
struction, this choice requires the prolongation of the computational domain so
as to provide enough space for the turbulent structures to develop. Therefore, it

increases considerably the computational cost of this option.
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To avoid spatial interpolation errors, the grid resolution for each auxiliary
simulation is the same as in the corresponding inlet of the computational domain
of the T-junction. Additionally, for the elimination of time-interpolation errors,
the time-step used in the auxiliary simulations is the same with the one in the
principal simulation. When the inflow data are stored to a numerical database
time-interpolation errors cannot be avoided and for this reason we did not follow
this approach.

As concerns the outflow boundary condition, we have implemented the con-
vective boundary condition that is widely used in simulations of turbulent flows.
This condition allows the vortical structures to exit the computational domain
with minimal distortion and when applied to a scalar field ¢ to an outflow plane

normal to the z-direction, it reads

0, 00

Uconv_ = 0. 2.48
ot + ox ( )

In this equation U, is the convective velocity and it is set equal to the maximum
value of the streamwise velocity at the outflow plane and at the previous time-step.
Further, the computation of the advective term in equation (2.48) is performed
via the standard second-order accurate upwind scheme for the advection equation.
Finally, it should be stressed that, when necessary, we add a corrective constant
to the velocity field normal to the outflow plane [66]. This constant is introduced
in order to ensure that mass is conserved and that the outflow condition is able
to balance changes in the inflow mass flow rate as well as density variations in
the interior of the domain. In addition, the constant is always three orders of
magnitude smaller than the velocity field normal to the outflow plane and its
effect on the resulting flow field is minor.

As for the temperature field, at the inflows we impose uniform temperature
profiles while the convective boundary condition, shown in equation (2.48), is
used for the outflow. On the other hand, a zero Neumann condition is imposed
at the walls. Further, a zero Neumann condition is given for the pressure in all
the boundaries of the computational domain. Finally, the boundary condition for
the auxiliary velocities w and @ is set so as to satisfy equations (2.22) and (2.29)
respectively and for the predictor step reads

- " At " o s
Uyall = Uy, + p*_ (prall — Ri vaall y) . (249>

wall
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Figure 2.3: Illustration of the domain decomposition that is performed in
our numerical simulations. The thick dashed lines show the original rect-
angular domain and the black solid lines show the resulting computational
domain after the domain decomposition. The thin dashed lines show the
interior boundaries between sub-domains.

2.7 Decomposition of the computational domain

As already mentioned above, in our studies we have used a rectilinear grid. This
results in a computational domain that has the shape of a rectangular paral-
lelepiped. Therefore, in order to simulate flows in T-junctions, the computational
domain should be decomposed appropriately. In figure 2.3 we show a simplified
two-dimensional illustration of our computational domain. The initial shape of the
computational domain is shown with thick dashed lines while the resulting shape
of the domain after its decomposition is shown with solid black lines. Finally, with
thin dashed lines we show the interior boundaries of the sub-domains.

As this figure shows, the domain is decomposed into six sub-domains. The
sub-domains 1, 2 and 4, cover the horizontal channel while the one named as 3
covers the smaller vertical channel. As for the regions of the rectangle named as
5 and 6, with an exception of a row of cells that is used as ghost-cells, they are
kept inactive throughout the entire duration of our numerical simulations.

The implementation of this domain decomposition is straightforward and is
performed by adding an additional iteration loop that iterates only over subdo-
mains 1-4. On the other hand, the population of matrices during the solution of
linear systems is slightly more complex. In order to fill the matrices efficiently, we
are introducing an index map which modifies the coordinates of the rectangular
prism into the ones for the geometry of the T-junction. Finally, special attention is
paid on the corners of the decomposed computational domain. More specifically,
the third sub-domain has one common ghost-cell with the first and the fourth sub-
domains. Therefore, in order to not have conflicting boundary conditions in these
locations, we update the value of the ghost-cell accordingly to the sub-domain

where the operations are performed.
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2.8 Algorithm paralellization

To increase the computational efficiency and reduce the computing time, the algo-
rithm described above is parallelized using the OpenMP application programming
interface [67]. OpenMP consists of a number of compiler directives and library
routines and it is designed for shared memory multiprocessing programming. For
the numerical simulations performed in the context of this thesis we have used a
server containing four Intel Xeon E7-4820 v3 processors totalling 40 cores and 128
Gb of RAM. By using the directives provided by OpenMP, the parallelization of
the terms that are computed explicitly is straightforward.

Nevertheless, for the numerical solution of linear systems via parallel algo-
rithms, we need to perform particular rearrangements in the solution procedure in
order for it to be parallelized efficiently. For example, for the computation of the
auxiliary velocities w and @ we take advantage of the fact that they are computed
explicitly in the spanwise direction. Therefore, instead of solving a linear system
with a left-hand side of size N, x N, x N, we solve NN, systems of size N, x N,,. The
matrix population of the IV, systems and the computation of the right hand side
of equations (2.24) and (2.29) is performed in parallel by all acting cores. On the
other hand, each core is assigned to solve one of the N, linear systems. In order to
solve the afore-mentioned linear systems we use the stabilised biconjugate gradient
iterative method (Bi-CGSTAB) proposed by der Vorst [68]. More specifically, we
employ the implementation of the algorithm provided by EIGEN [69] which is a
template library for linear algebra.

For the solution of the two Poisson equations for the pressure (2.26) and (2.31)
we follow a different strategy. The iterative procedure described above performs a
larger number of simulations before converging to a solution for these equations.
This, in turn, results in a significant increase of the algorithm’s computational
cost. For this to be avoided, we use a direct solver. In order to use a direct solver,
the left-hand side of equations (2.26) and (2.31) must be factorised accordingly.
This is an operation that is computationally time consuming. However, since the
left-hand side in these equation is constant, the factorisation procedure is done
once at the initialization stage of the algorithm.

The direct solver that is employed for the linear systems for the pressure is
PARDISO [70], a high-performance parallel solver of large sparse linear systems
provided by Intel® MKL programming language library. This choice reduces con-
siderably the computing time for the computation of equations (2.26) and (2.31)

while providing a very accurate solution. However, the excessively large size of the



32 Chapter 2. Governing equations and numerical algorithm

square matrices in the left-hand side of these equations, renders the use of direct
solvers cumbersome. To reduce the size of the matrices, we assume a solution in

the form of finite Fourier series in the spanwise homogeneous direction

N.—1 N-1
o = Z oM e mhm/N - Z ¢™ (cos(2mkm/N) + i sin(2rkm/N)) . (2.50)
m=0 m=0

In this equation ¢™ stands for the Fourier coefficient corresponding to wavenumber
m. This, in turn, enables us to use the Fast Fourier Transform (FFT). In this
manner, instead of solving one system with the square matrices having dimension
Ny x N, x N, we solve N, systems where the matrices have dimensions N, x V,.. In
what follows, we briefly describe the procedure applied on the solution of equations
(2.26) and (2.31). In particular, we describe the solution for equation (2.26) which
in discretized form reads

P, +c Py 1+ P+ 3Py = RHSxyk . (2.51)

TYk

. . 2 2
In P:y we group the discretized terms for 88% + 885 m  Also, ¢1, ¢ and c3 are the

coefficients that result from the discretization of the term % for k—1, k and k+1
respectively. Additionally, in RHS;, we group all the terms on the right-hand side
of equations (2.26) which are computed in parallel by all acting cores. We then

perform the discrete Fourier transform of the relation (2.51) so as to get

N:—1 N,—1
PV*Z"; e~i2mkm/N Z p" (ClefiZWk(mfl)/N_i_CZefiQﬂ’km/N_|_6367i27rk(m+1)/N)
m=0 m=0
N-1
= ) RHS], . (2.52)
m=0

By employing trigonometric identities and setting equal the coefficients of

—i2rkm/N

e in equation (2.52) we obtain

e 2 o m _m
S (2608 (%) —2> P+ " = RHESD. (2.53)

This is the linear system of equations that we solve with PARDISO. Once the
solution for P* is obtained, we perform the inverse Fourier transform in order to

obtain the values of p,,*. Finally, it is worth mentioning that for the computation
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of the Fourier and the inverse Fourier transforms we use FFTW [71], a parallel

programming library routine for computing discrete Fourier transforms.

2.9 Summary

In this chapter we presented the governing equations of the flow under study and
their low-Mach-number approximation. We also described the numerical algorithm
that is employed for the numerical treatment of these low-Mach number equations.
This algorithm is based on a predictor-corrector time-advancement scheme and
a projection method that yields a constant-coefficient Poisson equation for the
calculation of the pressure.

Further, we briefly described the subgrid models that are used in our LES sim-
ulations. In addition, we elaborated on the implementation of the turbulent inflow
condition, which plays an important role on the accuracy of simulations of turbu-
lent flows in T-junctions. Finally, we outlined the procedure for the parallelization
of the numerical algorithm that is implemented especially for the present work,

with emphasis on the Poisson solver for the pressure.






Chapter 3

Isothermal turbulent lows in

T-junctions

3.1 Introduction

In this chapter we report on numerical studies of isothermal turbulent flows
in T-junctions. An important issue regarding Large Eddy Simulations of flows in
T-junctions is the resolution of the near-wall regions of the flow. To the best of
our knowledge, the majority of previous studies were based on LES that did not
resolve the near-wall regions because of the increased computational cost. Instead,
they relied on wall models, also referred to as “wall functions”. However, as shown
by Jayaraju et al. [62] and more recently by Tunstall et al. [72], the use of wall-
functions for simulating flows in T-junctions results in erroneous estimation of the
near-wall temperature and velocity fluctuations.

Despite the progress achieved thus far in the understanding of flows in T-
junctions, there are several questions regarding their properties in the near-wall
regions. More specifically, due to flow separation and reattachment, the complex-
ity of the flow field close to the walls of the T-junction increases substantially.
The main objectives of this study are to advance our understanding of the flows
of interest and to examine more closely the underlying physics in these region.
An additional objective of this work is to create a database of numerical results

for this complex flow that can be used for validation purposes. To this end, we

The results of this chapter have been published in: M. Georgiou and M.V. Papalexandris.
2017 Numerical study of turbulent flow in a rectangular T-junction. Phys. Fluids 29(6),065106.
32]
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perform wall-resolved LES of the interaction between two turbulent streams in a
rectangular T-junction with periodic boundary conditions in the spanwise direc-
tion. Further, we consider two different cases, one with a high and one with a low
momentum ratio (Mg = 2 and Mg = 0.5, respectively) and assess their differences
and similarities.

To the best of our knowledge, this is one of the first wall-resolved LES for flows
in T-junctions. The fine resolution used near the solid boundaries has allowed us
to identify two new features that have not been reported before for T-junctions,
thereby affirming the complexity of the flow field near the walls and downstream
the incoming jet. The first new feature is a small-scale recirculation zone situ-
ated between the entry of the jet and the large recirculation bubble. The second
one is a region where the production term of turbulent kinetic energy is negative.
This region is located inside the large recirculation bubble and close to the point
of reattachment of the flow. In this chapter we also present a detailed analysis
of the statistics of the flow, thus providing additional insight and physical infor-
mation, particularly as regards the mixing process between the crossflow and the
incoming jet and the near-wall behaviour of the flow. A noteworthy contribution
of this analysis is the identification of boundary layers that are characterised by
favourable or adverse pressure gradients and the examination of their role to the
flow dynamics.

This chapter is structured as follows. In section 3.2 we outline the numeri-
cal algorithm and describe the numerical setup of our simulations, including the
implementation of turbulent inflow conditions. In section 3.3 we present the nu-
merical results. This consists of the description of the main features of the flow,
the comparisons with experiments and the analysis of the statistics of the flow.

Finally, section 3.4 concludes.

3.2 Numerical setup and computational aspects

In this section we outline the numerical method employed in our simulations and
elaborate on the flow geometry and the computational grid. In general terms, the
numerical setup and domain configuration are defined so as to simulate the exper-
imental study of Hirota et al. [11]. In those experiments, the authors investigated
the interaction between a crossflow and a jet, having different temperatures, in a
T-junction with rectangular cross-sections. Nonetheless, Hirota et al. [11] reported

that the velocity measurements were performed under isothermal conditions. In
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these experiments the bulk Reynolds number was Re;, = 15,000 and the momen-
tum ratio was Mg = 2. Using standard convention, Mg is defined as the ratio
between the momentum fluxes, pU?A, of the crossflow and the incoming jet, with
U and A being the bulk velocity and cross-section area, respectively. In our study
we have kept the same values of Rey, and Mg as in the experiments mentioned
above. Further, we have performed additional simulations with the same Re}, but
with Mg = 0.5 in order to examine the effect of varying the momentum flux of
the jet.

3.2.1 Outline of the numerical method

Since our study concerns LES we solve numerically the incompressible, spatially-
filtered Navier Stokes equations. For non-dimensionalisation purposes, the bulk
velocity of the crossflow U, is chosen as the reference velocity, whereas the half-
width of the main channel § is chosen as the reference length. In non-dimensional

form, the governing equations read

V-u =0, (3.1)
ou

1 1
E%—u-Vu = —;Vp%—EV-((VJth)Vu) : (3.2)

In equation (3.2), Re is the Reynolds number defined as

Re = : (3.3)

with U, being the bulk velocity of the crossflow. As such, Re is half the bulk
Reynolds numbers Rey,, so that in our case Re = 7,500. Also, 14 denotes the
eddy viscosity that is computed by the procedure outlined in section 2.5 and rep-
resents the transport and dissipation of kinetic energy to the subgrid (unresolved)
turbulent structures of the flow. Further, the components of the spatially-filtered
velocity vector u will be denoted as u = (u, v, w).

The numerical treatment of the above equations is based on a variation of the
time-accurate algorithm of Lessani and Papalexandris [42] described in chapter 2
with the time-step being determined by the CFL condition with a Courant number

being smaller than unity.
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3.2.2 Flow geometry and grid resolution

An illustration of the flow geometry is provided in figure 3.1. According to the
convention adopted herein, the z-axis is aligned with the streamwise direction, i.e.
the direction of the crossflow along the main channel. The y-axis is aligned with
the wall-normal direction and the z-axis points with the spanwise direction. The
distance between the walls of the main channel is 20, whereas the distance between
the walls of the jet is 6. In our simulations, the crossflow enters the computational
domain from the left inflow boundary of the main channel, while the jet enters
from the bottom inflow boundary of the smaller transverse channel, as shown in
figure 3.1. The two streams mix downstream the entry of the jet and the combined
stream exits the domain from the right outflow boundary of the main channel.

In their numerical study of a jet in an unconfined crossflow, Muppidi and Ma-
hesh [73] concluded that the extent of the computational domain of the transverse
channel must be at least equal to the jet diameter, d, in order for the velocity
statistics of the jet to be independent of the crossflow. Accordingly, in our simu-
lations we satisfy this requirement by setting the length of the transverse channel
equal to 26. For the same reason, the extent of the crossflow in the main channel
(i.e. the distance between the upstream inflow and the entry of the jet) is set
equal to 50. Finally, the distance between the jet entry and the outflow at the
right is set equal to 130 so as to capture as much as possible the mixing process
between the incoming jet and the crossflow.

Periodic boundary conditions are applied in the spanwise direction. This choice
offers significant computational savings when compared with wall boundary con-
ditions that would require high grid resolution near the boundary. Nonetheless,
periodic conditions still allow for meaningful comparisons with experiments. In
fact, in their numerical study of impinging jets, Jones and Wille [74] reported that
their predictions at the symmetry plane were independent of the type of spanwise
boundary conditions. This, in turn, implies that it is feasible to compare our
predictions with the measurements of Hirota et al. [11] at the symmetry plane by
applying periodic conditions in the spanwise direction. Finally, the length of the
computational domain in the spanwise direction is set equal to Z§L7r5. This length
is deemed sufficient for the development of the pertinent turbulent structures of
the flow.

Next, we describe the discretization of the computational domain. The pres-

ence of the incoming jet is expected to result in significant flow inhomogeneities
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Figure 3.1: Illustration of the computational domain for our simulations
of turbulent flow in a T-junction.

along the streamwise direction. In other words, the emerging flow field is char-
acterised by the development of structures of different sizes that evolve along the
streamwise direction and interact with each other. For this reason, we are required
to use a computational grid that is non-uniform both in the streamwise and in the
wall-normal directions. On the other hand, a uniformly spaced grid is employed
in the homogeneous spanwise direction. Henceforth, all lengths will be given in
non-dimensional values, that is, scaled with 9.

An illustration of the computational grid is provided in figure 3.2. In order
to determine the required grid resolution, we proceed as follows. First, we place
the origin of the axes at the downstream corner of the entry of the jet. Then, the
computational domain is divided in three sections. The first one consists of the
main channel upstream the jet, defined by —5 < x < —1 and 0 < y < 2. The
second section covers the transverse channel and is defined by —1 < z < 0 and
—2 < y < 0. Finally, the third section covers the remaining part of the main
channel and is defined by —1 < z < 13 and 0 < y < 2. The average velocity in
these sections is different and so is the “local” Reynolds number Re;, that is, the
Reynolds number based on the average velocity and the half-width in each section.
This implies that different resolution requirements have to be fulfilled in the three

sections.
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In our study we have followed the guidelines of Zang [75] for grid spacing
in the wall-normal directions, according to which one should put at least one
node between 0 < y* < 1 and at least three nodes between 0 < y* < 10. In
these relations, following standard notation, y™ stands for the normalised wall
coordinate, defined by y* = £~ with u, = %W being the local friction velocity
and 7, the wall shear stress in the particular section that it is estimated based
on the “local” Reynolds number, Re;. According to the same guidelines, the
grid spacing in the streamwise and spanwise directions should fulfil Az™ < 80
and Az" < 30, respectively, where ¥ = %= and 2% = 2. Also, we refined
progressively the grid along the streamwise direction in the section where the
crossflow and the incoming jet meet. The rationale for this refinement is to resolve
as accurately as possible the two shear layers that are formed at the corners of the
entry of the incoming jet, at © = —1 and x = 0, respectively. In addition, further
downstream from the entry of the incoming jet we keep the grid spacing in the
x-direction sufficiently small so as to capture the merging of the two streams.

The first section is the one with the relatively coarser grid in the z-direction.
This choice is motivated by the fact that no mixing occurs therein. The local
Reynolds number is estimated to be Re; = 7,500. The grid spacing in the stream-
wise direction varies between 0.15 < Azx™ < 28, with the spacing becoming pro-
gressively smaller as we approach the entry of the jet. The stretching factor in this
region is kept small, reaching a maximum of 1.15 at x = —1. In the (wall-normal)
y-direction, where the viscous sublayer is directly resolved, the first node off the
wall is situated at y; = 0.3, which corresponds to y/§ ~ 8.7 x 10~*. Further,
11 nodes are placed in the region between 0 < y* < 10. The grid spacing in the
y-direction follows a hyperbolic tangent distribution and increases up to Ayt ~ 8
at the centerline. Also, the maximum stretching factor is 1.08 and occurs next
to the walls. On the other hand, in the spanwise direction, Az is constant with
AzT =~ 12. Tt should be clarified that the values of Az*, Ay™ and Az* mentioned
herein are approximate because 7, varies slightly during the simulations. The grid
in this section consists of 60 x 96 x 64 cells.

In the second section, the transverse channel, the local Reynolds number is
estimated at Re; ~ 7,500 for the case where the momentum ratio My is equal to
0.5. The first node normal to the wall is situated at 2/ & 0.2. Further, 10 nodes
are situated between 0 < ™ < 10. The grid spacing in this direction also follows
a hyperbolic tangent distribution and increases up to Az* & 6 at the centerline
of the transverse channel. The stretching factor is also kept small, with a peak

value of 1.12 close to the walls. In the y-direction and for 2.5 < y < 4, Ay is kept
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Figure 3.2: Illustration of the computational grid. For visualisation pur-
poses only a fraction of the computational cells is shown.

constant with Ay™ = 4. Then, as we approach the entry of the jet, the grid is
refined up to a value of Ay™ = 0.2 with a maximum stretching factor equal to 1.1
at y = 0. Finally, in the spanwise direction Az and corresponds to Azt ~ 12.
The grid in this section consists of 64 x 96 x 64 cells.

The third section is the most intensive one from the computational point of view
because it covers the interaction of the jet with the crossflow and the formation of
shear layers that emanate from the corners of the entry of the jet. For momentum
ratio My = 0.5, the local Reynolds number is estimated at Re; ~ 15,000. At
the y-direction, the first node away from the wall is at y = 0.65 and 7 nodes
are placed between 0 < y* < 10. The coarser spacing in the y-direction is at the
centerline of the channel with Ay™ ~ 19. Along the z-direction, Az™ is stretched
smoothly from 0.3 at the downstream corner of the entry of the jet to 40 at the
outflow boundary. The maximum stretching factor is 1.15 and it is at x = 0.
Finally, in the spanwise direction Az is constant with Az™ =~ 24.5. Overall, the
grid in this section consists of 216 x 96 x 64 cells. An overview of the discretization

of the computational domain is provided in table 3.1.

Section 1 2 3
Extent << -1 —1<x<0 —1l<zr<13
O<y<?2 —2<y<0 O<y<?2
Estimated Re 7,500 7,500 15,000

Resolution z-dir. | 0.15 < Az <28 | 0.2 < AxzT <6 | 0.5 < AzT < 40
Resolution y-dir. | 0.3 <Ayt <8 |03 <Ayt <4 |0.65 <Ayt <19
Number of cells 60 x 96 x 64 64 x 96 x 64 216 x 96 x 64

Table 3.1: Overview of the discretization of the computational domain.

Finally, we note that, by design, an LES can resolve only the large flow scales,

and that the number of resolved scales increases as the mesh is refined. For this



42 Chapter 3. Isothermal flows in T-junctions

reason, and in contrast to steady-state RANS simulations, the concept of grid
refinement study is ill-posed [76]. In LES of complex flows: numerical grid conver-
gence can be determined only via comparisons with DNS in which all turbulent
scales are resolved. But this contradicts the purpose of performing LES in the
first place; the main reason for performing LES is to avoid the computationally

expensive DNS.

3.2.3 Implementation of inflow and outflow conditions

In our simulations, we have to provide two turbulent inlet conditions: one for the
crossflow and one for the incoming jet. As described in chapter 2, the accurate
implementation of turbulent inlets has long been recognised to play a critical
role in the simulation flows in T-junctions [30]. In this study we run two auxiliary
turbulent channel-flow simulations for the two inflow conditions. In these auxiliary
simulations, the streamwise dimension of the computational domain is 479, while
the wall-normal and spanwise dimensions are set equal to the ones of the inlets
of the T-junction. To avoid spatial interpolation errors, the grid resolution is the
same as in the corresponding inlets of the T-junction. Finally, for the outflow

boundary, we implemented the convective boundary condition given in (2.48).

3.3 Discussion of the numerical results

In this section we elaborate on the main features of the flow for both momentum
ratios, namely, Mr = 2 and Mr = 0.5. In the discussion that follows, the mean
(average) of a scalar quantity ¢ is denoted by < ¢ > and refers to averaging both
in time and in the homogeneous spanwise direction. The fluctuating component
of ¢ is denoted by ¢'. Finally, ¢, denotes the root mean square (rms) value of
@i ums =< ¢'¢) >V

The simulations are initialised by injecting fluid from the vertical channel to the
crossflow. Accumulation of statistical data of the flow field is initialised after the
flow has becomes statistically stationary. The stationarity of the flow is estimated
by a combination of the procedures used in [77] and [73]. More specifically, we first
let the simulation run for 10 “flow-through” times. In this case a flow-through time
is approximated by the ratio between the length of the domain after the incoming
jet and the bulk velocity of the flow just downstream the recirculation bubble,
i.e. for Mr = 2.0 it is approximately equal to 13/1.5=8.67 time units. After 10

flow-through times we start to collect statistics. Flow stationarity is verified by
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comparing statistics with increasing number of samples (and hence increasing flow
time over which statistics are computed). Then, flow quantities are averaged over
20 non-dimensional time units, which is deemed to be a sufficiently long period for
statistical analysis. In fact, in the context of our study, we performed averaging
over longer periods without observing any difference in the results.

Some of the important features of the flow are depicted in figure 3.3 which
shows streamlines extracted from the mean velocity field for both momentum
ratios considered in our study. Henceforth, these will be referred to as average
streamlines. From this figure it can be inferred that close to the turbulent inlet of
the main channel, the crossflow remains unaffected by the incoming jet. However,
as we approach the entry of the jet, and because of the high momentum flux of
the jet, the crossflow streamlines start to bend and tilt upwards. In other words,
since the crossflow cannot penetrate the jet, it behaves as if the jet was an obstacle
and moves around it. A similar observation has been reported by Muppidi and
Mahesh [78] on their study of a jet in an unconfined crossflow.

By analogy, the average streamlines of the jet start to bend before the jet
entry and inside the transverse channel. They continue to bend after they enter
the main channel until they align with its walls and become parallel to the aver-
age streamlines of the crossflow. In turn, this change of direction results in the
formation of a large recirculation bubble downstream the location of the entry of
the jet. This separation zone is one of the most characteristic features of the flow
and, furthermore, its interaction with the incoming jet plays a crucial role on the
dynamics of the flow downstream.

Also, the average streamlines shown in figure 3.3 aid in locating the interfaces
between the crossflow, the jet and the recirculation bubble. In turn, these inter-
faces serve to identify the zones where fluid mixing occurs. More specifically, we
can infer that a shear layer is formed between the crossflow and the jet. Its origin
is located at a very short distance from the upstream corner of the entry of the
jet. In its early stages, this shear layer is fairly thin. Then it starts to spread so
that most of the mixing occurs in the region where the average streamlines of the
crossflow and of the incoming jet are aligned with the walls of the main channel.
The second shear layer is formed between the jet and the recirculation bubble and
originates from the downstream corner of the entry of the jet. It is characterised
by much stronger shear and higher spread angle, which implies much higher levels
of mixing.

Additional information about the main features of the flow can be found in

figure 3.4 which shows the amplitude of the in-plane mean velocity field, given by
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Figure 3.3: Average streamlines, extracted by the mean velocity field, for
the two momentum ratios, Mg, considered herein. In this figure we show
9 streamlines emerging from the left entry of the horizontal channel. The
distance between those is 0.2. In a similar manner, we show 9 streamlines
emerging from the bottom entry of the vertical channel with the distance
between those being 0.1. Further, we depict two streamlines downstream
the entry of the jet in order to visualise the large recirculation bubble in
this region. Top image: Mp = 2. Bottom image: Mpr = 0.5.

g = (< u>2? + < v >2)2 for the two momentum ratios considered in our study.
In particular, this figure depicts an additional flow structure centred around the
upstream corner of the entry of the jet. It consists mainly of another recirculation
zone. In the y-direction it extends from a point below the jet entry (inside the
transverse channel) up to the origin of the first shear layer that was mentioned
above. This structure is typical of jets in unconfined crossflows [78, 79] and of
flows in T-junctions [80].

From figure 3.4 we can identify two additional features of the flow under study.
The first one is the progressive increase of the velocity amplitude downstream the
location of the entry of the jet. In other words, the fluid particles of the crossflow
accelerate as they circumvent the incoming jet. This is due to the presence of the
jet which essentially reduces the cross-section area of the crossflow. Because of

this area reduction, the crossflow accelerates. In other words, this is a Venturi
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Figure 3.4: Contour plots of the amplitude of the in-plane mean velocity,
Uy = (< u >2 + < v >%)Y2 The lightly coloured area around the up-
stream corner of the entry of the jet represents an additional recirculation
zone. Top image: Mp = 2. Bottom image: Mp = 0.5.

effect and, evidently, it is more pronounced at higher incoming jet velocities. This
feature does not appear in jets in unconfined crossflows because in those cases
the cross-section area is infinite due to the absence of an upper solid boundary.
Actually, another difference is that in T-junctions, the presence of the top wall of
the channel forces the jet to bend earlier. As a result, the jet aligns with the walls
of the main channel considerably faster than in unconfined flows.

The second additional feature is the strong acceleration of the jet in the vicinity
of the downstream corner of its entry. This acceleration is a manifestation of the
Venturi effect produced jointly by the crossflow and the large recirculation bubble.
This feature has been reported by Howard and Serre [23] who conducted simula-
tions of cylindrical T-junctions and is also observable in the numerical results of
Schaupp et al. [81].

Interestingly, our simulations also reveal the formation of two additional small
recirculation zones adjacent to the corners of the entry of the jet, as can be shown

in figure 3.5. The one adjacent to the upstream corner, shown in figure 3.5.a, is
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Figure 3.5: Average streamlines in the vicinity of the entry of the jet
depicting two secondary recirculation zones. Momentum ratio, Mz =
2. Left image: upstream corner of the entry of the jet. Right image:
downstream corner of the entry of the jet.

equivalent to the well-known horse-shoe vortex that is observed in jets in uncon-
fined crossflows; see, for example, the experimental observations of Andreopoulos
and Rodi [82], and Kelso et al. [79], as well as the simulations of Muppidi and
Mahesh [78] and Howard and Serre [23] and references therein. It should be noted
that in the flow considered herein, a horse-shoe vortex cannot be formed because
the incoming jet spans the entire z-direction. On the other hand, the small re-
circulation zone in the downstream corner, shown in figure 3.5.b has not been
reported before. This small structure is fairly localised and it is not yet clear if it
affects the flow dynamics downstream.

Next, we turn our attention to the vorticity distribution in the flow domain.
In figure 3.6 we show a representation of the instantaneous vorticity field based
on the @Q-criterion introduced by Hunt et al. [83]. The quantity ) measures the
difference between the amplitudes of the skew-symmetric and symmetric parts of

the velocity-gradient tensor and is defined by
Q=2(Q - [SP) . (3.4)

where Q = [Vu — (V)" is the vorticity tensor and S = [Vu + (Vau)"] the rate-
of-strain tensor. As such, positive values of () correspond to non-zero vorticity
amplitude. Furthermore, the higher the value of @), the higher the amplitude
of the vorticity is. The most distinct feature in this figure is the shedding of
strong spanwise vortical structures (rollers) by the shear layer emanating from the
downstream corner of the entry of the jet. As the shear layer spreads out, these
rollers are convected downstream. Moreover, some of them start to interact with
the large recirculation bubble and eventually get entrapped therein.

As regards the shear layer of the upstream corner of the entry of the jet,
the plots in figure 3.6 provide further evidence that it originates from a point

slightly above the corner. Also, according to these plots, it is considerably weaker
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Figure 3.6: Visualisation of the vorticity field based on the )-criterion.
The images show contour plots of the quantity () at the spanwise location
z = 1.4. Top image: Mp = 2, bottom image: Mpr = 0.5.

and generates much less vorticity than the shear layer of the downstream corner.
When My = 2, this shear layer spreads rapidly, thereby reducing its strength even
further. On the other hand, in the case of Mr = 0.5, this shear layer persists at
longer distances and eventually merges with the shear layer of the downstream
corner.

Additionally, figure 3.6 reveals a thin zone of increased amounts of vorticity
close to the top wall of the main channel and at x ~ 5. The appearance of this zone
is explained as follows. As the crossflow passes over the hump of the recirculation
bubble, it starts to expand, which implies the formation of an adverse pressure
gradient. This is not strong enough to cause flow separation, nonetheless it causes
the decrease of the streamwise velocity u near the top wall. Eventually u reaches
a minimum value, which coincides with the location where the vortical structures
appear. We therefore infer that these structures are formed due to the expansion
of the crossflow. The extent of this zone is significant in both cases. As expected,

the vortical structures are considerably intensified when My = 0.5 because the
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Figure 3.7: Contour plots of the normal velocity component, v, at the
y z-plane at the downstream corner of the entry of the jet (z = 0). Left
image: Mpr = 2. Right image: My = 0.5.

size of the recirculation bubble in this case is larger.

Finally, an interesting feature related to the vorticity field can be evidenced in
figure 3.7 which contains contour plots of the normal velocity component v at the
yz-plane located right at the downstream corner of the entry of the jet, at x = 0.
According to this figure, the profiles of v in the shear layer of the upstream corner
have the form of finger-like structures. These structures are formed due to the
interaction of the incoming jet with the crossflow. Their presence signifies large
gradients of the normal velocity component v in the spanwise direction which, in

turn, indicate increased streamwise vorticity in this region.

3.3.1 Comparison with experiments

In this section we compare, for validation purposes, the predictions of our numer-
ical results with the experimental results of Hirota et al. [11]. First we examine
the streamwise rms velocity component u,,s. Contour plots of ., from our sim-
ulations and from the experimental data are juxtaposed in figure 3.8. From this
figure, the good agreement between our prediction and the experimental data can
readily be deduced. In particular, our simulations predict accurately the spreading
rate and bending of the shear layer emanating from the downstream corner of the
jet entry, at z = 0. Similarly, the size and shape of the large recirculation bubble
are accurately predicted by our simulations. Moreover, as can be observed from
figure 3.8, our numerical predictions for u,,s agree well with the experimental data
both in the recirculation bubble and in the mixing zone downstream. Our sim-

ulations further predict that the turbulent intensity of the shear layer emanating
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Figure 3.8: Contour plots of the streamwise rms velocity, s, for momen-
tum ratio Mg = 2. Top image: numerical results from the present study.
Bottom image: experimental measurements. The red line superposed to
the experimental results shows the centerline of the shear layer emanating

from the upstream corner of the entry of the jet. The bottom image is
reprinted from [11], with permission from Elsevier.

from the upstream corner of the jet entry is much weaker, in accordance with the
measurements of Hirota et al. [11].

Next we compare the results for the rms values of the wall-normal velocity
component, v,,s, shown in figure 3.9. This figure provides further evidence of the
good agreement between our numerical results and the experimental data. It can
also be attested that the sizes and locations of the principal structures of the flow
(the shear layer emanating from the downstream corner, the recirculation bubble
and the mixing zone downstream) are accurately computed in our simulations.
Additionally, it can be inferred from figure 3.9, that our simulations predict fairly
well the thickness and shape of the (weaker) shear layer that emanates from the
upstream corner of the entry of the jet.

A more detailed comparison can be drawn from figures 3.10 and 3.11 which

show close-up contour plots of s and v, respectively, in the vicinity of the jet
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Figure 3.9: Contour plots of the wall-normal rms velocity, v,,,s. Top image:
numerical results from the present study. Bottom image: experimental
measurements. The red line superposed to the experimental results shows
the centerline of the shear layer emanating from the upstream corner of the
entry of the jet. The bottom image is reprinted from [11], with permission
from Elsevier.

entry. These figures corroborate the good agreement between the predictions of
our simulations and the experimental data of Hirota et al. [11] in this region of the
flow field. More specifically, our numerical results for the rms velocity components
in the shear layers stemming from the two corners compare favourably with the
measurements. Also, our simulations have correctly captured the recirculation
zone close to the wall and upstream the entry of the jet. However, as can be
inferred from figure 3.10, our simulations slightly overestimate the u,,s values in
this zone just above the left corner. It should be mentioned that Hirota et al.
[11] did not provide data for the flow in the transverse channel (below the entry
of the jet) and, therefore, no comparisons are possible for that region. Further,
they presented only contour plots instead of specific values of the velocity field at
given locations, which does not allow for a more detailed and reliable comparison

between our simulations and those experiments. Nevertheless, to the best of our



Chapter 3. Isothermal flows in T-junctions 51

(a) (b)

0_0.050.10.150.20.25 0.3 0.35 0.4
NI

0 005 00 015 02 035 0.3 035 04
[ I

1.2

0.8

0.4

il
-1.5 |
-1.5 -1 -0.5 0 0.5
€T

P

~0.4

Figure 3.10: Contour plots of the streamwise rms velocity, t.ys, in the
vicinity of the entry of the jet. Left image: numerical results from the
present study. Right image: experimental measurements. The cyan lines
superposed to the experimental results show the upper and lower bound-
aries of the shear layer emanating from the upstream corner of the entry
of the jet. The right image is reprinted from [11], with permission from
Elsevier.

knowledge, this is the first numerical simulation that compares so favourably with

available experimental data in flows in T-junctions.

3.3.2 Flow statistics

In this section we present and analyse the statistical quantities of the flow. In
particular, we present first and second-order statistics for both momentum ratios.

The results for each momentum ratio Mg are presented separately.

3.3.2.1 Momentum ratio Mgr = 2.0

Mean streamwise velocity profiles, < u >, at different locations of the main channel
are shown in figure 3.12. Even though < u > is symmetric at the inlet of the
turbulent crossflow at © = —5, this symmetry eventually breaks down at a location
between the inlet and the entry of the jet. This can be confirmed by figure 3.12.a,
according to which the profile of < v > at = —2.29 has already been skewed.
This symmetry loss is clearly due to the jet which, as mentioned above, plays the
role of an obstacle for the crossflow. In fact, the location where the symmetry loss
of < u > occurs coincides with the location where the crossflow starts to bend

upwards in order to circumvent the jet.
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Figure 3.11: Contour plots of the wall-normal rms velocity, v, in the
vicinity of the entry of the jet. Left image: numerical results from the
present study. Right image: experimental measurements. The cyan lines
superposed to the experimental results show the upper and lower bound-
aries of the shear layer emanating from the upstream corner of the entry
of the jet. The right image is reprinted from [11], with permission from
Elsevier.

Figure 3.12.b shows the profile of < uw > at the centre of the incoming jet.
The higher values of < u > close to y = 0 are caused by the bending of the jet
while the increase of the streamwise velocity at the upper half of the channel is
due the progressive decrease of the cross section area of the crossflow. This cross
section becomes minimal at the vicinity of the large recirculation bubble and,
more specifically, at x = 1.61. Figure 3.12.c shows the profile of < u > at this
location. According to this figure, the further restriction of the cross section area
of the crossflow stream results to higher values of < u >. This, in turn, causes the
decrease of the boundary-layer thickness at the top wall. It is noted that < u >
varies very slightly between the centerline of the main channel and the boundary
layer of the top wall; this zone corresponds to the cross section of the crossflow.
Below that, the zone defined by y < 1 is marked by the shear layer emanating from
the downstream corner of the entry of the jet and the recirculation bubble. In this
zone, < u > reaches its peak and then decreases, eventually becoming negative
close to the bottom wall.

Further, figure 3.12.d shows the profile of < v > at the location where the flow
reattaches, at the end of the recirculation bubble. Herein the reattachment point is
approximated by the first-node point at which < u > changes sign. Finally, figures
3.12.e and 3.12.f show profiles of < u > downstream the recirculation bubble. This
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Figure 3.12: Profiles of the mean streamwise velocity, < u >, for Mp = 2.

The above profiles correspond are taken at different representative regions
of the flow. (a): upstream the entry of the jet. (b): centre of the incoming
jet (c): recirculation bubble. (d): reattachment of the flow. (e) and (f):
downstream mixing zone.

is the region where the incoming jet merges with the crossflow. Eventually the
merged streams will evolve to a channel flow. Nonetheless, the asymmetry of these
profiles implies that the re-establishment of a channel flow does not occur within
the computational domain but much further downstream its outflow boundary.

We now proceed to examine in more detail the profiles of < u > in the near-
wall regions and compare them to the universal law of the wall. To this end,
the distance from the wall and the mean streamwise velocity are expressed in wall
coordinates, y™ and u™, respectively, with u™ = == and u, being computed based
on the local velocity gradients. Also, since the velocity profiles are not symmetric,
we examine u" in the bottom and top walls separately. The law of the wall is
given by

+ +
Yy, y* <10,
ut =97 h (3.5)
+ +
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where the value k = 0.38 at the logarithmic region is chosen so as to achieve the
best agreement with the computed velocity profiles.

Figure 3.13 shows profiles of u™ at the bottom wall and at three different
streamwise locations: one location upstream the jet and close to the inlet of the
crossflow at © = —4.3, and two locations downstream the large separation bubble
at z = 8.66 and x = 12.64. (At the regions of flow separation the law of the
wall is not valid anyhow and, therefore, velocity profiles from those regions are
not included in the figure). According to the results shown in figure 3.13, the
velocity profile at x = —4.3 agrees with the law of the wall quite well. This
is to be expected because at this location the crossflow remains unaffected by
the incoming jet. Moreover, this agreement with the law of the wall provides an
additional indication of the good quality of the LES results presented herein.

The profiles at the two locations downstream the separation bubble, at z = 8.66
and x = 12.64, deviate considerably from the law of the wall. More specifically,
even though the profiles collapse to the curve u™ = y* in the viscous sublayer,
they exhibit an inflection point in the log-law region. This feature is typical
of wall-bounded flows with large separation zones and it is due to the adverse
pressure gradients that are developed downstream those zones. Another example
of occurrence of such inflection points is in the flow over a backwards facing step;
see, for example, the discussion of the direct numerical simulations of Le et al.
[84]. It is also interesting to observe that the deviation from the law of the wall
is smaller in the outmost downstream location, i.e. at x = 12.64. This further
confirms that sufficiently downstream the jet, a channel flow will be re-established.

Profiles of the normalised velocity ut at the top wall are presented in figure
3.14. They are shown for three locations: close to the inlet of the crossflow at
x = —4.30, slightly downstream the jet at x = 0.21, and further downstream at
x = 12.43. As in the case of the bottom wall, at © = —4.30 the top-wall profile
follows the law of the wall. However, we remark that in the second location,
x = 0.21, the deviation from the universal law of the wall in the log-law region
is significant. Furthermore, as regards the outer region, there is no evidence of a
regime where the velocity-defect law applies. Instead, «* maintains a logarithmic
profile of small growth. This behaviour is attributed to the strong favourable
pressure gradient that results from the Venturi effect that was mentioned above,
i.e., the decrease in the cross-section area and the ensuing acceleration of the
crossflow.

Also, the departure from the universal law of the wall is accompanied by the

thinning of the boundary layer, which can be observed upon close inspection of
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Figure 3.13: Profiles of the wall-normalised streamwise velocity, u™, at
the bottom wall. ——, law of the wall; *, = = —4.30; ¢, v = 8.66; e,
x = 12.64. The value of k = 0.38 for the law of the wall at the logarithmic
region is chosen so as to achieve the best agreement with the computed
velocity profiles.

the < u > profiles near the top wall in figures 3.12.a and 3.12.b, and by a de-
crease of the local turbulence intensity, c¢f. figure 3.16 and relevant discussion
below. These are typical characteristics of local flow relaminarization (or reverse
transition) in accelerated boundary layers [85]. This phenomenon has been the
subject of numerous studies; for more information the reader is referred to the
recent experimental investigation of Bourassa and Thomas [86] and to references
therein. In any case, once the merging of the crossflow and the incoming jet is
established, the favourable pressure gradient vanishes and the profile of u™ starts
approaching again the universal law of the wall. This can be clearly ascertained
from the profile of u* at x = 12.43 that is shown in figure 3.14.

As regards the near-wall behaviour of the velocity profiles in the large recircu-
lation bubble, we compare the predictions of our simulations with the empirical

equation proposed by Simpson [87],

W AGm@ o) e
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Figure 3.14: Profiles of the wall-normalised streamwise velocity, u™*, at the
top wall. ——, law of the wall; *, = —4.30; ¢, x =0.21; o x = 12.64.
The value of kK = 0.38 for the law of the wall at the logarithmic region
is chosen so as to achieve the best agreement with the computed velocity
profiles.
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In this relation, uy is the minimum velocity along the y-axis for a given stream-
wise location inside the recirculation bubble. Also N is the distance of the point
where this minimum value occurs from the wall; in our case N coincides with the
y coordinate of this point. Finally, A is a constant whose value, based on the rec-
ommendations of Simpson [87], is set to 0.3. According to the author, the above
empirical relation is valid for 0.02 < y/N < 1. In figure 3.15 we compare three nu-
merically computed velocity profiles within the recirculation bubble (at z = 1.61,
x = 2.30, and = = 3.17) with the profile obtained by the above empirical relation.
We observe that the profiles from our simulations agree reasonably well with the
one from the empirical relation within the range of its validity. Nonetheless, some
slight discrepancies are observed for 0.02 < y/N < 0.2.

Next, we proceed to discuss the second-order statistics of the flow. Profiles of
the rms values of the streamwise velocity component, u,,s, at different locations
are shown in figure 3.16. Sufficiently upstream the incoming jet, up to x ~ —3,
the profiles are symmetric and coincide with those of channel flows, as can be
seen in figure 3.16.a. Downstream this location, the profiles start to lose their

symmetry due to the presence of the jet, as is the case with the profiles of < u >
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Figure 3.15: Profiles of the mean streamwise velocity, < u >, in the recircu-
lation bubble downstream the jet entry. The velocity < w > is normalised
with the absolute value of the minimum velocity |uy| at a given x location.
Also, the length y is normalised with the distance N of the point where
uy occurs from the wall. — | Simpson’s formula [1983]; *, z = 1.61; <,
r=230; o x=3.1T7.

that were presented above. The plot of figure 3.16.b is taken at the centre of the
incoming jet, at © = —0.5. The peak u,,s that is depicted in this plot coincides
with the location of the shear layer emanating from the upstream corner of the
entry of the jet. Also, the lower near-wall values of u,,s that are observed in this
location, with respect to the corresponding rms values upstream, are attributed
to the relaminarization of the flow due to the Venturi effect that was mentioned
above. Figure 3.16.c shows the wu,,s profile at * = 2.4, which is a streamwise
location close to core of the recirculation bubble. In this plot, the peak value of
Umms 18 located at y ~ 0.5 and it is due to the mixing induced by the shear layer
that emanates from the downstream corner. This peak is also the global maximum
of Upys. Figure 3.16.d shows the wu.y,s profile at the location of the reattachment
of the flow. It is similar to the one shown in figure 3.16.c but there are also some
differences. In particular, the local peaks of u,,s close to the walls are considerably
amplified, whereas the local peak due to mixing inside the shear layer is smaller.
Finally, we remark that further downstream, the turbulent intensity profiles start

to regain their symmetry and to approach slowly the ones encountered in channel
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Figure 3.16: Profiles of the rms of the streamwise velocity component,
Upms, for Mpr = 2.

flows, as shown in figures 3.16.e and 3.16.1.

Profiles of the rms values of the normal velocity component, v, at different
locations are shown in figure 3.17. According to these plots, the evolution of vy
along the streamwise direction has some similarities with the one of u,,, especially
as regards the peak values due to the shear layers that emanate from the corners
of the jet. Nonetheless, there are some differences too. For example, whereas
the profiles of s lose their symmetry at x ~ —3, the profiles of v,,s are less
sensitive and start to get skewed further downstream and at x ~ —1.67, c.f. figure
3.17.a. Another difference is that the maximum of v,,s occurs at r ~ 3.42 which
is downstream the location where the maximum of ., occurs.

It is also worth mentioning that, according to figures 3.17.e and 3.17.f, the
values of v,,s downstream the point of reattachment of the flow and away from the
walls are of the same order of magnitude as the u,,s values. This is a typical feature
of mixing layers, see for example Rogers and Moser [88], and not of channel flows.
In other words, the flow downstream the recirculation bubble combines features of
both shear layers and channel flows. As it progresses though, the features related

to shear layers gradually weaken. Eventually these features will disappear and, as
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Figure 3.17: Profiles of the rms of the wall-normal velocity component,
Urms, for Mp = 2.

already mentioned, a channel flow will be re-established further downstream at a
point outside the computational domain.

Similar trends can be observed in the profiles of w,s, shown in figure 3.18.
A particularly interesting feature is the high values of w4 close to the bottom
wall in the recirculation bubble. More specifically, figure 3.18.c shows the profile
at the location where the maximum of w,ys occurs, at = 3.60 (which is very
close to the location of the maximum of v,,s). In this plot we can identify two
peaks: one inside the shear layer that emanates from the downstream corner of
the entry of the jet and one close to the bottom wall. The highest one (and
global maximum of w;ys) is the one close to the wall, which confirms the role
of the recirculation bubble as a mechanism for increasing the turbulent intensity
near solid boundaries. Furthermore, this peak persists downstream in contrast to
the peak inside the shear layer which attenuates, as can be inferred from figures
3.18.d-3.18.1.

Next, we elaborate on the profiles of the Reynolds stresses < u/'v" > shown in
figure 3.19. These plots confirm that the dominant contribution to < u'v’ > comes
from the mixing induced by the shear layers. For example, the profile observed

in figure 3.19.a is due to the shear layer emanating from the upstream corner.
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Figure 3.18: Profiles of the rms of the spanwise velocity component, w,s,
for Mr = 2. In (c) and (d) we remark the high values that w,s attains
close to the bottom wall.

Additionally, in figure 3.19.b we can distinguish the contributions of the shear
layers to < u/v" > at x = 0.21. We also infer that the thickness of the shear layer
emanating from the downstream corner is still quite small at this location. Further,
the subsequent plots shown in figure 3.19 confirm that, after some distance from
the entry of the jet, the two shear layers merge. The combined shear layer diffuses
and eventually spans the entire width of the channel, as can be inferred from figure
3.19.f.

Our discussion concludes with an analysis of the turbulent kinetic energy pro-

duction term, P,
0 <u; >

Y
Gacj

where u; stands for the velocity components in index notation and summation is

P = — <wuj> (3.7)

implied for repeated indices. In particular, the plots in figures 3.20.a and 3.20.b
show the contribution of the shear layers emanating from the corners of the entry
of the jet to the production of turbulence. Further, by comparing these plots, we
can deduce that the contribution of the shear layer of the downstream corner is

at least 30 times higher than the one of the shear layer of the upstream corner.
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Figure 3.19: Profiles of the Reynolds stress < u/v' > for Mg = 2.

More important, in the plots shown in figures 3.20.c and 3.20.d we can observe a
small negative production close to the bottom wall in the region of the recirculation
bubble. This means that in these locations there is transfer of kinetic energy from

the small turbulent scales to the large scales of the flow. In fact, P becomes

negative due to the dominant contribution of the term —u?__ agqf. Indeed, in the
region where the flow reattaches, the streamwise gradient of < u > is positive
as < u > changes sign (from negative to positive). Also, the rms values of the
streamwise velocity in reattachment regions are high, which can be confirmed
from figures 3.16.c and 3.16.d. In other words, the negative values of P could be
attributed to the strong recirculation close to the bottom wall and the ensuing
reattachment of the flow.

To the best of our knowledge, this phenomenon has not been reported before
in studies of flows in T-junctions. This could be explained by the fact that in our
study the jet and, therefore, the recirculation bubble span the entire z-direction.
As such, this separation zone becomes a prevailing feature of the flow, characterized
by strong fluid recirculation. By contrast, in a cylindrical geometry, the curvature
of the jet results in a smaller and weaker recirculation bubble; see, for example

the numerical work of Howard and Serre [23]. Actually, the occurrence of negative
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Figure 3.20: Profiles of the turbulent kinetic energy production term P for
Mpg = 2. For visualisation purposes, the scaling of the P-axis varies from
one plot to another. In (c) and (d) we can observe the negative values that
P attains within the recirculation bubble.

turbulent kinetic energy production is rather unusual. Nonetheless, it has already
been observed in flows with prevalent recirculation regions; see for example the
analysis provided in Hussain [89], as well as the experimental study of Liberzon
et al. [90] and the simulations of Gayen and Sarkar [91].

3.3.2.2 Momentum ratio Mgz = 0.5

In this case, the higher momentum flux of the incoming jet results in higher shear
stresses and smaller spreading rates for the shear layers that emanate from the
two corners of the entry of the jet. Profiles of the mean streamwise velocity
component < u > for this case are shown in figure 3.21. We first remark that
due to the higher momentum flux of the jet, the loss of symmetry of the crossflow
occurs earlier (closer to the upstream inflow boundary), as can be observed in
figure 3.21.a. Further, from figure 3.21.b, which shows the profile at the center
of the jet entry, we can deduce that at this specific region < w > is only slightly
affected by the higher jet velocity. From figure 3.21.c we can infer that the higher

jet velocity produces a larger recirculation bubble downstream the entry of the
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Figure 3.21: Profiles of the mean streamwise velocity, < u >, for Mz = 0.5.

jet. Also, as a consequence of the larger bubble size, the reattachment of the flow
takes place at a larger distance from the entry of the jet, at © ~ 5.2, ¢f. figure
3.21.d. Velocity profiles downstream the reattachment point are shown in figures
3.21.e and 3.21.f. According to these plots, the characteristics of the flow in this
region are the same as in the previous case. However, the significant variation of
< u > along the y-direction indicate that, overall, mixing occurs at a slower rate
than in the previous case.

Next, we focus on the differences between the second-order statistics of the two
cases. As regards the profiles of s, shown in figure 3.22, they are similar to the
ones for the previous case, the most notable difference being the higher rms values
throughout the domain. Another difference is the profile of u,,s above the entry
of the jet which appears to be skewed; see figure 3.22.b. This is due to the fact
that for M = 0.5 the incoming jet has increased momentum flux and, therefore,
starts to bend farther from the jet entry. The peaks of u,,s also occur farther from
the bottom wall and closer to the centerline of the main channel, which is a direct
consequence of the larger size of the recirculation bubble.

The same observations and remarks can be drawn from the profiles of v, and

Wrms, Shown in figure 3.23 and figure 3.24, respectively. More specifically, these
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Figure 3.22: Profiles of the rms of the streamwise velocity, s, for Mp =
0.5. In (b), (c¢) and (d) we note the gradual increase of the peak of s at
the top wall.

profiles are also similar to the corresponding ones for Mz = 2 but globally they
assume higher values. Moreover, their peaks occur closer to the centerline. In
other words, as the jet velocity becomes higher, the turbulence intensity increases
uniformly in the flow domain downstream the entry of the jet.

Finally, it is worth noting that our simulations predict negative values of the
turbulent kinetic energy production term P for this case as well. As in the previous
case, this occurs in the recirculation bubble and close to the wall. We may therefore

conclude that this is a persistent feature of the flow under study.

3.4 Conclusions

The turbulent flow in a T-junction of a rectangular cross section has been studied
numerically via wall-resolved Large Eddy Simulations. In our study, the bulk
Reynolds number of the turbulent crossflow was 15,000 and, furthermore, we
considered flows with momentum ratios Mg equal to 2 and 0.5. For validation

purposes, we have compared our simulations against existing experimental data.
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Figure 3.23: Profiles of the rms of the wall-normal velocity, v, for Mp =
0.5.
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Figure 3.24: Profiles of the rms of the spanwise velocity, wys, for Mg =
0.5.
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The comparison shows good agreement between our numerical predictions and
the measurements. The flow under study is dominated by the shear layers that
emanate from the corners of the entry of the jet and the large recirculation bubble
downstream this entry. Our study focused on the properties of these dominant
structures, the near-wall behaviour of the flow, and the mixing process downstream
the recirculation bubble.

Our simulations reveal two features of the flow that have not been reported
before in studies of flows in T-junctions. The first one is a secondary small-scale
recirculation region between the entry of the jet and the large recirculation bubble.
The second one is the negative turbulent kinetic energy production that occurs in
the recirculation bubble, near the wall and close to the reattachment point. At this
specific region, we also recorded increased values of the rms velocities, especially
as regards thee spanwise component w,,s. The analysis of our results also shows
that just across the entry of the jet, the boundary layer at the wall experiences a
favourable pressure gradient due to the Venturi effect induced by the incoming jet
to the crossflow. In turn, this favourable pressure gradient contributes to the local
relaminarization of the flow. On the other hand, the boundary layer downstream
the recirculation bubble experiences an adverse pressure gradient. In both cases,

a significant deviation from the universal law of the wall is confirmed.



Chapter 4

Turbulent heat transfer in gas-gas

flows in T-junctions

4.1 Introduction

In this chapter we report on a computational study of turbulent mixing be-
tween a cold gas crossflow and a hot gas incoming jet in a T-junction. Currently
there is little information about the evolution of the flow field when the tempera-
ture is an active scalar. Thus far, most numerical studies dealt with cases where
the temperature difference between the two streams was sufficiently small for the
temperature to be treated as a passive scalar. A notable exception is the LES
of Howard and Serre [24] which, nonetheless, were not wall-resolved but based
on wall models. Several numerical studies of turbulent heat transfer in channels
[92-94] have shown that the temperature as an active scalar plays a critical role
in the evolution of the flow and in the overall mixing process.

The present work aims at filling this gap by focusing on the effects of ther-
mal non-equilibrium on turbulent mixing in T-junctions. To this end, we have
performed and present herein wall-resolved LES of the mixing between a cold
crossflow and a hot incoming jet in a T-junction. Our numerical predictions com-
pare favourably with existing experimental measurements, as regards both the

temperature field and the turbulent heat fluxes. According to our predictions, the

The results of this chapter have been published in: M. Georgiou and M.V. Papalexandris.
2017 Turbulent mixing in T-junctions: the role of the temperature as an active scalar. Int. J.
Heat Mass Transfer. 115, 793-809. [33]
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temperature gradients increase the turbulent intensity and enhance mixing sub-
stantially. Further, the high grid resolution that we employ near solid boundaries
has allowed us to study in detail the regions of flow separation and examine how
the thermal non-equilibrium between the two streams impacts the structure of
these regions.

An additional objective of this work is to gain insight regarding the condi-
tions that lead to the thermal fatigue of the walls in the flows of interest. More
specifically, it is well known that high-amplitude temperature fluctuations close
to solid boundaries lead to the development of thermal stresses that can result
in thermal fatigue cracking [2]. This phenomenon is also referred to as “thermal
stripping” and is of particular concern in the design and maintenance of cooling
systems of nuclear power reactors; see, for example, the incidents described in
[3] and [4]. Herein we present a time-series analysis of the temperature signal at
selected locations near the solid boundaries. From this analysis we can identify
the dominant frequencies of the temperature fluctuations and estimate the risk of
thermal fatigue at the walls.

This chapter is organised as follows. In section 4.2 we outline the mathematical
model and the algorithm for its numerical treatment, and describe the setup of
our simulations. Section 4.3 is devoted to the presentation and analysis of the
numerical results. In this section we briefly explain the main features of the
flow and elaborate on the statistics of the temperature, velocity components and
turbulent heat fluxes. This section also includes comparisons with experiments
and presentation of the time-series analysis of the temperature signal at selected

locations of the flow field. Finally, section 4.4 concludes.

4.2 Governing equations and numerical setup

In this section we first outline the mathematical model and the algorithm for its
numerical treatment. Subsequently, we describe the setup of our simulations, in-
cluding flow geometry, computational grid and implementation of boundary con-
ditions. Our setup is chosen so as to match the experimental study [11] of the
interaction between a cold turbulent crossflow and a hot incoming jet in a T-
junction with a temperature ratio Ty = 1.17: this temperature ratio is typical
for AC systems in automobiles. In those experiments, the bulk velocities of the
two streams were equal, while the bulk Reynolds number of the crossflow was
Rey, = 15,000. In our simulations, we kept the same Re,, and studied cases with

various temperature ratios while keeping the bulk-velocity ratio equal to unity.
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Herein we present results for T = 1.17 (the same as in the experiments) and for
Thr =2.0.

4.2.1 Governing equations and computational algorithm

The governing system of equations for the flows of interest is the filtered version of
the low-Mach number approximation for the compressible Navier-Stokes-Fourier
equations that are given in (2.40) - (2.42). It is important to mention that, in
the cases presented herein, temperature variations are significant and, therefore,
inertial effects due to density differences are no longer negligible. For this reason,
we do not invoke the Boussinesq approximation.

For non-dimensionalisation purposes, we have chosen the bulk velocity of the
crossflow U, as the reference velocity, and the half-width of the horizontal channel
0 as the reference length. Also, the non-dimensionalisation of all thermodynamic
variables and transport coefficients has been performed with respect to the thermo-
dynamic state of the fluid at the crossflow stream. Accordingly, the temperature
of the crossflow T serves as the reference temperature. Let Tje; be the temperature
of the incoming jet. Then, the temperature ratio between the two streams is given
by Tr = Tjet/To

In our work the fluid is assumed to be a calorically perfect gas. Therefore, ¢, is
constant and its non-dimensional value equals unity. Moreover, the temperature
and density are related via the perfect-gas equation of state which reads, in non-

dimensional form,
p’ = pT, (4.1)

with p® being the thermodynamic pressure. In our study we examine flows in open
domains, so that p° is constant and equal to the ambient pressure. Further, x4 and
r stand for the fluid viscosity and thermal conductivity, respectively. They are
both assumed to satisfy a Sutherland-type power law which in non-dimensional

form reads [42],
p=r =T (4.2)

Based on the aforementioned reference quantities, the Reynolds number in
our simulations is equal Re = 7,500. This value corresponds to a bulk Reynolds
number of the crossflow Rey, = 15,000, which is the same as in the experiments in

[11]. Also, in accordance with those experiments, the Prandtl number is Pr = 0.71.
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Tp | 117] 2
Mp | 234 4
et | 0.85 | 0.50
fie | 111 | 1.62
Ue | 1.0 | 1.0
Reje, | 2781 | 1157

Table 4.1: Physical parameters for the incoming jet in the two cases con-
sidered herein. The Reynolds number, Re;e, is based on the bulk velocity
of the jet Ui, the half-width of the vertical channel ¢, and the kinematic
viscosity at the inflow of the incoming jet fijes.

Finally, the Richardson number, defined herein as Ri = gd/U? with g being the
gravitational acceleration, is set to R = 0.023.

Since the fluid density and transport coefficients are temperature dependent,
both the Reynolds number Reje; and the momentum flux of the incoming jet differ
in the two cases that we study. Following standard convention, the momentum
flux of a stream is defined as pUZA with U, and A being the bulk velocity and
cross-section area, respectively. Accordingly, the momentum ratio Mg between
the momentum flux of the crossflow and the incoming jet also changes with the
temperature ratio Tz. In table 4.1 we present the values of the parameters related
to the incoming jet for the two cases considered herein. Based on these data,
the incoming jet is turbulent for T = 1.17, whereas it is laminar for Tz = 2.0.
Further, we observe that Mg becomes significantly higher when the temperature
ratio Tz changes value from 1.17 to 2.0.

For the numerical solution of the governing system of (2.40) - (2.42) we employ
the time-accurate algorithm of Lessani and Papalexandris [42] described in chapter
2. In addition, we use a variable time-step with the Courant number being smaller

than unity.

4.2.2 Numerical setup

An illustration of the flow domain is shown in figure 4.1. In this chapter we
follow the convention adopted in chapter 3 and is described in section 3.2.2. As
regards the flow configuration, the cold fluid enters the computational domain
from the inflow boundary of the horizontal channel while the hot jet enters from
the smaller vertical channel, as depicted in figure 4.1. The two streams interact
and start to mix downstream the entry of the jet. The combined stream exits

the computational domain from the outflow boundary of the horizontal channel.
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Further, the dimensions of the computational domain are kept the same with those

described in section 3.2.2.

Figure 4.1: Ilustration of the computational domain.

With regard to the discretization of the computational domain, initially, we
have performed simulations in the grid described in section 3.2.2. However, as
it turned out, that grid was not sufficiently fine for flows with thermal gradients
because it yielded under-resolved peaks of the rms profiles in certain locations.
Accordingly, we started refining the grid until we got sufficiently smooth and
well-resolved rms profiles with a grid consisting of approximately 4.5 x 10°. In
particular, we have increased the number of nodes in the y-direction, from 192 to
300. In addition, we have used 400 nodes in the streamwise direction instead of
340. An overview of the discretization of the computational domain is provided
in table 4.2.

Section 1 2 3
Extent —-Ot<r<—-1| -1<xz<0 —-1l<x<13
O<y<?2 —2<y<0 O<y<?2
Number of cells | 60 x 150 x 64 | 64 x 150 x 64 | 276 x 150 x 64

Table 4.2: Overview of the discretization of the computational domain.

In figure 4.2 we present plots of Az*, Az" and y;,, at the bottom wall of the
horizontal channel for the case T = 1.17, with y;, being the wall-normalised
distance of the first node in the wall-normal direction. It is important to mention

that u, varies along the z-direction because p and p are temperature dependent
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Figure 4.2: Presentation of the grid spacing in wall units at the bottom
wall of the horizontal channel, at y = 0.0. (a) Az* and Az upstream the
entry of the jet, (b) Az™ and Az downstream the entry of the jet, (c)
y; upstream the entry of the jet, (d) y;, downstream the entry of the jet.

and because 7, also varies with z. As shown in figure 4.2a, the values of both Ax™
and AzT upstream the entry of the jet are well below the limits recommended in
Zang [75]. According to these guidelines, the wall-normalised streamwise spacing
Az™" should be smaller than 80, Az™ < 80, while the spanwise spacing Az™ smaller
than 30, Az < 30. Similarly, the first node in the wall-normal direction always
satisfies the requirement 0 < y* < 1; in fact, its value is always below 0.4.

The values of Az™ and Az™ at the bottom wall downstream the entry of the
jet are shown in figure 4.2b. The streamwise spacing, Az™", satisfies the recom-
mendation of Zang throughout the domain. Its maximum value is approximately
38, close to the outflow plane. As for the spanwise spacing, Az", it satisfied the
recommendation everywhere, except for a small region defined by 1.7 < x < 2.7.
In this region Az™ becomes slightly larger than 30, with a peak of approximately
33 at x = 2.1. Nonetheless, according to the guidelines of Piomelli and Chasnov
[95] for wall bounded flows, Az* can be as high as 40. Consequently, the grid
spacing in the homogeneous direction is deemed adequate for the purposes of our
study. As for the first node in the wall-normal direction, y;" is substantially lower

than unity at all points downstream the entry of the jet. More specifically, it
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is everywhere lower than 0.5, even in the region 0 < x < 4 where the flow is

computationally most demanding.

4.2.3 Implementation of boundary conditions

With regard to the implementation of boundary conditions, we employ two aux-
iliary simulations for the generation of turbulent inflow data while the convective
boundary condition described in equation (2.48) is used for the outflow plane.
With respect to the temperature field, uniform temperature profiles are prescribed
at the two inflows while the convective boundary condition is employed at the out-
flow. Further, in order to match the experiments in [11], the walls are considered

adiabatic, i.e. VT -mn = 0, with n being the outward normal vector at a surface.

4.3 Discussion of the numerical results

In this section we present and analyse our numerical results for two different
temperature ratios between the incoming jet and the crossflow, namely Tz = 1.17
and T = 2.0. In particular, we discuss the main features of the flow and elaborate
on the effect of Tk on the emerging patterns of the flow field.

As regards the presentation of our results, we adopt the following standard
notation. The mean of a generic quantity ¢ is denoted by <¢> and refers to av-
eraging both in time and in the homogeneous spanwise direction. The fluctuating
component of ¢ is denoted by ¢'. Also, ¢.ns stands for the root mean square (rms)
value of ¢, i.e. ¢ums =< &'¢ >Y2. In the presentation of results, and with-
out loss of clarity, we omit the tilde from the symbols representing Favre-filtered
quantities.

The simulations are initialized by injecting hot fluid from the vertical channel
to the cold crossflow. To ensure that the flow has reached the statistical steady
state we follow the approach described in section 3.3. Once statistical stationarity
is confirmed, we collect statistics of the flow quantities for 100 time units.

The main characteristics of the flow can be identified in figure 4.3 which shows
streamlines extracted from the mean velocity field superposed by contour plots
of the mean temperature <7'>. According to this figure, due to the presence of
the incoming jet, the crossflow tilts upwards and its cross-section area decreases.
This results to a Venturi effect, i.e. the crossflow accelerates as it passes over the
incoming jet. Reciprocally, as soon as the jet enters the horizontal channel, it

starts to turn and changes direction until it gets aligned with the direction of the
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Figure 4.3: Main flow features in the neighbourhood of the entry of the
jet. This figure shows streamlines extracted from the mean velocity field
superposed by contour plots of the mean temperature field <7'>. In this
figure we show 4 streamlines emerging from the left entry of the horizontal
channel. The distance between those is 0.4. In a similar manner, we
show 4 streamlines emerging from the bottom entry of the vertical channel
with the distance between those being 0.2. We also show streamlines
downstream the entry of the jet in order to visualise the large recirculation
bubble in this region. Additional streamlines are visualised close to the
two corners of the entry of the jet. (a) Tp = 1.17, (b) T = 2.0.

crossflow. The presence of the jet results in the formation of a large recirculation
bubble just downstream the entry of the jet. Then, as the jet passes between the
recirculation bubble and the crossflow, its cross-section area decreases, resulting
in a second Venturi effect in the flow.

Also, figure 4.3 helps to identify two shear layers that emerge in the flow
field. The first one is formed between the crossflow and the incoming jet. Its
origin lies close to the upstream corner of the entry of the jet. It spans the entire
computational domain downstream the entry of the jet and provides the principal
mechanism for mixing between the two streams. Henceforth, it will be referred to
as the primary shear layer. In the region just above the entry of the jet, this layer
is subject to a flapping motion which, according to Hirota et al. [11], is induced by
the fluctuations of the streamwise velocities of the two interacting streams. The
primary shear layer rolls up fairly quickly, and entrains significant amounts of fluid
originating from the cold crossflow. The second shear layer is formed between the
jet and the recirculation bubble and can reach up to the reattachment point of
the flow beyond the recirculation bubble. Henceforth, it will be referred to as the
secondary shear layer.

In figure 4.3, we can also observe a smaller recirculation zone that is located
between the incoming jet and the bubble. This feature was first identified in

chapter 3 where we studied isothermal turbulent flows in T-junctions. Further, we
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note the formation of an additional recirculation region, located in the vicinity of
the upstream corner of the entry of the jet.

All of these features are common in both cases, irrespective of the temperature
ratio between the two streams. However, the details of these features do depend on
Tg. For example, in the case of low temperature ratio, Tr = 1.17, the incoming jet
goes higher in the y-direction. By contrast, in the case of T = 2.0 the incoming
jet turns rapidly and aligns with the crossflow much faster, which results in a
significantly smaller recirculation bubble. These differences are attributed to the
fact that an increase of T implies a decrease of the momentum flux of the incoming
jet; see table 4.1.

Further, upon a close examination of the flow field in the vicinity of the up-
stream corner of the entry of the jet, shown in figure 4.4, we can observe significant
differences between the recirculation regions mentioned above.

In particular, for the case with small temperature ratios T = 1.17, we can
identify the formation of two vortical structures. The first one consists of a thin
vortex right before the entry of the jet, very close to the horizontal wall. The
second one is a larger roller inside the vertical channel. Based on the streamlines
and the contour plots of the pressure field shown in figure 4.4a, we infer that both
vortices are formed by fluid coming from the crossflow. As regards the thin vortex
close to the horizontal wall, we remark that the incoming jet produces a strong
adverse pressure gradient in the vicinity of the upstream corner of the entry of the
jet. This causes the separation of the crossflow near the wall which, in turn, results
in the formation of this thin structure. This vortex is equivalent to the horseshoe
vortex that is observed in jets in unconfined crossflows; see, for example, [82]
and [79], as well as in chapter 3. It should be noted, however, that in the flows
considered herein, a horseshoe vortex cannot be developed because the incoming
jet extends over the entire span of the computational domain (in the z-direction).

As regards the second vortex, it results from entrainment of crossflow fluid in-
side the vertical channel. More specifically, owing to the adverse pressure gradient
that is developed in the vertical channel, gas from the crossflow enters this channel
and forms the aforementioned vortex. A similar structure was described in [79] in
which the authors presented experiments of jets in unconfined crossflows. These
authors observed that, for bulk-velocity ratios (jet over crossflow) lower than 2.3,
a vortex is formed just outside the vertical channel and called it “hovering vortex”.
This observation was subsequently confirmed by both experimental and numerical
studies; see, for example, [78] and [96]. In our case the bulk-velocity ratio is unity,

which is substantially below the reported threshold of 2.3 and, furthermore, this
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Figure 4.4: Recirculation zones in the the vicinity of the upstream corner of
the entry of the jet. The figures show streamlines extracted from the mean
velocity field and plots of the mean pressure field <p>. (a) T = 1.17, (b)
Ty = 2.0.

structure is formed inside the vertical channel, i.e. below the entry of the jet. The
different location of the hovering vortex in our case may be due to the significantly
lower bulk-velocity ratio.

On the other hand, in the case of high temperature ratio T = 2.0, the flow field
in the vicinity of the upstream corner is considerably different. In particular, due
to the reduced mass density, the momentum flux of the incoming jet is significantly
decreased. As a result, the crossflow changes direction only slightly and does not
separate; see figure 4.4b. Further, it does not enter the vertical channel because
the adverse pressure gradient due to the incoming jet is not strong enough. Recip-
rocally, the jet changes direction rapidly upon entrance in the horizontal channel,
which results in the formation of the recirculation bubble (roller) shown in figure
4.4b. Moreover, the boundary layer at the vertical wall is laminar and, therefore,
much more susceptible to separation than the turbulent boundary layer of the pre-
vious case. Consequently, the roller just below the entry of the jet contains fluid
from the jet and not from the crossflow as in the previous case. This is due to
the combined effect of high momentum ratio and laminarity of the boundary layer
at the vertical wall. This structure was also predicted in the LES simulations of
jet-in-crossflow reported in [97]. In that study the authors considered a case with

turbulent incoming jet and a momentum ratio that was two orders of magnitude
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Figure 4.5: Contour plots of the amplitude of the in-plane mean velocity
field, u, = vV<u>?2 + <v>2. (a) Tr = 1.17, (b) Tr = 2.0.

higher than the ones considered herein.

It should be noted that the observations made herein are based on the exami-
nation of streamlines extracted from the averaged velocity vector field. However,
in order to obtain a more comprehensive picture on the mixing process in this re-
gion, additional and more advanced diagnostic tools should be used. For example,
one can introduce a passive and artificial tracer, C', that will enable us to quantify
the proportions of crossflow and jet fluid in this region. The concentration of the
tracing quantity C' is defined by an advection-diffusion equation, similar to the
one for the temperature given in (2.42) and, therefore, no new equation needs to
be solved.

Finally, an additional difference between the two cases concerns the acceleration
of the two streams due to the Venturi effect mentioned above. This can be verified

upon inspection of figure 4.5 which shows contour plots of the amplitude of the

in-plane mean-velocity field u, = v/<u>2 + <v>?2 for both cases under study. To
be more specific, we see that the acceleration of the incoming jet increases as the
temperature ratio Tx increases. This is also ascribed to the reduced momentum
flux of the incoming jet as its temperature increases, but it is further amplified by
thermal stratification. On the other hand, the acceleration of the crossflow due to
the Venturi effect has the opposite trend, i.e. it decreases as Tx increases. The
reason for this is the following. As mentioned above, the incoming jet changes
direction faster as the temperature ratio increases. This, in turn, implies smaller

decrease of the section area of the crossflow and, therefore, smaller acceleration.
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4.3.1 Statistics of the temperature field

In this section we present the first and second-order statistics of the temperature
field and make comparisons with the experimental data from [11]. The results are

presented in terms of the normalised temperature 6, given by

T-T.

f = — <
T}Bt_TC

(4.3)

Figure 4.6 shows profiles of the mean normalised temperature <6> for both
temperature ratios and at six different streamwise stations of interest. More specif-
ically, figures 4.6a and 4.6b show the profiles of <> at x = —0.5 and =z = 0.0.
These stations correspond to the centre and the downstream corner of the entry of
the jet, respectively. The main feature of these profiles is the transition zone from
the hot to the cold temperature. This transition takes place across the primary
shear layer, i.e. the one that emanates from the vicinity of the upstream corner
of the entry of the jet. Also, based on the thickness of this layer, we can infer
that the thermal mixing between the two streams at x = —0.5 and x = 0.0 is still
quite limited. It is also worth mentioning that the profiles for the two different
cases are fairly similar. The only noticeable difference is the wall-normal location
of the primary shear layer. This difference is due to the different trajectories of
this layer in the two cases under study. In particular, for T = 2.0 it is always
positioned lower than the one for T = 1.17 at all streamwise stations. This is
because, as mentioned above, the incoming jet for T = 2.0 turns faster due to
lower momentum flux.

Figures 4.6a and 4.6b also show the experimental data from [11] for the case
Tr = 1.17. We can readily observe that our numerical predictions agree quite well
with the experimental measurements at both streamwise stations. More specifi-
cally, our simulations capture accurately the temperature profile, the location and
thickness of the primary shear layer and the near-wall temperature gradients.

The plots in figures 4.6¢ and 4.6d depict the profiles of <> at x = 0.5 and x =
1.0, respectively. These stations are located at the large recirculation bubble. In
both cases, the thickness of the primary shear layer has only moderately increased.
Also, according to our predictions, the temperature inside the bubble is almost
uniform and slightly lower than the temperature of the incoming jet. Further, we
observe another zone of temperature gradients just above the large recirculation
bubble, in the interval 0.3 < y < 0.5. It corresponds to the secondary shear

layer, i.e. the one that emanates from the downstream corner of the entry of jet.
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Figure 4.6: Profiles of the mean normalised temperature <@>. -
Tr =1.17; —, Tr = 2.0; e, experimental data from [11] for Tp = 1.17.

According to our simulations, this layer is much thinner than the primary one
and the temperature gradients in its interior are smaller. Based on these facts, we
conclude that the secondary shear layer does not contribute significantly to the
thermal mixing in the flow field.

As regards comparisons with experiments, we infer from figures 4.6¢ and 4.6d
that our numerical predictions at x = 0.5 and x = 1.0 agree well with the ex-
perimental data from [11], especially as regards the location and thickness of the
primary shear layer and the temperature distribution across it. On the other hand,
the experimental measurements do not capture the temperature variations across
the secondary shear layer; instead the temperature of the bubble was measured to
be equal to the one of the incoming jet.

Finally, figures 4.6e and 4.6f show profiles of <> at the region of the reat-
tachment of the flow and, more specifically, at x = 3.0 and x = 4.0. The profiles
for the two cases are again fairly similar. The primary shear layer has spread con-
siderably and spans more than a unit length, i.e. a half-width of the horizontal

channel. This implies that the thermal mixing at these stations has become quite
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significant. Also, according to our simulations, the top-wall temperature remains
constant and equal to the one of the crossflow T,.. On the other hand, the bottom-
wall temperature is below the one of the incoming jet, Tjc;, and decreases along the
streamwise direction due to thermal mixing. We further note that, as regards the
top-wall temperature and the location and thickness of the primary shear layer,
our predictions agree well with the experimental data from [11].

However, there is a discrepancy in the bottom-wall region. More specifically,
according to those measurements, the temperature decrease at the bottom wall
is milder than the one predicted by our simulations. One could attribute it to
numerical artefacts or grid resolution effects. However, this discrepancy occurs in
a near-wall region where our LES are wall-resolved and use very fine meshing in
these regions. Further, if the discrepancy was due to grid resolution only, then we
would expect to observe even larger discrepancies in the centerline of the horizontal
channel (y = 1) because therein our grid is coarser. But this is not the case. For
this reason, we think that this discrepancy cannot be attributed solely to grid
resolution.

Another factor that contributes to this discrepancy is the difference between
the experimental and numerical set-ups. The measurements in [11] are taken at
the symmetry plane of a rectangular duct, whereas our computational domain is
periodic in the spanwise direction and the computed profiles shown herein have
been averaged along this direction. Further, this discrepancy can be attributed, at
least partially, to experimental uncertainties. This would not be surprising because
the measurements in [11] show that inside the recirculation bubble the temperature
field remains constant and equal to the temperature of the hot incoming jet. In
other words, according to those measurements, the fluid inside the recirculation
bubble originates from the incoming jet only. In view of the intense mixing that
takes place between the two streams, we cannot find any physical justification for
this; moreover, the authors of [11] did not provide a justification either.

For completion purposes, we provide profiles of <> at stations further down-
stream, i.e. closer to the outflow boundary of the computational domain. In
particular, figures 4.7, show the profiles of <> at x = 5.0, 8.0, and 11.0. Experi-
mental measurements at these streamwise stations are not available.

Based on these profiles, we infer that the primary shear layer has diffused
substantially at these stations. For example, for T = 1.17 and at = = 11.0, the
temperature profile across the channel has become almost linear. We also remark
that, as a result of the thermal mixing between the crossflow and the incoming jet,

the bottom-wall temperature continues to decrease with x. In particular, <€> is
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Figure 4.7: Profiles of the mean normalised temperature <> at stations
further downstream. ---,Tp =1.17; —, Tx = 2.0.

approximately equal to 0.6 for both cases at x = 11. We further note that the top-
wall temperature is no longer constant but it increases with x, albeit very slowly.
More specifically, a slight increase of 6 at the top wall can be observed in figure
4.7c for x = 11.0. This is because the incoming jet changes direction and turns
without ever reaching the top wall. As a result, thermal mixing in the top wall
occurs only downstream where the primary shear layer has sufficiently spread.

Next we present results for the second-order statistics of the temperature field.
The profiles of 0,,,s at six different streamwise stations are provided in figure 4.8.
According to it, these profiles exhibit the same trends for both cases considered
in our study. For example, they both have a strong peak that coincides with the
centerline of the primary shear layer. Evidently, the value of this peak progressively
decreases as thermal mixing is enhanced along the z-direction. Nevertheless, there
are also some differences between the profiles for the two cases. For example, the
peak of 0, for Tr = 2.0 is located lower than for T = 1.17. This is because the
momentum flux of the incoming jet at Tk = 2.0 is smaller, so that the jet changes
direction and turns faster once it enters the horizontal channel. In addition the
profiles for T = 2.0 are skewed in the lower half of the channel. Further, at the
top half of the channel, the values of 6,,,s are higher for T = 1.17.

4.3.2 Statistics of the velocity field

In this section we present the first and second-order statistics of the velocity field,
starting with the properties of the mean streamwise velocity <u>. In figure 4.9
we show the profiles of <u> for both cases under study at six streamwise stations

downstream the entry of the jet.
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Figure 4.8: Profiles of the rms of the normalised temperature, 0,,,s. ---,
Tr =117, —, Tr =2.0.

For x = 1.0, the velocity at the upper part of the channel, which is occupied
by the crossflow, is almost constant and considerably higher than the inflow ve-
locity. This is a manifestation of the acceleration due to the Venturi effect that
is experienced by the crossflow. We also note that <u> is higher for Tz = 1.17,
in accordance with our earlier remark that the Venturi effect gets stronger as Txr
decreases. Below the crossflow, in the region occupied of the jet, <u> is also
high due to the Venturi effect on the jet. However, the velocities are higher when
Tr = 2.0 because, as explained above, the reduction of the cross-section area
of the jet becomes more pronounced as T increases. We also remark that the
wall-normal gradients of <u> in this region are significant due to the presence of
the primary and secondary shear layers. Further below, in the region occupied
by the large recirculation bubble, the wall-normal gradients are significant too.
Eventually, the velocities become negative in the near-wall region.

The profiles of <u> at x = 3.0 are plotted in figure 4.9b. In the case of
Tr = 1.17 the flow has not yet reattached, which can be confirmed by the negative
values of <u> near the bottom wall. As a result, the characteristics of the profile

for Tp = 1.17 are the same as in the previous station. On the other hand, for
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Figure 4.9: Profiles of the mean streamwise velocity <u> at different
locations of the horizontal channel. ---, T =1.17; —, T = 2.

Tr = 2.0 the flow has already been reattached, the reattachement point being
at © = 2.63. (In our study the reattachment point is identified as the first-node
point where the streamwise velocity changes sign). Downstream this point, the
jet expands towards the bottom wall, which leads to lower velocities and milder
wall-normal velocity gradients. It is also worth noting that the peak of <u> is
shifted upwards and its value is smaller than in the previous station; these features
are attributed to the spreading of the primary shear layer.

The station x = 4.0 coincides with the reattachment point for the case with
Tr = 1.17; see figure 4.9c. Besides the fact that the velocities near the bottom
wall are no longer negative, the profile of <u> at this station is very similar to
the one at the previous station. As regards the profile for T = 2.0, it is also very
similar to the one at the previous station too. The only noticeable difference is
the higher location of the peak of <u>. Finally, further downstream, the primary
shear layer spreads even more and extends over the entire width of the channel.
As a result, the profiles of <u> for the two cases become increasingly similar; see,
for example the profiles at = 11.0 shown in figure 4.9f.

We proceed to examine in more detail the near-wall profiles of <u> for the two
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cases under study. For this purpose, it is convenient to express y and <u> in wall
units, ¥ and u*, with «* = =%=. Since we are concerned with variable-density

flows, we apply the Van Driest transformation to the velocity profiles, [98],

ut 0.5
UV = / (ﬁ) du', (4.4)
0 P

with py being the density at the wall. This transformation is quite common in the
study of variable-density flows [61, 99] because it enables comparisons of velocity

profiles with the universal law of the wall,

yr, y+t <10,

ut = (4.5)
1
5 logy™ +5, yt >10.

In figure 4.10 we present the profiles of uiy, near the bottom wall at two
streamwise stations downstream the recirculation bubble, x = 8.0 and x = 11.0.
The profiles for T = 1.17 are juxtaposed with the universal law of the wall in
figure 4.10a. We readily infer that the values of uyp deviate from the law of
the wall for y™ > 10 at both stations. Furthermore, they exhibit an inflection
point at y* ~ 200. This is due to the adverse pressure gradient that is developed
downstream the reattachment point of the flow [84]. It is also worth mentioning
that the profiles of u{y, shown in this figure are similar to the u™ profiles for
isothermal flows in T-junctions that are provided in chapter 3.

The wall-normalised velocity profiles for T = 2.0 are presented in figure 4.10b.
We observe that they also deviate from the universal law of the wall in the loga-
rithmic region and possess an inflection point therein. However, they have some
differences with the profiles for T = 1.17. For example, they have characteristi-
cally higher values in the logarithmic region. Also, the change in the curvature of
the profiles at the inflection points is milder, especially at the downstream station
x = 11.0. This is attributed to the smaller size of the recirculation bubble for
Tr = 2.0, see figure 4.3. Indeed, a smaller bubble implies a smaller expansion
of the jet downstream the reattachment point, hence a weaker adverse pressure
gradient.

Profiles of uyp, near the top wall at two streamwise stations, z = 1.0 and
x = 8.0, are plotted in figure 4.11. We remark that for T = 1.17 and x = 1.0,
the growth of u{, for y™ > 30 is much smaller than the one predicted by the law

of the wall, see figure 4.11a. This deviation arises from the favourable pressure
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Figure 4.10: Profiles of the wall-normalised velocity uiy, at the bottom
wall. (a) Tp = 1.17, (b) T = 2.0. ----, law of the wall; ---, z = 8.0;
—, x = 11.0. The value of k = 0.4 for the law of the wall at the logarithmic
region is chosen so as to achieve the best fit with the velocity profiles.

gradient that is developed due to the Venturi effect on the crossflow; see also the
discussion in [86]. On the other hand, sufficiently downstream the reattachment
of the flow, x = 8.0, the logarithmic profile at the top wall is reestablished.

Interestingly, for T = 2.0, the profile at x = 1.0 is nearly identical to the one
for T = 1.17, and exhibits the same deviation from the law of the wall due to the
Venturi effect; see figure 4.11b. Further, for this temperature ratio, the profile of
uyp at © = 8.0 deviates from the law of the wall by almost two wall units in the
logarithmic region. According to the authors of [92], who performed simulations
of turbulent heat transfer in a channel, this offset is attributed to the effects of
density variations which are not fully taken into account by the introduction of
the Van Driest transformation.

Next, we examine the properties of the second-order velocity statistics of the
flow. Profiles of the rms of the streamwise velocity component, u.,s, are plotted
in figure 4.12. At x = 1.0, the velocity fluctuations at the upper part of the
channel are quite small for both temperature ratios. This is a direct consequence
of the acceleration of the crossflow due to the Venturi effect. However, at the lower
part of the channel, the fluctuations increase substantially because of the primary
and secondary shear layers. Actually, at this region, the profiles of u,,s exhibit
two peaks. The upper peak corresponds to the primary layer and the lower peak

corresponds to the secondary layer. We observe that the amplitude of the upper
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Figure 4.11: Profiles of the wall-normalised velocity uyy, at the top wall.
(a) Tp = 1.17, (b) Tp = 2.0. ----, law of the wall; --- 2 =1.0; —,
x = 8.0. The value of k = 0.4 for the law of the wall at the logarithmic
region is chosen so as to achieve the best fit with the velocity profiles.

peak is substantially higher for T = 2.0; this is due to higher shear rate across the
primary layer and stronger stratification effects. We further remark that, based
on the u,,s profiles at x = 1.0, the turbulent intensity is much higher for T = 2.0.

It is important to mention that this double peak in the profile of the velocity
fluctuations has not been observed in chapter 3 where we studied isothermal flows
in T-junctions. In other words, this feature is due to the effect of the temperature
as an active scalar. Further, this feature implies that the mixing induced by the
primary shear layer is enhanced when the crossflow and the incoming jet are not
at the same temperature.

The double-peak structure can also be observed at the profiles for x = 3.0
shown in figure 4.12b. However, the peak amplitudes have decreased due to the
spreading of the shear layers. Also, for Tz = 2.0, and based on the u,ys profiles
at stations downstream, the fluctuations due to the primary shear layer persist
at long distances. This is a consequence of the strong stratification effects for
this temperature ratio. On the other hand, for T = 1.17, the peak of u,,s due
to the secondary shear layer eventually vanishes. In other words, the secondary
layer eventually diffuses. At the same time, the velocity fluctuations become more
prevalent near the symmetry plane of the channel due to the primary shear layer

that spreads substantially downstream the recirculation bubble. Nonetheless, the
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Figure 4.12: Profiles of the rms of the streamwise velocity component ;s
at different streamwise stations in the horizontal channel. ---, T = 1.17,;
—, T = 2.0.

amplitude of these fluctuations is smaller than the ones for T = 2.0 due to weaker
stratification.

In figure 4.13 we present the rms profiles of the wall-normal velocity component,
Urms, for both cases under study and at the same streamwise stations as before.
According to this figure, the profiles of v,,,s share some common features with the
profiles of the streamwise fluctuations. For example, at x = 1.0, we can observe the
two peaks related to the primary and secondary shear layers for both temperature
ratios. Also, for T = 2.0, the peak related to the primary layer persists and its
location is gradually shifted upwards. At the same time, the wall-normal velocity
fluctuations become more prevalent in the upper part of the channel. Despite the
strong stratification effects, the values of v.,s are still smaller than the values of
Upms-

Finally, profiles of the rms of the spanwise velocities are presented in figure 4.14.
As with the other velocity components, the profiles of w, s also have two peaks at
the locations of the primary and secondary shear layers. We also note that in the
vicinity of the reattachment point of the flow, w.,s takes characteristically high

values; see figures 4.14c and 4.14d. Such high values are due to splatting of vortices
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Figure 4.13: Profiles of the rms of the normal velocity component v,.,s at
different streamwise stations of the horizontal channel. ---, T = 1.17;
—, Tr = 2.0.

that are shed by the shear layers. This phenomenon is frequently encountered near

reattachment points of separated flows; see for example the discussion in [77].

4.3.3 Statistics of turbulent heat fluxes

In this section we present and analyse our results for the turbulent heat fluxes
<f'u'> and <0'v'>. Comparisons with the experimental data from [11] are also
included herein.

First we elaborate on the profiles of the streamwise turbulent heat flux <6'u’>
for Tr = 1.17, shown in figure 4.15. The profile at the streamwise station x = —0.5,
i.e. the centre of the entry of the jet, is given in figure 4.15a. According to it,
<0'u'> is zero at the upper part of the channel that is occupied by the crossflow,
but it assumes a bell-shaped profile with negative values at the lower part, i.e. the
part occupied by the incoming jet. The negative values imply the heat transfer
is directed upstream, which is likely due to the effect of entrainment of packets

from one stream to the other. The negative peak coincides with the location of
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Figure 4.14: Profiles of the rms of the spanwise velocity component w,,s at
different streamwise stations of the horizontal channel. ---, Tz = 1.17,
—, Tr = 2.0.

the primary shear layer. Another interesting feature is that the temperature of
the incoming jet starts fluctuating as soon as the jet enters the horizontal channel.

The same characteristics can be observed in the profile of <#'u'> for x = 0.0
shown in figure 4.15b. However, the region of negative values has been shifted
upwards; this is due to the trajectory of the incoming jet which turns and changes
direction as it moves upwards. Further, the amplitudes of <6u'> have decreased.
This occurs because the orientation of the vector of the turbulent heat flux changes
with the direction of the incoming jet and the shear layer. In fact, the decrease of
the streamwise turbulent heat flux is accompanied by a corresponding increase of
the wall-normal one.

The profile of <0'u/> at x = 0.50 is shown in figure 4.15c. This streamwise
station is located at the large recirculation bubble. As the primary shear layer
spreads, the streamwise turbulent heat flux inside this layer changes to an S-shaped
profile. Also, it has a strong positive peak at y ~ 0.75, which is at the side of the
hot incoming jet. Further, it takes positive values in the region 0.3 <y < 0.5, i.e.

across the secondary shear layer. The same trends can be witnessed in the profile
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Figure 4.15: Profiles of the streamwise turbulent heat flux <#'u'> at the
vicinity of the entry of the jet and the recirculation bubble for T = 1.17.
—, our numerical predictions; e, experimental data from [11].

of <f'u'> for x = 1.0, shown in figure 4.15d. In this case, the value of the positive
peak has increased even further due to enhanced thermal mixing between the
incoming jet and the crossflow. Finally, in figures 4.15e and 4.15f we provide the
profiles of <f'u'> at x = 3.0 and = 4.0, in the reattachment region of the flow.
We observe that as the primary shear layer passes over the recirculation bubble
and expands in the channel, <f'u'> reverts to a bell-shaped profile of negative
values, i.e. the heat flux is directed upstream.

Our numerical predictions agree very well with the experimental data from
[11] at the stations z = —0.5, 0.0, 0.5 and 1.0. On the other hand, at x = 3.0
and x = 4.0 the measurements show an inverted S profile with negative values
at the lower hot side of the expanding primary shear layer and positive values at
the upper cold side of it. Our numerical results match well the measurements at
the lower side but predict negligible values for <6'u/> at the upper part instead
of positive ones; see figures 4.15e and 4.15f. The source of this discrepancy is not
yet clear to us and the authors of [11] did not provide a physical interpretation

for their measurements in this region. It is worth mentioning that the streamwise
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Figure 4.16: Profiles of the streamwise turbulent heat flux <#'u'> at the
region of the recirculation bubble for Tk = 2.0.

gradients of <7T'> in this region are very small, something that was also noted by
the authors of [11]. Therefore, one would expect small values of <6'v'> at the
cold side of the shear layer, as predicted by our simulations. On the other hand, it
should be acknowledged that this discrepancy can be attributed, at least partially,
to numerical diffusion errors.

Next we discuss the results of <#'u'> for the case of the high temperature ratio,
Tr = 2.0. The corresponding profiles are shown in figure 4.16. As in the previous
case, at = 0.5 the streamwise turbulent heat flux takes negative values across
the primary shear layer. However, at x = 0.0, <0'u’> assume a bell-shaped profile
of positive values across this shear layer. This shape is preserved at z = 0.5 and
x = 1.0 contrary to the previous case in which <6’u/> had an S-shaped profile.
This corroborates our previous conclusion that the secondary shear layer does not
contribute significantly to thermal mixing, in the case of T = 2.0. On the other
hand, at z = 3.0 and 4.0 the values of <#'u'> have become negative and follow a
bell-shaped profile, similarly to the case with T = 1.17.

The results for the vertical turbulent heat fluxes <6'v'> are shown in figure
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Figure 4.17: Profiles of the vertical heat fluxes <6'v'> at the region of the
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data from [11] for Tk = 1.17.

4.17. According to these plots, the values of <#'v'> are positive and have a bell-
shaped profile across the primary shear layer but are zero at the upper part of
the channel that is occupied by the crossflow. Positive values imply that the
heat transfer is directed upwards, 7.e. from the hot incoming jet to the cold
crossflow. Therefore it comes at no surprise that the vertical turbulent remain
positive. Further, the profiles of <#'v'> spread out as the shear layer passes over
the recirculation bubble and expands. Interestingly, the values of the vertical
fluxes in the region of the entry of the channel are higher for T = 2.0. This is
attributed to the stronger shear between crossflow and incoming jet for Tk = 2.0.
However, the peak values become almost equal for both cases as the flow evolves
in the streamwise direction.

For comparison purposes, in figure 4.17 we have included the experimental re-
sults from [11] for T = 1.17. Our numerical predictions agree reasonably well

with those measurements. The only visible discrepancy is that our simulations
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under-predict the amplitude of <6'v'> at the station x = 4.0. We remark, how-
ever, that according to the measurements, the values of <fv'> at x = 3.0 are
considerably lower than the values both at x = 1.0 and x = 4.0. In other words,
the peak of the vertical turbulent heat flux decreases and then increases again,

which is rather unexpected for this region of the flow.

4.3.4 Time-series analysis

In this section we present results of the times-series analysis of the temperature.
Our motivation is twofold; firstly, to gain additional insight on the dynamics of
turbulent heat transfer in T-junctions and, secondly, to assess the risk of ther-
mal fatigue at the walls of the T-junction. To this end, we first compute the
spanwise-averaged temperature field T'(z,y) at selected (z,y) coordinates in the
flow field. Subsequently, we compute the power spectral density of the signal Spp
that describes the distribution of power into the frequency components compris-
ing the signal. This, in turn, allow us to determine the characteristic frequencies
at which the signal of T oscillates. The frequencies are then non-dimensionalised
with respect to the half-width of the horizontal channel and the bulk velocity of
the crossflow in the experiments [11]. This provides the corresponding Strouhal
numbers, St = f§/U..

In figure 4.18 we have plotted the signal of m and the corresponding
power spectral density Spr for T = 1.17 at two different locations, namely, at the
primary shear layer above the entry of the jet (z,y) = (—0.5, 0.5), and downstream
the recirculation bubble at the symmetry plane of the horizontal channel (x,y) =
(8.57, 1.0). According to our predictions, the temperature at the first location
oscillates with a Strouhal number St = 0.4, which corresponds to a dominant
frequency of f ~ 43Hz. This result is very close to the frequency reported in
[11], f = 40Hz. Tt is also worth recalling that the primary shear layer is subject
to an oscillatory flapping motion. We may therefore infer that the frequency of
the temperature oscillation at this location coincides with the frequency of the
flapping motion of the primary shear layer.

As regards the second location (z,y) = (8.57, 1.0), according to figure 4.18 the
power spectral density St of the temperature exhibits a strong peak at almost the
same Strouhal number as before, St ~ 0.35. Therefore, this frequency is related
to the flapping motion of the shear layer. We also observe a secondary peak at
a lower Strouhal number, St ~ 0.15, which can be attributed to spanwise rollers

shed by the shear layers.
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Figure 4.18: Time-series analysis of the spanwise-average temperature,
T(x,y), for the case with T = 1.17. (a) (x,y) = (=0.5, 0.5). (b) (z,y) =
(8.57,1.0). The left images show the temperature signal at these two
points over 50 time units while the right images show the power spectral
density Str as a function of the Strouhal number St.

With respect to the issue of thermal fatigue of the walls, we first note that
according to the study [100], the critical frequencies are between 0.1 and 10 Hz.
In figure 4.19 we present the results of our time-series analysis at two locations at
the bottom wall, namely, (z,y) = (—1.02, 0.0) and (z,y) = (4.21, 0.0). The first
location is just before the upstream corner of the entry of the jet. As mentioned in
the discussion of the main features of the flow, a thin vortical structure is formed
in this region. The power spectral density of the temperature at this location has a
dominant peak at St =~ 0.1 and a secondary one at St ~ 0.04. The corresponding
frequencies are 10.75 Hz and 4.3 Hz, respectively. The dominant frequency lies
outside but close to the range responsible for thermal fatigue, whereas the second
largest frequency is definitely inside. We therefore infer that this region of the
bottom wall can be sensitive to thermal fatigue.

On the other hand, our analysis at the location (z,y) = (4.21, 0.0), i.e. slightly
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Figure 4.19: Time-series analysis of the spanwise-average temperature,
T(x,y), for the case with Tp = 1.17. (a) (z,y) = (—1.02, 0.0). (b) (z,y) =
(4.21, 0.0). The left images show the temperature signal at these two
points over 50 time units while the right images show the power spectral
density Spr as a function of the Strouhal number St.

downstream the reattachment point of the flow, reveals a dominant peak at St ~
0.03; see figure 4.19. This value corresponds to a frequency of 3.2 Hz, which means
that the bottom wall is even more susceptible to thermal fatigue at this location.

We conclude with a discussion on the time-series analysis for the case T = 2.0.
In figure 4.20 we present the plots of the power spectral density at the primary
shear layer above the entry of the jet (z,y) = (—0.5, 0.26), and downstream
the recirculation bubble at the centerline of the channel (z,y) = (8.57, 1.0). As
regards the first location, Spr possesses two strong peaks of similar amplitude at
St ~ 0.2 and 0.35, as well as a pair of smaller peaks at St =~ 0.13 and 0.6; this
is considerably different than in the case with Tz = 1.17. However, at the second
location, the peaks of the temperature signal occur at St ~ 0.16 and a secondary
one at St ~ 0.35. This means that the peaks of Srr at this location occur at

the same frequencies for both temperature ratios; compare figure 4.18b and figure
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Figure 4.20: Time-series analysis of the spanwise-average temperature,
T(x,y), for the case with T = 2.0. (a) (z,y) = (0.5, 0.26). (b) (z,y) =
(8.57,1.0). The left images show the temperature signal at these two
points over 50 time units while the right images show the power spectral
density St as a function of the Strouhal number St.

4.20b. As mentioned above, the first frequency corresponds to the flapping motion
of the primary shear and the second one to spanwise rollers shed by this layer.
In turn, this implies that the flapping frequency of the shear layer is not very
sensitive to the temperature ratio.

Finally, as regards the issue of thermal fatigue, the power spectral densities
at (z,y) = (=1.02, 0.0) and (z,y) = (2.55, 0.0) are plotted in figure 4.21. At
both locations, the power spectral density peaks at St =~ 0.05. The corresponding
dominant frequency is 5.35 Hz, which implies that the bottom wall is susceptible

to thermal fatigue at both locations.
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Figure 4.21: Time-series analysis of the spanwise-average temperature,
T(x,y), for the case with T = 2.0. (a) (z,y) = (—1.02, 0.0). (b) (z,y) =
(2.55, 0.0). The left images show the temperature signal at these two
points over 50 time units while the right images show the power spectral
density St as a function of the Strouhal number St.

4.4 Conclusions

In this chapter we presented a computational study of turbulent mixing between
a cold crossflow and a hot incoming jet in a T-junction via wall-resolved LES.
In the cases examined herein, inertial effects due to density variations cannot be
neglected and for this reason we did not invoke the Boussinesq approximation
regarding density variations. Our numerical predictions showed good agreement
with previously reported experimental data as regards both the temperature field
and the turbulent heat fluxes.

According to our simulations, the shear layer that is formed between the cross-
flow and the incoming jet provides one of the basic mechanisms for thermal mixing.
Fluid entrainment is enhanced by the flapping motion of this shear layer. Also,

the rate of shear across this layer increases with the temperature ratio between
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the two streams, which further enhances thermal mixing. Interestingly though,
sufficiently downstream the entry of the incoming jet, the temperature in the core
of this shear layer oscillates with the same Strouhal number, irrespective of the
temperature ratio.

Our study of the flow field in the near-wall regions has revealed that the velocity
profiles close to the bottom wall deviate significantly from the universal law of the
wall due to adverse pressure gradients that are developed downstream the large
recirculation bubble. On the other hand, the velocity profiles close to the top wall
initially deviate from the univeral law due to favourable pressure gradients that
is caused by Venturi effects. Nonetheless, sufficiently downstream, the universal
law of the wall is reestablished at the top wall. Our simulations further predict
that, at low temperature ratios, cold fluid from the crossflow is entrained inside
the vertical channel, which leads to the formation of a hovering vortex below the
entry of the jet. On the other hand, at high temperature ratios, there is no such
entrainment; the flow still separates below the entry of the jet but the vortex that
is formed contains hot fluid from the incoming jet. Finally, our time-series of the
temperature indicates that the bottom wall is susceptible to thermal fatigue in the

vicinity of the reattachment of the flow downstream the recirculation bubble.



Chapter 5

Turbulent heat transfer in

liquid-liquid flows in T-junctions

5.1 Introduction

In this chapter we report on a computational study of turbulent heat transfer in
liquid-liquid flows in a T-junction, as the one shown in figure 5.1. In the previous
chapter we showed that even for moderate temperature ratios, the temperature is
an active scalar in gas flows in a T-junction. However, the effect of thermal non-
equilibrium in liquid flows differs considerably from the one in gases. Whereas the
density of liquids varies only slightly with temperature, their viscosity tends to
decrease considerably as the temperature increases.

Currently, it is not well understood how temperature gradients affect the mix-
ing process in liquid-liquid flows in T-junctions. The majority of previous works
examined flows in which the temperature differences between the crossflow and
the incoming jet were small and the temperature was essentially a passive scalar.
Notable exceptions include the experiments of turbulent mixing in horizontal T-
junctions, i.e. the gravity vector pointing into the spanwise direction, that were
performed in the experimental facility described by Kuschewski et al. [101]. These
authors performed experiments in closed-loop T-junctions with circular cross-
sections at an ambient pressure of 75 bar, thus matching the working conditions

of Light Water Reactors (LWR). In addition, several numerical investigations that

The results of this chapter have been included in: M. Georgiou and M.V. Papalexandris.
Turbulent heat transfer in liquid-liquid flow in a T-junction. Under review. [34].
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were based on Large Eddy Simulations (LES) replicated the aforementioned exper-
iments [102-104]. Even though these studies focused on liquid-liquid flows with
temperature differences of the order of 100 K, the stratification effects were so
strong that dominated the mixing process. Further, Howard and Serre [24] exam-
ined liquid-liquid flows with temperature differences of 60 K via LES. However,
their simulations were based on wall models which, as mentioned in the previous
chapters, have been shown to perform poorly on flows in T-junctions [62, 72].

The objective of this study is to assess the effect of large temperature gradients
to the mixing process in liquid-liquid flows in rectangular T-junctions. Currently,
there are no available experimental data for such flows. For this reason, we have
performed and present herein Direct Numerical Simulations (DNS) of turbulent
mixing between a hot liquid crossflow and a cold liquid incoming jet in a rectangu-
lar T-junction. To the best of our knowledge, DNS studies of turbulent mixing in
T-junctions have not been published before. The fact that all the relevant scales of
the flow are fully resolved has allowed us to perform a detailed analysis of the dy-
namic and structural properties of the flow of interest. Further, in order to assess
the capabilities of LES on accurately predicting turbulent flows in T-junctions, we
have also performed a wall-resolved LES and compare its results with those of the
DNS.

This chapter is organised as follows, In section 5.2 we outline the mathematical
model, the numerical algorithm, and describe the computational setup of our
simulations. In sections 5.3 we present and analyse the numerical results of our
study. In particular, we describe the main features of the flow and examine the
structures that are developed in the instantaneous flow field. We also elaborate on
the statistics of the temperature, velocity components and turbulent heat fluxes.
This part also includes a comparison between the predictions of our DNS and LES.
In addition, we examine the budget of the turbulent kinetic energy and analyse

the time-signal the temperature. Finally, section 5.4 concludes.

5.2 Computational setup

In this section we outline the governing equations and the algorithm that is used
for the numerical treatment of those. We also elaborate on the configuration of
our numerical simulations and describe the flow geometry, the computational grid
and the implementation of the boundary conditions.

The working medium is liquid water at an ambient pressure of 3 bar. The

specific pressure is chosen so as to match the working conditions of AC systems
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that use liquid water as working medium. The temperature of the crossflow is
T. = 393 K, , with the superscript : denoting dimensional quantities, and the one of
the incoming jet is Tjet = 293 K. Accordingly, the ratio between the temperatures
of the two streams is Tr = 1.34. The bulk velocities of the crossflow and the
incoming jet are equal,

The governing system of equations for the flows of interest is the low-Mach ap-
proximation for the compressible Navier-Stokes-Fourier equations given in (2.12)
- (2.14). For purposes of non-dimensionalisation we have chosen the bulk velocity
of the crossflow, U,, as the reference velocity and the half-height of the horizontal
channel, 9, as the reference length. Also, the non-dimensionalisation of the ther-
modynamic variables and transport coefficients has been performed with respect
to the temperature and density of the fluid at the crossflow stream.

The system of governing equations is closed with an equation of state, i.e.
a relation between density, temperature and thermodynamic (ambient) pressure.
For liquid flows at constant ambient pressure, it is common practice to employ a
polynomial relation between p and T. Herein, we employ a parabolic fit of the
tabulated data provided by [31]. This parabolic relation is valid for temperatures

between 273 K and 423 K and reads, in non-dimensional form,
p = —045T*+0.55T +0.9. (5.1)

According to this equation, the ratio between the densities of the crossflow and
the incoming jet is equal to 0.945.

For liquids, the variation of the shear viscosity p with the temperature is
typically expressed by an Arrhenius-type relation, [105]. In our study we employ

the following (dimensionless) relation, adapted from [106],
w(T) = Ax107¢ (5.2)

with A = 0.105, B = 0.631 and C' = 0.356. It is worth mentioning that, given the
aforementioned temperature difference of 100 K, the shear viscosity of the cold
stream is 4.38 higher than the one of the crossflow. As for the liquid conductivity
K, we employ a second-order polynomial that matches the data provided in [31].

This expression reads, in non-dimensional form,

kK =—1.6T*+33T—0.7. (5.3)
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In addition, in the range of temperatures that are examined herein, the variations
of ¢, are smaller than 2%. For this reason ¢, is assumed to be constant.

Based on the reference quantities mentioned above, the Reynolds number of
the flow is Re = 3,000. This value corresponds to a bulk Reynolds number, that
is based on the height of the horizontal channel 26, Re;, = 6,000. The Prandtl
number, based on the crossflow temperature, is Pr = 1.44. Also, the Richardson
number is set to Ri = 0.04. This value is chosen so as to not allow the mixing
process to be dominated by buoyancy effects.

In table 5.1 we provide the values of the flow parameters of the incoming jet,
as well as the temperature and momentum ratios, Tk and Mg, respectively. We
remark that, due to the considerably higher viscosity and smaller diameter of
the incoming jet, its Reynolds number is almost one order of magnitude smaller,
Reje; = 343, in comparison with the one of the crossflow, Re = 3,000. Also, the
momentum ratio My is defined as the ratio between the momentum fluxes, pU?A,
of the crossflow and the incoming jet, with U and A being the bulk velocity and
cross-sectional area, respectively. Since the density and cross-sectional area ratios
are equal to 0.945 and 2, respectively, we have that Mz = 1.89.

T | 1.34
Mg | 1.89
Piet | 1.06
Miet | 4.38
Ut | 1.0
Rejer | 34

Table 5.1: Physical parameters related to the incoming jet for the case
considered herein. The Reynolds number, Rej, is based on the bulk
velocity of the jet Uje, the half-width of the vertical channel 0.59, and the
kinematic viscosity at the inflow of the incoming jet vje.

For the numerical solution of the governing system of equations (2.12) - (2.14)
we employ the time-accurate algorithm of Lessani and Papalexandris [42], de-
scribed in chapter 2. In our simulations we use a variable time-step. As mentioned
in chapter 2, the Courant number is always kept smaller than unity. Further, in
order to fully capture all the turbulent scales [107], we have ensured that the time-
step is always kept well below the Kolmogorov time-scale, 7,,. This time-scale is

defined by the following expression

T, = (é) v , (5.4)
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Figure 5.1: Illustration of the computational domain for the T-junction
simulation. For purposes of clarity, this image is not to scale.

with v being the local kinematic viscosity and ¢, the local turbulent kinetic energy
dissipation. The values of ¢ are shown later on.

An illustration of the computational domain is presented in figure 5.1. For the
configuration of the flow we have followed the same convention as in chapters 3
and 4. We have also used similar dimensions in the streamwise z-direction and
wall-normal y-direction of the computational domain. However, we have increased
the distance of the outflow plane from the downstream corner of the entry of the
jet, from 136 to 190. The elongation of the domain in this region is motivated
by our findings in chapter 4. In particular, in the previous chapter, we observed
that the temperature at the wall opposite the entry of the jet changes slightly.
For this reason, we decided to increase the distance of the outflow plane from the
downstream corner of the entry of the jet so as to check if the temperature close
to the bottom wall starts to change downstream 130.

In the spanwise z-direction, we assume the flow to be homogeneous and we
impose periodic boundary conditions. The spanwise length of the domain should
be long enough so as to capture the large structures that are developed in this
direction. On the other hand, in order to keep the computational cost of our
simulations as low as possible, the length of the domain should not be excessively
large. This issue is commonly encountered in numerical simulations of separated

flows, such as the one studied herein. For example, Frohlich et al. [77], who
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studied flows in channels with periodic hills via LES opted for a length of 34.
Similarly, in their DNS of external flows over backwards facing steps, Le et al. [84]
set the spanwise length equal to 4h, with h being the height of the step. Schéfer
et al. [108] opted for a length equal to 3.77h in their DNS of internal flows over
backwards facing steps. Therefore, in order to ensure that the turbulent structures
are satisfactorily captured and that the grid resolution is sufficiently fine for the
purposes of our DNS, we set the spanwise length equal to wd. This length is similar

to the ones used in the aforementioned studies.

5.2.1 Configuration of the computational grid

Given these dimensions, the computational grid for the DNS consists of 44.16 x 10°
computational nodes. Due to the significant flow inhomogeneities in the stream-
wise and wall-normal directions, we have employed non-uniform grid spacing along
them. On the other hand, a uniform grid spacing is used in the homogeneous z-
direction. Henceforth, all lengths will be given in non-dimensional values, that
is, normalised by ¢. Finally, the origin of the axes is placed at the bottom wall,
opposite to the downstream corner of the entry of the jet.

The computational grid can be divided in 3 sections. The first one covers the
horizontal channel upstream the entry of the jet, —6 < x < —1. In this section
we have placed 100 computational nodes in the streamwise direction. More specif-
ically, in the zone —6 < x < —2.78 there are 36 nodes with constant spacing
Ax = 0.091. Then, the grid is progressively refined, with a mild compression ratio
of 0.95, up to Az = 0.004. The second section is defined by —1 < z < 0 and
includes the vertical channel. Therein we have placed 100 nodes in the streamwise
direction with a symmetric distribution with respect to the mid-plane of the ver-
tical channel, z = —0.50. For —1 < < —0.5 the grid spacing increases smoothly
with a stretching factor of 1.03, up to Az = 0.02. The third section covers the
computational domain downstream the entry of the jet and it is discretized by 900
nodes in the streamwise direction. More specifically, in the interval 0 < x < 0.9 we
have placed 85 nodes and the spacing increases with a constant stretching factor
of 1.02 up to Ax = 0.022. Beyond the station = = 0.9, the streamwise meshing is
uniform.

In the wall-normal direction, we have placed 300 cells across the horizontal
channel, 140 nodes above and 160 nodes below the mid-plane. The choice of
asymmetric meshing in the (wall-normal) y-direction is motivated by the fact that

in some regions of the bottom wall, the thickness of the boundary layer decreases
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considerably due to flow acceleration; see figure 5.8 and the relevant discussion
below. Moreover, the fluid at the top wall is colder than the crossflow and, there-
fore, has higher shear viscosity. Consequently, the computational requirements
at the top wall are not as strict as those at the bottom wall. For these reasons,
we opted for higher resolution at the bottom half of the horizontal channel. The
centre of the first cell from the bottom wall, y = 0, is set at y;, = 8.98 x 107*. In
the bottom half of the horizontal channel, the spacing increases smoothly, with a
constant stretching factor of 1.013, up to Ay = 0.015. The remaining 140 nodes
are placed at the top half of the channel; therein the grid is refined smoothly as
we approach the top wall with a constant stretching factor of 1.012. The first
node off the top wall is located at y¢, = 1.33 x 1073, Along the vertical channel,
2 <y < 4, we have placed 150 cells. The grid spacing increases smoothly with ,
with a constant stretching factor of 1.018, up to Ay = 0.0195 at the top inflow
boundary.

Finally, in the spanwise direction, the domain is discretized via 128 uniformly
distributed nodes, i.e. Az = 0.0245. An overview of the discretization of the

computational domain is provided in table 5.2.

Section 1 2 3
Extent << -1 —1<x<0 O<ax<19
O<y<?2 O<y<4 O<y<?2
Number of cells 100 x 300 x 128 100 x 450 x 128 900 x 300 x 128

Table 5.2: Overview of the discretization of the computational domain.

In determining the grid spacing in the near-wall regions we have followed the
guidelines of Le et al. [84] according to which at least one node should be placed
in the interval 0 < y* < 1, while the grid spacing in the streamwise and spanwise
directions should be Az = 10 and Azt & 15, respectively. In figure 5.2 we show
the position of the first node in the vertical direction and the grid spacing (in wall
units) at the walls of the horizontal channel. More specifically, from figure 5.2a we
can infer that at least two nodes are always placed in the interval 0 < y*+ < 1. At
the bottom boundary, y;" attains its maximum value of 0.44 at = ~ 1 and decreases
significantly further downstream. In particular, for x > 3.0, y;, becomes smaller
than 0.3. At the top boundary, v is always smaller than 0.3. Further, according
to figure 5.2b, the coarsest grid spacings at the bottom boundary are Az* = 10.4
and Azt & 12.0, and they occur at the station = 1 . Further downstream, both

grid spacings decrease and are consistently smaller than 8.0. At the top wall, the
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Figure 5.2: Grid spacing at the walls of the horizontal channel expressed
in wall units. (a) v, (b) Az and Az"T. At the top wall and at z ~ 0.5,
xr =~ 1.4 and x = 3.9, the grid spacing drops to zero because the wall shear
stress 7, vanishes due to the reattachment of the flow.

values of Az and Az™ are even lower and always smaller than 4.0. We therefore
conclude that our computational mesh fulfils the above guidelines of Le et al. [84]
for the near-wall regions.

For the assessment of the quality of the grid away from the walls, we compare
the local grid spacing, A = (Az Ay Az)'/3 with the smallest length-scales of the

flow, namely, the Kolmogorov scale

- () .

and the temperature microscale 79. For Prandtl numbers significantly higher than

unity, 7 is given by the following relationship [109],

ne = 1 (P%)m : (5.6)

However, in the flow under study, the reference Prandtl number is close to unity;
Pr = 1.44, which corresponds to 1y = 0.837n. For this reason, we can exam-

ine the quality of the grid on the basis of the Kolmogorov scale n. In figure
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Figure 5.3: Contour plot of the ratio between the local grid spacing and
the smallest length-scale of the flow A /7.

5.3 we show a contour plot of the ratio between the local grid spacing and the
smallest length-scale of the flow, A/n, downstream the entry of the jet. The max-
imum value of this ratio is 2.81. Theoretically, in order for all the scales to be
resolved, the computational grid should be able to capture the minimum length-
scale. However, according to Pope [110], equation (5.5) tends to underestimate
the size of this scale. To show this, Pope devised a carefully designed model spec-
trum, D(k) = 2vk*E(k), with E(k) being the energy spectrum, that accurately
describes the dissipation range. Based on D(k), he quantified the scales of the
dissipative motions.

In figure 5.4 we present a plot of this dissipation spectrum D(k) against the
corresponding turbulent structures of size [ normalised by 7. This plot is a repro-
duction of [110, figure 6.16]. According to this figure, the peak of the dissipation
spectrum is at [/n ~ 24. In addition, the motions responsible for the bulk (largest
percentage) of the dissipation, range between 8 < [/n < 60. Since at least two
grid-cells are required to resolve a turbulent structure of size [, when the ratio
A/n =~ 4, the corresponding grid resolves the scales responsible for the bulk of
dissipation. Also, at the same figure we fill with grey colour the part of the spec-
trum that is not resolved by our computational grid. The energy content of this
part corresponds to 0.31% of the total energy of the dissipative motions, therefore,
we consider that our computational grid is sufficient for the purposes of our DNS
study.

On the other hand, the grid that is used for the LES consists of approximately
2 x 10° grid-nodes and fully resolves the wall-regions, as it follows the guidelines
proposed in [75]. The maximum stretching factor that is used in the design of
this grid is 1.1 in the region upstream the entry of the jet and 1.07 in the region

downstream the entry of the jet.
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Figure 5.4: Plot of the dissipation spectrum, D(k), against the length of
the local structures, [, normalised by n. The area filled with grey colour in
this curve illustrates the energy content of the scales of dissipative motion
that are not resolved by our computational grid. The energy content of the
unresolved scales corresponds to 0.31% of the total energy of the dissipative
motions. The curve of D(k) is extracted from [110].

5.2.2 Boundary conditions

As regards the implementation of boundary conditions, we prescribe two inflows
conditions, one for the horizontal crossflow and one for the incoming jet. For the
horizontal crossflow we provide a turbulent inflow. As mentioned in section 2.6,
the inflow data are obtained by auxiliary simulations that run simultaneously with
the main simulation. For the DNS, we perform an auxiliary DNS of a channel flow
consisting of 5.76 x 10° computational cells. Also, for the LES, we employ an
auxiliary wall-resolved channel flow simulation that consists of 4.3 x 10° cells. As
for the second inflow, the one for the vertical channel, since the incoming jet is
laminar; see table 5.1, we impose a parabolic profile with a bulk velocity equal to
unity. For the outflow boundary, we use the convective boundary condition for all
velocity components, the expression of which is given in (2.48).

For the temperature field we impose uniform profiles at the two inlets. Further,

at the outflow plane, we use the convective boundary condition given in equation
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(2.48). Finally, the walls of the T-junction are considered adiabatic. Therefore, a

zero Neuman condition is applied at these boundaries.

5.3 Discussion of the numerical results

This section is devoted to the presentation and analysis of our numerical results.
The notation adopted herein is standard; the mean of a generic quantity ¢ is
denoted by <¢> and refers to averaging both in time and in the homogeneous
spanwise direction. The fluctuating component of ¢ is denoted by ¢', while ¢y
stands for the root mean square (rms) value of ¢/, i.e. Puys = < ¢'¢/ >1/2.

The simulations are initialised by injecting the cold fluid from the vertical
channel to the hot crossflow. The accumulation of data for the statistical analysis
of the flow field starts once the flow becomes statistically stationary. To ensure that
the flow has reached the statistical steady state we follow the approach described
in section 3.3. Once statistical stationarity is confirmed we collect statistics of
the flow quantities for 55 time units that corresponds to 4.3 flow-through times
which is deemed sufficient for the purposes of our analysis. A flow-through time
is approximated by the ratio between the length of the domain after the incoming
jet and the bulk velocity of the flow just downstream the recirculation bubble, i.e.
it is approximately equal to 19/1.5=12.67 time units.

In figure 5.5 we present streamlines extracted from the mean velocity field
superposed by contour plots of the mean temperature <7>, as computed from
the DNS. In this figure we remark that the resulting flow field is similar to those
described in chapters 3 and 4. More specifically, the crossflow tilts downwards due
to the incoming jet. In turn, the jet changes direction steeply and aligns with the
one of the crossflow. In addition, due to this steep change of direction of the jet, a
large recirculation bubble is formed downstream the entry of the jet. Further, the
formation of the recirculation bubble results in the decrease of the cross-section
area of both crossflow and incoming jet. Accordingly, the two streams (crossflow
and incoming jet) experience a Venturi effect which increases considerably their
velocity. Then, the two streams expand as they pass by the recirculation bubble,
which results in an adverse pressure gradient in the region defined by 2 < = < 6.
This region includes the reattachment point at the end of the large recirculation
bubble, located at x ~ 3.89, according to the DNS.

Additionally, figure 5.5 serves to identify the two shear layers that are developed
in the flow field. The first one is formed between the crossflow and the incoming

jet and originates in the vicinity of the upstream corner of the entry of the jet.
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Figure 5.5: Main flow features. This figure shows streamlines extracted
from the mean velocity field superposed by contour plots of the mean
temperature field <7T'> as computed from the DNS.

In this figure we show 4 streamlines emerging from the left entry of the
horizontal channel. The distance between those is 0.4. In a similar manner,
we show 4 streamlines emerging from the top entry of the vertical channel
with the distance between those being 0.2. We also show streamlines
downstream the entry of the jet in order to visualise the large recirculation
bubble in this region. Additional streamlines are visualised close to the two
corners of the entry of the jet. With the arrow we show the reattachment
point of the flow, as predicted from DNS.

Henceforth, it will be referred to as the primary shear layer. The second one is
formed between the jet and the recirculation bubble, and it will be referred to as
the secondary shear layer. These two layers spread rapidly and start to interact,
eventually merging to a single shear layer.

In figure 5.5 we also observe two smaller recirculation zones. The first one
is located between the downstream corner of the entry of the jet and the large
recirculation bubble. Structures similar to this one were identified and described
in chapters 3 and 4 as well. As for the second one, it is located close to the up-
stream corner of the entry of the jet. In figure 5.6 we provide a close-up view of
the streamlines in this region superposed by contour plots of the mean tempera-
ture <T'> and pressure <p>, respectively. According to this figure, this roller is
located inside the vertical channel and consists of fluid coming exclusively from
the incoming jet.

In fact, this recirculation zone bears certain similarities with the one shown
in chapter 4 for Ty = 2.0; see figure 4.4b. As noted in the previous chapter, this
structure is formed because of the combined effect of high momentum ratio and the
laminarity of the boundary layer at the vertical wall. However, in the flow studied

herein, the momentum ratio is smaller (1.89 instead of 4.0). In other words, the
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Figure 5.6: Recirculation zones in the vicinity of the upstream corner of the
entry of the jet. This figure shows streamlines extracted from the mean
velocity field superposed by contour plots of (a) the mean temperature
<T> and (b) the mean pressure <p>. According to these plots, the jet
separates and forms a recirculating zone. This, in turn, decreases the
amplitude of the adverse pressure gradient that the crossflow experiences.

momentum flux of the incoming jet is higher in the current case. This results to
a feature that has not been observed before in flows in T-junctions. In particular,
due to its high momentum flux, the jet reverses in the vicinity of the upstream
corner of the entry of the jet and turns upstream.

In order to gain insight of the flow properties at the near-wall regions, we

examine the variation of the skin friction and pressure coefficients,

<Tyw>
Ct = +——— and C, =
§pref Uref

<p > = Dref

T (5.7)
2 re re

respectively, along the walls of the horizontal channel. In the above expression,
Pret and prer are the static pressure and density at the inlet of the crossflow. The
profiles of Cy and C), at the top wall, as predicted by the DNS and the LES, are
plotted in figure 5.7. As the crossflow approaches the entry of the jet, the pressure
coefficient C, increases, i.e. the pressure increases in the streamwise direction,
while C; decreases and becomes negative close to the upstream corner. This is due
to the reversal of the jet in the vicinity of the upstream corner that was mentioned
above. Also, the large drop in C), that is observed in the zone —0.5 < x < 0 is due
to the acceleration of the jet upon its entry in the horizontal channel, i.e. it is due
to the aforementioned Venturi effect. Downstream the entry of the jet, at the large
recirculation bubble, Ct decreases considerably and attains large negative values,

whereas C), is kept almost constant. However, as we approach the reattachment
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Figure 5.7: Plots of the skin friction and pressure coefficients, C; and C,
at the top wall of the horizontal channel. (a) Cf, (b) C,. There is a
small difference between the predictions of LES and DNS on the location
of the reattachment point (z = 4.31 instead of x = 3.89). The interval
—1 < x < 0 corresponds to the entry of the jet and, therefore, C} is not
defined therein.

point of the flow, both coefficients increase. This is a manifestation of the adverse
pressure gradient that is formed due to the expansion of the two streams. Further
downstream and up to the outflow boundary, the values of Cf remain higher than
at the inlet of the crossflow. This is attributed, primarily, to the thinning of the
boundary layer due to the acceleration of the flow (the incoming jet increases
the flow rate across the channel by approximately 50%) and, secondarily, to the
increased shear viscosity resulting from the lower temperatures near the top wall.

As concerns the comparison between the two simulations, the predictions of
the LES agree fairly well with those of DNS for both Cf and C,. However, we
note a small deviation (approximately 10%) in the prediction of the separation
and reattachment points, upstream and downstream the entry of the jet, respec-
tively. In addition, it mildly underpredicts the amplitude of C; in the region of
the recirculation bubble and the favourable pressure gradient close to the entry of
the jet.

In figure 5.8 we present the plots of C; and C), at the bottom wall. In the
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Figure 5.8: Plots of the skin friction and pressure coefficients, C; and C,
at the bottom wall of the horizontal channel. (a) Ct, (b) C,.

interval, —1.0 < x < 1.0 they follow opposite trends as the former increases while
the latter decreases, which is direct consequence of the Venturi effect that the
crossflow experiences in this region. This results to the local relaminarization of
the flow which leads to the formation of a favourable pressure gradient and the
increase of the wall shear stress 7,. As described in the previous chapters, the
relaminarization of the flow is limited to a small region, see figures 3.13 and 4.10
and the relevant discussion therein. In fact, slightly downstream, the crossflow
starts to expand and an adverse pressure gradient is formed. In this region, the
flow tends to separate but C; remains positive across the bottom wall. Regarding
the comparison between the two simulations, the predictions of the LES are very
close and almost collapse with the ones of DNS for C,. However, as regards the
friction coefficient Cf, the LES profile is somewhat diffused with respect to the
DNS predictions. Nevertheless, overall LES compares satisfactorily with DNS.

5.3.1 Instantaneous flow structures

In this section we examine the instantaneous flow structures, as extracted from
the DNS data. In our analysis we focus on the primary and secondary shear

layers and assess their contribution to the mixing process in the T-junction. We
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also investigate the effect of the incoming jet on the flow structures near the top
and bottom walls. All the figures presented herein show results at the same time
instance.

In figure 5.9 we provide contour plots of the amplitude of the instantaneous

spanwise vorticity |w,| and normalised temperature 6,

T_Tjet

g = - et
Tref_Tjet

(5.8)
The results shown in this figure are taken at the xy-plane defined by z = 1.24.
Both shear layers roll up quickly, leading to the formation and shedding of spanwise
rollers such as the one spotted at the secondary layer and at = ~ 1.8, see figure
5.9a. These rollers merge with adjacent ones in a pairing process or they are
torn apart and their vorticity is absorbed by the surrounding vortical structures.
Most of the surviving rollers are convected downstream but some of them interact
with the large recirculation bubble and eventually get entrapped therein. Also,
as the two shear layers spread, they start to interact and eventually they merge.
Downstream the reattachment point of the flow, the merged shear layer continues
to spread and eventually extends across the entire channel. In fact, downstream
the station x = 6.0, many of its rollers interact with the bottom wall. Additionally,
we can observe numerous thin and elongated vortical structures close to the bottom
wall for 4 < x < 7. Their formation is attributed to the deceleration of the flow
caused by the adverse pressure gradient in this region, see figure 5.8b.

With regard to the instantaneous temperature field, shown in figure 5.9b, we
remark that thermal mixing is initiated by the spanwise rollers of the primary shear
layer close to the upstream corner of the entry of the jet. The mixing process is
significantly enhanced once the two shear layers start to interact with each other.
Also, downstream the large recirculation bubble, we can observe the effect of the
surviving rollers as they transport hot fluid originating from the crossflow toward
the top wall.

In figure 5.10 we show iso-surface plots of the fluctuating pressure at the value
p' = —0.25. Such plots are frequently used for the identification of large coherent
structures. In our case, this particular value, p’ = —0.25, has been chosen because
it provides a clearer visualisation of these structures. The growth of the spanwise
rollers from the secondary shear layer can be inferred from the three-dimensional
view of figure 5.10a. These rollers are convected downstream and eventually are
torn apart into smaller structures in a highly turbulent environment. Also, from

figure 5.10b which shows a projection of the iso-surface plot of p’ at the xz-plane,



Chapter 5. Turbulent heat transfer in T-junctions: liquid-liquid flows 115

(a)
3 20
2 I

y 1 ~ 2 ‘_‘ b “7:___: I;:_-_ N\ s :‘; > «» 10
0 . e gl M

- 10 11 12 13 14

-2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
T

Figure 5.9: Contour plots of the amplitude of the instantaneous spanwise
vorticity |w,| and normalised temperature 6 at z = 1.24. (a) |w.|, (b) 0.
In figure (a) we observe the formation of a large spanwise roller at the
secondary shear layer at x &~ 1.8. With the arrow in figure 5.9a we show
the reattachment point as predicted from DNS.

we can observe the formation of streamwise vortex tubes, known as “rib” vortices,
that connect two adjacent spanwise rollers. On the other hand, the smaller vortex
tubes close to the upstream corner of the entry of the jet, x = 0.0, are part of
the primary shear layer. Examination of the streamwise vorticity field (not shown
herein) has revealed that eventually they break up into smaller ones.

In order to elucidate the role of these streamwise vortex tubes to the mixing
process, in figure 5.11 we present contour plots of 6 at two streamwise stations,
namely, at = 0.0 and z = 3.0. At the first station, these tubes are located
at the primary shear layer and are part of mushroom-like structures that are
formed right at the interface of the two streams. A mushroom moving upwards
is formed by fluid coming from the crossflow and wraps around itself cold fluid
from the incoming jet, thus forming a spiral [111]. Inversely, a mushroom moving
downwards is formed by fluid coming from the jet and wraps around itself hot fluid
from the crossflow. Such mushroom-like structures are typical of turbulent mixing
layers [112-114] and have also been observed experimentally in the shear layers of
T-junctions [11]. At the second station, x = 3.0, the primary and secondary shear

layers have started to interact and these mushroom-like structures have already
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Figure 5.10: Iso-surface plots of the fluctuating pressure at the value p’ =
—0.25. (a) Three-dimensional view, (b) view from above (zz-plane). The
large spanwise rollers shown in these plots are shed by the secondary shear
layer. Also, the streamwise vortex tubes connecting two consecutive rollers
correspond to “rib” vortices.
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(a)
2

Figure 5.11: Contour plots of the instantaneous normalised temperature
6 at two streamwise locations. (a) x = 0.0, (b) z = 3.0. In figure 5.11a
we can observe the formation of mushroom-like structures of streamwise
vorticity at the primary shear layer. However at x = 3.0, figure 5.11b these
strcutures have already been broken up.

broken up. Instead, the vorticity field therein is dominated by the large spanwise
rollers of the secondary shear layer.

Our analysis of the instantaneous flow structures concludes with the exami-
nation of the near-wall regions. In figure 5.12 we present contour plots of the
instantaneous streamwise velocity u close to the walls of the horizontal channel.
In the vicinity of the reattachment point of the flow, vortical structures emanating
from the shear layers interact with the top wall, leading to the formation of several
irregularly shaped streaks. On the other hand, further downstream, the adverse
pressure gradient results in the widening and weakening of the velocity streaks.
This feature is typical of regions of adverse pressure gradient; see, for example the
discussion in [115] and [17]. At the bottom wall and in the region 4 < z < 5, there
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Figure 5.12: Contour plots of the instantaneous streamwise velocity wu
close to the two walls of the horizontal channel. (a) top wall, y = 1.98, (b)
bottom wall, y = 0.02.

are patches of negative streamwise velocity. This is also due to the adverse pressure
gradient which causes the flow to decelerate. It should be noted, however, that
this concerns instantaneous values and that the mean streamwise velocities remain
positive close to the bottom wall. Also, further downstream, we can identify zones
with numerous velocity streaks. These streaks are much longer and thinner than
the ones observed near the top wall and are caused by the interaction of vortices
from the merged shear layer with the bottom wall.

Finally, in figure 5.13 we show a representation of the instantaneous vorticity
field at the walls, based on the quantity (). This quantity, first introduced by
Hunt et al. [83], measures the difference between the amplitudes of the skew-
symmetric and symmetric parts of the velocity-gradient tensor, and it aids the
visualisation of the vorticity field. In particular, positive values of () correspond
to non-zero vorticity amplitude. Also, the higher the value of Q is, the higher the
vorticity amplitude gets. In figure 5.13 we have plotted the iso-surface of the value

@ = 4.0. At the top wall, we can observe numerous irregularly oriented vortical
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structures in the region covered by the large recirculation bubble. Downstream the
reattachment of the flow, the density of these structures gradually decreases. The
dense patches of interwoven vorticity that can be observed in this region coincide
with the widened velocity streaks observed in figure 5.12a.

According to figure 5.13b, near the bottom wall there are very few vortical
structures for x < 4. This is the region where the crossflow accelerates due to
the Venturi effect. Downstream this region, we observe a large number of vortical
structures. Some of them are formed due to the adverse pressure gradient caused
by the expansion of the crossflow, while others are transported by the merged
shear layer which spreads and interacts with the bottom wall. We also remark
that the density of the vortical structures at the bottom wall is higher than at the
top wall, despite the fact that, due to the trajectory of the jets and the unstable
stratification, there are more vortices moving upwards that downwards. This dif-
ference may be attributed to the lower temperature and, therefore, higher viscosity

of the fluid at the top which enhances dissipation of the vortical structures.

5.3.2 Statistics of the temperature field

In this section we present the first and second-order statistics of the temperature
field for both DNS and LES. The behaviour of the temperature bears significant
similarities with the one described in chapter 4, for Tr = 1.17. This can be seen
in figure 5.14, where we show the profiles of the averaged normalised temperature
field <f#>. The main feature of these profiles is the transition zone from the
high temperature at the bottom to the low temperature at the top. Close to
the entry of the jet, this transition takes place across the primary shear layer.
Also, at the stations x = 1.0 and = = 3.0, 7.e. at the large recirculation bubble,
the temperature profile is not monotonic but attains a minimum at the core of
the secondary shear layer. In other words, the temperature in the recirculation
bubble is higher than in the secondary layer. This implies that the bubble does not
consist solely of fluid from the incoming jet but it also contains fluid originating
from the hot crossflow. Further downstream, the two shear layers merge and
a monotonic temperature profile is established due to thermal mixing. As the
flow evolves and thermal mixing progresses, the temperature gradients become
weaker. Also, the temperature profile becomes almost linear, as can be asserted
from figure 5.14f. Since the solid walls are adiabatically isolated, a channel flow of
uniform temperature will eventually emerge; however, thermal equilibrium is not

established within the limits of our computational domain.
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Figure 5.13: Iso-surface plots of the Q-criterion (@ = 4.0) at the wall
regions. (a) top wall, (b) bottom wall.

As regards the comparison between the two simulations, the predictions of
the LES agree very well with those of DNS. Nonetheless, LES is a little more
diffusive. For example, it predicts that the fluid inside the recirculation bubble is
at a slightly higher temperature. Further, a larger decrease in <6> is noted at the
bottom wall, at x = 12.0 and = = 16.0.

The profiles of the rms normalised temperature 6., are shown in figure 5.15.
Their most characteristic feature is the peak due to the primary shear layer. At
x = 1.0 this peak is very sharp. However, as the shear layer spreads out, the value
of the peak drops and its location moves closer to the bottom wall. This in turn,

implies that thermal mixing is most intense in the region between x = 0.0 and
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Figure 5.14: Profiles of the mean normalised temperature <> at different
stations of the horizontal channel. —, DNS; ----, LES.

x = 4.0. Finally, it is worth mentioning that the predictions of the LES agree very
well with those of the DNS; albeit the LES mildly underpredicts the amplitudes
of the peaks of 0,5 at x = 1.0 and x = 3.0.

5.3.3 Statistics of the velocity field

In this section we present the first and second-order statistics of the velocity field.
As expected, the predictions for these statistics have certain similarities with the
case of gaseous flows in T-junctions, treated in chapter 4 and more specifically the
case Tr = 1.17. The profiles of the mean streamwise velocity <u> are shown in
figure 5.16. The negative values at the top wall for z = 1.0 and x = 3.0 occur
inside the recirculation bubble. Also, the high wall-normal gradients of <u> that
can be seen at these streamwise stations correspond to the secondary shear layer.
Downstream the reattachment of the flow, the mean velocity approaches a channel-
flow profile, albeit at a slow rate as can be attested by the asymmetry of the profiles
shown in figures 5.16d - 5.16f. We also remark that the LES predictions of <u>

compare quite favourably with the DNS data at all streamwise stations.
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Figure 5.15: Profiles of the rms of the normalised temperature 6, at

different stations of the horizontal channel. —, DNS; ----, LES.
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Figure 5.16: Profiles of the mean streamwise velocity <u> at different
stations of the horizontal channel. —, DNS; ----| LES.
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Figure 5.17: Profiles of the rms of the streamwise velocity s at different
stations of the horizontal channel. —, DNS; ----| LES.

In figure 5.17 we present plots of the rms profile of the streamwise velocity,
Urms. 1he observed peak at x = —0.50 corresponds to the primary shear layer.
At x = 1.0, due to the turning of the two streams, this shear layer is at a lower
location. The peak rms inside the shear layer occurs right below the mid-plane of
the channel and its value is decreased due to the spreading of the layer. On the
other hand, the strong peak at y ~ 1.5 is due to the secondary shear layer. We
also observe that at x = 3.0 the values of u,,s below the mid-plane have increased.
This is attributed to turbulence generation inside the recirculation bubble and
near the bottom wall due to the adverse pressure gradient. Further downstream,
Uyms Decomes almost constant away from the walls and its profile starts to resemble
the one in channel flows. By contrast, in the corresponding gas flow, described in
chapter 4, the profile of u,,s varies considerably across the channel even at large
distances from the recirculation bubble. This difference is due to the fact that
the flow under study involves liquids and, therefore, buoyancy effects are not as
significant as in flows involving gases.

The rms profiles of the wall-normal and spanwise velocities are shown in figures
5.18 and 5.19, respectively. At x = —0.5, the observed peak of these profiles

corresponds to the primary shear layer. Also, at the streamwise station x = 1.0,
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Figure 5.18: Profiles of the rms of the wall-normal velocity v, at different
stations of the horizontal channel. —, DNS; ----| LES.

the profiles of both v.,s and w,,s are characterised by a double-peak structure.
The upper peak corresponds to the secondary and the lower peak to the primary
shear layer. This structure was observed in chapter 4 where we examined gas
flow in T-junctions but not in chapter 3 where we studied isothermal flows in T-
junctions. We may therefore infer that this double-peak structure is due to the
role of the temperature as an active scalar. More specifically, the primary shear
layer enhances significantly the mixing between the crossflow and the incoming
jet when these two streams are not at the same temperature. On the other hand,
the large rms values observed inside the recirculation bubble, figures 5.18c and
5.19¢, are a common feature of both isothermal and variable-temperature flows in
T-junctions.

As regards the accuracy of the LES, from figures 5.17-5.19 we can infer that it
captures fairly well the rms profiles of all velocity components. Nonetheless, there
are some discrepancies; most notably, the LES underpredicts the rms values inside
the recirculation bubble by up to 25%.

Our discussion on the velocity statistics concludes with the presentation of the
Reynolds stresses <u/v'> that are shown in figure 5.20. At the streamwise station

x = 1.0 they assume an S-shaped profile across the shear layers. Similar profiles
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Figure 5.19: Profiles of the rms of the spanwise velocity w,s at different
stations of the horizontal channel. —, DNS; ---- LES.

have been predicted for shear layers at an interface between a pure fluid and a
porous medium [116, 117]. In our case, the large negative peak corresponds to the
core of the primary shear layer, whereas the large positive peak corresponds at the
core of the secondary layer. Further, the secondary peak at x = 1.0 close to the
top wall (y ~ 1.75) is due to the secondary recirculation zone located next to the

downstream corner of the entry of the jet, cf. figure 5.5.

5.3.4 Statistics of turbulent heat fluxes

Our discussion of the flow statistics concludes with the results for the turbulent
heat fluxes <6'u/> and <6'v'>. Their profiles at different streamwise stations are
shown in figures 5.21 and 5.22, respectively. We observe that for z < 3, the peaks
of these profiles correspond to the core of the primary shear layer. In other words,
the primary shear layer provides the main mechanism for thermal mixing. By
comparison, the contribution of the secondary shear layer is very small. Further
downstream, the amplitudes of both fluxes drop significantly as the merged shear
layer spreads out. Another interesting point is that inside the recirculation bubble
(x = 3.0), both turbulent fluxes are negative, i.e. they are directed upstream and

downwards, respectively. This implies that, at this station, heat is transferred from
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Figure 5.20: Profiles of the Reynolds stress <u/v'> at different stations of
the horizontal channel. —, DNS; ----, LES. For purposes of clarity, the
limits of the horizontal axis in figures 5.20c and 5.20d are different than
in the other figures.

the outer parts of the bubble toward its core. This is due to vortical structures
emanating from the shear layers that get trapped inside the bubble.

Finally, we remark that the LES predictions agree fairly well with the DNS,
especially as regards <6v'>. The only noticeable disagreement is that the LES
overpredicts the values of <6'u/> inside the recirculation bubble, and in the bottom
half of the channel at x = 6.0. Based on the overall comparison of the first-
and second-order statistics, we infer that the LES predictions for the flow under
study are satisfactorily accurate, even though there are some minor to moderate

discrepancies in regions of intense turbulence production.

5.3.5 Budget of the turbulent kinetic energy

In this section we present the budget of the kinetic energy of the velocity fluctua-
tions, k' = <u’-u'>/2 based on the DNS results. The equation for the Turbulent
Kinetic Energy (TKE) is obtained by subtracting the equation for the mean kinetic
energy, <k> = (<u>-<u>) /2 from the equation for the total kinetic energy,
k = (u-u) /2, of the flow. However, the derivation of the equation for the TKE in
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Figure 5.21: Profiles of the streamwise turbulent heat flux <6'u/> at dif-

ferent stations of the horizontal channel. —, DNS; ----| LES.
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variable-density flows is more complicated than for constant-density flows. This is
because in variable-density flows the averaging operation, < - >, introduces corre-
lations with density fluctuations. For example, when averaging is applied into the

non-linear term in the momentum equation, puw, one obtains
<puu> = <p><u><u> + 2<pu'><u> + <p><u'u'> + <p'u'u’>, (5.9)
while in constant-density flows one simply gets
<puu> = p(<u><u>+ <u'u'>) . (5.10)

In order to simplify the resulting equation for the TKE, one may resort to
the density-weighted averaging operation, also known as Favre averaging® [51], in
terms in which density appears. For a generic quantity ¢, the Favre decomposition
reads ¢ = {¢} + ¢” and the Favre-averaged quantity is computed by the following

relation < b >
{oy==F

<p>

(5.11)

An important feature of this decomposition is that the “Favrian” fluctuation is not
centred, i.e. <¢”> £ 0. Additional relationships between the standard averaging
operation and the Favre-averaging can be found in [118, 119].

The derived equation for the balance of {k”} = {u”-4"}/2, in non-dimensional
form read [119]

d<p>{k'}

ot =V (<p> {k"Hu}) —<p> {u"u"}: V{u}

N

-~

Ck 1‘3;;

— V- (<p>{K'u"}) -V -(<p><u'>) —V-<pu" >

J/ N J/ N J/

Ty Py, Pk
+<pv-<u”>>-l—iV'<T-u”>—L<T'V’UJ”> (5.12)
Re Re ' ' '
Iy D, Z

! The Favre filtering has been introduced in chapter 2. Herein we introduce the concept
of Favre-decomposition and averaging. The concepts of averaging and filtering are similar but
conceptually different.
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In the above equation, the term C} describes convection of TKE, while the
terms P, and T} represent production and transport of TKE, respectively. The
terms @, and ¢y, describe the work of the mean and fluctuating pressures through
fluctuating motions. Also, Il represents the pressure correlation with the dilata-
tion fluctuation. Finally, Dy describes the viscous diffusion, which is the work
of viscous stresses through fluctuating motions, whereas ¢, stands for the viscous
dissipation. It should be mentioned that the work of the gravitational force does
not enter the above equation.

In statistically stationary flows, the sum of all the terms on the right hand-
side of equation (5.12) should be zero. Indeed, according to our DNS data, this
sum is always very small and below 5% of the amplitude of the largest term in
(5.12), which is an indication of the accuracy of our DNS. Further, since this sum
is negligible, it is not included in the presentation of the results.

In figure 5.23 we present the TKE budget across the channel at x = —0.5. At
this station, the main source of turbulence production is the primary shear layer,
which can be confirmed by the high values of P, therein. Also, T} takes negative
values inside this shear layer, which implies transport of turbulent kinetic energy
from the core of the layer toward its edges. On the other hand, the turbulent
convection term CY, follows the opposite trend since it is positive at the core and
negative at the edges of the primary shear layer. As concerns the turbulent dis-
sipation €, it is approximately 3 times smaller than P. The high ratio between
the production and dissipation terms, Py /€, ~ 3, corroborates the fact that, with
respect to turbulent kinetic energy, the flow at this region is far from equilibrium.

The TKE budget at x = —0.5 and close to the bottom wall is shown in figure
5.23b. Therein, the boundary layer is subject to a favourable pressure gradient due
to the aforementioned Venturi effect. The peak of the production term P, occurs
at y* & 10; this is somewhat lower than the location y* =~ 12 of the corresponding
peak in zero-pressure gradient boundary layers [120, 121]. Further, the production
term is mostly balanced by the work of the fluctuating viscous forces Dy. Finally,
as expected, closer to the wall all terms vanish except for Dy which is balanced by
the viscous dissipation.

The profiles of the TKE budget at x = 1.0 are plotted in figure 5.24. The basic
features of the budget are the high amplitudes of the production and convection
terms in the zone occupied by the secondary shear layer. In fact, the peak of the
production term is an order of magnitude higher than the one at x = —0.5, which
confirms that the interaction of the incoming jet with the recirculation bubble is a

major source of turbulence generation. Also, the negative values of the convection
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Figure 5.23: Budget of the turbulent kinetic energy at x = —0.5. (a) bulk
of the channel, (b) close-up look at the bottom wall.

term C} express the fact that TKE is convected from the core of secondary shear
layer toward its edges and the core of the bubble. At the bottom wall, the pressure
gradient is still favourable. Therefore, the profiles of the terms of the TKE budget
are similar to those at © = —0.5.

The TKE budget at x = 3.0 is presented in figure 5.25. The spreading of the
shear layers and their merging lead to even higher values of turbulence production
above the mid-plane. Also, the peak value of P, is considerably higher; this is in
accordance with the high rms velocities at this station that are plotted in figures
5.17 - 5.20. The production term is balanced by turbulence transport, convection,
and dissipation. Interestingly, the convection term C} takes negative values close
to the mid-plane. However, inside the recirculation bubble it changes sign and
becomes positive, which implies convective transport of turbulent kinetic energy
from the reattachment region toward the centre of the bubble. This has also been
observed in the simulations of flow in channel with constrictions by [77]. Also,
near the bottom wall, the crossflow is subject to the adverse pressure gradient
which results to large turbulence generation; see figure 5.25c¢. In fact, the near-
wall peak of P, located at y™ ~ 12, is 3 times higher than the corresponding
peak at the upstream station z = 1.0. Moreover, according to figure 5.25¢, the

near-wall turbulence production is mostly balanced by Cj, D; and €.
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Figure 5.24: Budget of the turbulent kinetic energy at x = 1.0. (a) bulk
of the channel, (b) close-up look at the top wall, (¢) close-up look at the
bottom wall.

Downstream the reattachment point of the flow, the amplitudes of all the terms
in the TKE equation (5.12) decrease with z. In figure 5.26 we have plotted the
TKE budget at x = 6.0. We observe that T} is positive above and negative below
the mid-plane, which implies transport of turbulent kinetic energy away from the
walls and toward the bulk of the channel. Also, the amplitudes of the convective,
production, and viscous dissipation terms are significantly higher at the top half
of the horizontal channel, which is due to the spreading of the merged shear layer
downstream the recirculation bubble. Additionally, the ratio Py/ex is close to
unity, which implies that TKE approaches equilibrium.

At the top wall, the amplitudes of the peaks of D, and ¢, are significantly
decreased while ¢, is still high at the viscous sublayer. At the bottom wall, the
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Figure 5.25: Budget of the turbulent kinetic energy at x = 3.0. (a) bulk
of the channel, (b) close-up look at the top wall, (¢) close-up look at the
bottom wall.

adverse pressure gradient has vanished and the positive of P is balanced by T}
and the viscous dissipation, ¢.

Finally, in figure 5.27 we provide the TKE budget far downstream, at the
station x = 12.0. We can readily observe that as the flow evolves, the amplitudes
of the various terms in the TKE budget decrease even further. Moreover, the
profiles at the near-wall regions start to resemble those of zero pressure-gradient

boundary layers; see, for example, [120] and [121].
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Figure 5.26: Budget of the turbulent kinetic energy at x = 6.0. (a) bulk
of the channel, (b) close-up look at the top wall, (¢) close-up look at the
bottom wall.

5.3.6 Spectral analysis of the velocity and temperature sig-

nals

We conclude this chapter with an analysis of the time-series of the velocity vec-

tor and temperature signal. More specifically, for the DNS study, we record the

spanwise averaged velocities w(x,y) and temperature T'(z,y) at selected (z,y)

coordinates in the flow field.

As in chapter 4, we then compute the power spectral densities, Syu(f), Suu(f)

and Spr(f), of these signals so as to estimate the characteristic frequencies f

with which they oscillate. The frequency is then normalised with respect to the

half-width of the horizontal channel and the bulk velocity of the crossflow, which
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Figure 5.27: Budget of the turbulent kinetic energy at z = 12.0. (a) bulk
of the channel; (b) close-up look at the top wall; (¢) close-up look at the
bottom wall.

provides the corresponding Strouhal number St = f§/U.. The signals has been
recorded for 39 non-dimensional time units that corresponds to approximately
3.1 flow-through times. To support our interpretations we examined animation
sequences of the flow in planes that the time-signal is taken at. Herein, we should
note that a small uncertainty may be introduced in our conclusions that are based
on animations of the flow.

Figure 5.28 shows the power spectral densities at two locations of the horizontal
channel. At the first one, (x,y) = (—0.5, 1.6), they all exhibit three low-St peaks,
at St = 0.035, 0.09, 0.15. Further, the peaks of S,, and S,, occur at the same
frequencies. These peaks are thus attributed to the oscillatory motion of the

primary shear layer and to its shedding of vortices. Also, the three low-St peaks
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of Srr occur at slightly different Strouhal numbers than those of S, and S,,; this
is due to the fact that thermal mixing at this location is still at an early stage
and, therefore, the fluctuations of the temperature are not yet synchronised with
those of the velocity. We further observe that the profile of Sy has a strong peak
at a higher Strouhal number, St &~ 0.5, in contrast to the profiles of S, and S,,.
Based on the video animations of the DNS, we may attribute this peak to the
wrapping of fluid of different temperature by the mushroom-like structures at the
interface of the two streams such as the ones depicted in figure 5.11a.

On the other hand, at the second location (x,y) = (12.00, 1.0), the peaks of
the power spectral densities occur at the same frequencies. In other words, the
dominant frequencies of the oscillatory motion of u, v and T" coincide. The syn-
chronisation of the power spectral densities is due to the extent of thermal mixing
that has taken place. It also implies that once the two streams have been aligned
sufficiently downstream the recirculation bubble and turbulence reaches equilib-
rium, the convective motions of spanwise vortices provide the main mechanism for
thermal mixing.

Our analysis concludes with a discussion on the power spectral densities of
the temperature at the walls of the T-junction. In particular, in figure 5.29
we show Spr at the top wall, in the vicinity of the upstream corner of the jet
(x,y) = (—1.1,2.0) and in the vicinity of the reattachment point of the flow
(x,y) = (4.0,2.0). Close to the upstream corner of the jet, Spr has two dominant
frequencies at St = 0.04 and 0.09. These Strouhal numbers, based on the Re and
Ri of the flow, correspond to frequencies of 17 Hz and 39 Hz respectively. Accord-
ing to the study of Chapuliot et al. [100], the critical frequencies for thermal fatigue
are between 0.1 and 10 Hz. Therefore, the walls of the T-junction are not suscep-
tible to thermal fatigue in this vicinity. Finally, close to the reattachment point
of the flow the dominant frequencies of the fluctuations of the temperature are at
34 Hz and 12 Hz. These frequencies lie outside the interval 0.1 Hz < f < 10 Hz,
thus, the walls of the T-junction are not susceptible to thermal fatigue.

As the above analysis have shown, in the flow studied in this chapter the walls
of the T-junction are not susceptible to thermal fatigue. This result is in contrast
to the one for the flows studied in chapter 4 where the walls of the T-junction
were prone to thermal fatigue for both temperature ratios studied therein. This
is because the reference length in the flow studied in this chapter is much smaller
than in the previous one (1.3 mm instead of 30 mm). Thus, since St ~ 1/§, St

correspond to higher frequencies f for the flow studied in this chapter.
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(4.0,2.0)
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5.4 Conclusions

In this chapter we presented an analysis of turbulent heat transfer in liquid-liquid
flows in a T-junction under non-Boussinesq conditions. The temperature difference
between the two streams is AT = 100K that results to a cold incoming jet with 4.38
times higher viscosity. Despite the different effect that thermal non-equilibrium
has in liquid flows, in comparison to gas flows in T-junctions, the general features
of the flow do not change significantly in the case presented in this chapter.

Our study was based on DNS of the interaction and thermal mixing between
a hot incoming crossflow and a cold vertical jet coming from above, supplemented
with wall-resolved LES of the same flow. According to our simulations, both
thermal mixing and turbulence production are driven by the two shear layers that
originate from the corners of the entry of the jet, i.e. the primary shear layer
formed by the two streams and the secondary shear layer formed by the incoming
jet and the large recirculation bubble. These two layers roll up rapidly, thereby
shedding numerous spanwise and streamwise vortical structures. Most of them
break up in small vortices that are convected downstream in a highly turbulent
environment, whereas others are trapped in the recirculation bubble. As the two
shear layers spread, they start to interact and eventually merge, which further
enhances mixing and heat diffusion. Our analysis of the turbulent kinetic energy
budget further corroborates the dominant role of these shear layers in turbulence
production and transport. Most of the turbulent kinetic energy is dissipated at the
walls of the horizontal channel with particularly high values recorded close to the
reattachment point of the flow. Nonetheless, further downstream, the turbulence
reaches equilibrium as the production and dissipation of turbulent kinetic energy
become equal.

Another important feature of the flow is that the recirculation bubble leads
to a Venturi effect that produces a favourable pressure gradient and accelerates
both crossflow and incoming jet. Subsequently though, as the flow expands, an
adverse pressure gradient is formed which contributes considerably to turbulence
generation, especially in the bottom half of the horizontal channel. Our simulations
further reveal that the flow at the vertical branch detaches before it enters the
horizontal channel, which leads to the formation a secondary recirculation zone
inside the vertical channel. Also, due to its high momentum flux, part of the
incoming jet turns upstream upon entry in the horizontal channel, which produces

a thin and elongated separation zone close to the top wall.
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Comparison between our different simulations revealed that the wall-resolved
LES provides satisfactory predictions the first and second order statistics of the
flow quantities. The most noticeable discrepancy is that the LES produced mildly
diffused profiles for the second-order statistics in the regions of intense turbulence
production such as the large recirculation bubble. Even so, these discrepancies
are not deemed detrimental, given the significant computational savings that LES

offers.



Chapter 6

Concluding remarks and

perspectives

The objective of this PhD thesis was to advance our knowledge of turbulent heat
transfer in T-junctions. We first examined constant-density flows. Our analy-
sis was based on wall-resolved and experimentally validated LES. To the best of
our knowledge this is the first wall-resolved simulation with such a good agree-
ment with available experimental data for the flows of interest. The analysis we
performed allowed us to reveal two features of the flow field that have not been
reported before. The first one is a small-scale recirculating region between the
entry of the jet and the large recirculation bubble. The second one is a region
with negative turbulent-kinetic-energy production located in the vicinity of the
reattachment point of the flow past the large bubble.

Subsequently, we conducted the first wall-resolved LES of turbulent heat trans-
fer in T-junctions without invoking the Boussinesq approximation. In this part
of the thesis we examined cases of gas-gas flows with high and low temperature
ratios between the two streams. Our studies confirmed the important role of the
temperature as an active scalar, which enhances turbulence production and mixing
between the two streams. Also, the examination of the flow statistics showed that
mixing is mainly driven by the shear layer that is formed between the crossflow
and the incoming jet. Further, we performed spectral analysis of the temperature
signal at certain locations in the flow field. Our analysis revealed that, for the
flow conditions considered herein, the walls of the T-junctions are susceptible to
thermal fatigue. The results presented in this part are related to air-conditioning
systems of automobiles and they can be used in order to optimise their perfor-

mance.
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We also investigated turbulent heat transfer in liquid-liquid flows via both
DNS and LES. This was the first DNS study of turbulent flows in T-junctions.
Our analysis was based on an extensive examination of the instantaneous flow field
which allowed us to identify features that contribute to the mixing process, such
as the mushroom-like structures of streamwise vorticity right below the entry of
the jet, and the large spanwise rollers shed by the shear layers that emanate from
the corners of the jet entry. In addition, we computed the budget of turbulent
kinetic energy so as to delineate the regions of strong turbulence production and
the mechanisms for its transport. For example, large amounts of turbulence are
produced at the cores of the shear layers and are tranported towards the walls
where they eventually they dissipate. Finally, we assessed the predicitve capacity
of LES for the flows of interest. Overall, the LES results compare favourably with
our DNS data, which shows that wall-resolved LES can be a viable alternative to

DNS, thereby offering tremendous computational savings.

Future work and perspectives

The present work can be extended in many ways. For instance, one can apply
more sophisticated and accurate methods for the quantification of mixing in flows
in T-junctions. For example, as described in section 4.3, a passive and artificial
tracer may be used. Such analysis will provide additional insight on the flow
behaviour in the near-wall regions close to the entry of the jet.

Another extension of this PhD dissertation is to examine flows in which the
incoming jet does not extend through the entire spanwise direction, i.e. flows with
a jet of circular shape. In these cases the dynamics of the flow change considerably
in comparison with those studied in the context of this thesis. For example, in flows
in T-junctions with circular jets, the interaction of the crossflow with the incoming
jet results in the formation of a horseshoe vortex. This structure is expected to
affect significantly the mixing process. Thus, an examination of these flows can
provide additional insight regarding turbulent heat transfer in T-junctions. In
order to achieve this, the immersed boundary method [122] can be implemented
to the existing software. This methodology allows the use of this computational
tool for the analysis of the interaction of a crossflow with a circular incoming jet
with minor modifications.

Further, our study can be extended to flows at higher Reynolds numbers. In
particular, we can examined flows with Reynolds numbers at the order of 10° via

wall-resolved simulations. In this case a grid of size of some hundreds million grid
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nodes must be used. These simulations provide information that are more relevant
to nuclear applications while their computational cost is not prohibitively high.

It is also interesting to examine flows in Y-junctions because they are also
encountered in industrial applications. In these cases, the recirculation bubble
downstream the incoming jet is of smaller size. This, is expected to substantially
modify the dynamics of the mixing process, as well as the flow field in the near-wall
regions, the later having implications to the thermal-fatigue issue of the walls of the
junction. These flows can be studied with the numerical tools that we developed
in this thesis. For that, it suffices to perform a coordinate transformation to the
governing equations.

Finally, another valuable future direction is to study turbulent heat-transfer in
T-junctions with phase change (evaporation or condensation). Such flows are of
primarily interest in both the nuclear-reactor and the heating and air-conditioning
industries. The study of phase-change phenomena with homogeneous models can
be realised with mild modifications of the existing software. On the other hand, the
introduction of heterogeneous models (such as, for example, individual tracking of
bubbles) would require a significant upgrade of the software that we developed in
the context of this thesis.
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