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Abstract

When a fluid is ejected from a nozzle, it forms a jet. A jet can be classified as free
jet or bounded jet. If the effect of wall is negligibly small, then it is called a free
jet; otherwise it is bounded jet. Bounded jets can be classified into three types:
(a) wall jet where the fluid is discharged at the wall (b) offset jet where the fluid
is discharged at an offset and parallel to wall and (c) impinging jet aimed towards
the boundary. The present study aimed to understand the flow and conjugate heat
transfer characteristics of the wall jet, offset jet and combined jet flows.

Glauert [1] has defined a plane wall jet as a stream of fluid blown tangential
along a plane wall. The wall jet consists of an inner region and an outer region. It is
a combination of boundary layer flow over flat plate at inner region and plane free
jet at outer region. The velocity profile has a point of inflexion. The surrounding
medium of wall jet may be quiescent or co-flow or counter-flow depending upon
the applications.

Offset jet flow occurs when fluid is discharged from a slot in a vertical wall into
the ambient near a horizontal solid boundary parallel to the inlet jet direction. The
asymmetric entrainment on both side of the jet causes the flow to deflect towards
the wall. This is called the Coanda effect [2]. The offset jet contains different flow
features which are different in various regions. The region very close to the jet is
dominated by the properties of the free jet. At the reattachment region, the jet
can be partly described as impingement jet and in the far downstream, the jet
attains the characteristics of the wall jet.

A dual-jet or a combined jet flow is formed by a plane wall jet and a parallel
offset jet. The low pressure zone in the downstream region between the jets causes
to deflect each other and merge together at some down-stream distance, where

mean velocity is zero, and referred to as merging point (z,,,). The region up to
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the merging point from the nozzle exit is called the converging region. Downstream
of the merging point is combined point (z.,), where the mid-part of the U profile
disappears. The region between the merging point and the combined point is
called the merging region. The region beyond the combined point is called the
combined region.

Wall jet and offset jet commonly represent the flows like heat exchangers, fluid
injectors, environmental dischargers, combustion chambers, cooling systems and
many others. The understanding of the flow behavior of wall bounded jet is im-
portant in engineering practices. If attachment is not desired for more mixing, a
knowledge of calculation and design is required to prevent it. For a case where
attachment is desirable, study of the involved variables is required so that a precise
location of the attachment point and the containment of the flow can be estab-
lished.

In the present study, the flow and non-conjugate and conjugate heat transfer
study of wall jet, offset jet and combined jet flow is investigated. The wall jet and
offset jet at different offset ratios are studied for development of the self-similarity,
wall pressure, shear stress on the wall and different flow and heat transfer char-
acteristics are observed under the adiabatic impingement surface. The Reynolds
number (Re) equal to 15000 is considered for all the computations. The standard
k — e model has been used for the turbulence modeling. It is observed that pressure
distribution along the wall remains nearly constant for wall jet and at a distance
of approximately 60, the velocity profile for wall jet and other three offset ratio
(OR) cases overlap with each other implying that a wall jet situation arises in far
downstream for all the cases. The computed temperature profiles are compared
with the experimental results.

The conjugate heat transfer involving the cooling of a heated slab by a turbu-
lent plane wall jet has been numerically solved. The bottom of the solid slab is
maintained at a hot uniform temperature whereas the wall jet temperature is equal

1
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to the ambient temperature. The Reynolds number considered is 15000 because
it has already been experimentally found and reported that the hydrodynamic so-
lution becomes fully turbulent and is independent of the Reynolds number. The
high Reynolds number two-equation model (k—¢) has been used for the turbulence
modeling. The parameters chosen for the study are the conductivity ratio of the
solid-fluid (K), the solid slab thickness (S) and the Prandtl number (Pr). The
range of parameters are: K=1-1000, S=1-10 and Pr=0.01-100. It is demonstrated
clearly that local Nusselt number (Nu,) increases with Pr because of the thinning
of the thermal boundary layer. It is observed that for the range of K and S, the
Nu, distribution superimposes with each other suggesting that it is independent
of both K and S. Results for the solid-fluid interface temperature, local Nusselt
number, local heat flux distribution at the interface, average Nusselt number and
average heat transfer have been presented and discussed. Similar parametric study
is carried out when the bottom of the solid slab subjected to uniform heat flux
condition. Since the side walls of the slab are adiabatic, it is ensured that heat
applied at the bottom of the solid block and at the interface are equal.

The conjugate heat transfer involving a turbulent plane offset jet is considered.
The bottom wall of the solid block is maintained at an isothermal temperature
higher than the jet inlet temperature. The parameters considered are the offset
ratio (OR=3,7 and 11), the conductivity ratio (K=1-1000), the solid slab thickness
(S=1-10) and the Prandtl number (Pr=0.01-100). High Reynolds number k —¢ is
used for modelling the turbulence. The local Nu, decreases with the increase in
OR. It increases with the increase in Pr. However, Nu, remains nearly unaffected
by the variation of K and S. Investigation is carried out for the solid-fluid interface
temperature, local Nusselt number, local heat flux at the interface, average Nusselt
number and average heat transfer have been discussed in detail. Similar parametric
study is done when the bottom of the solid slab is maintained at uniform heat flux.
As the side walls of the slab are adiabatic, it is ensured that heat applied at the
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bottom of the solid block and at the interface are equal.

A two-dimensional, steady, incompressible, turbulent flow of combined jets
consisting of a wall jet and an offset jet has been solved numerically. Streamline
curvature modification to the k — € is used. The Reynolds number is considered as
20000 for all computations because the flow becomes fully turbulent. Parametric
study by varying the wall jet and offset jet velocities has been carried out. It
is observed that pressure on the wall is almost constant along the wall and it
increases when one of the jet velocity is increased keeping the other constant.
Several important flow features like self-similarity, pressure and shear stress on the
wall, maximum velocity decay and spreading rate in the downstream direction are
investigated for different combinations of the wall jet and the offset jet velocities.

The fluctuations of the velocities and other parameters have been noticed near
the jet issuing location for equal wall and offset jet velocities. At some downstream
locations, these fluctuations disappear. However, for unequal jet velocities, the flow
remains fairly steady even close to the jet issue location. The domains for these
kind of flow features have been identified and reported. The applicability of steady
state solution is discussed.

The heat transfer study of a combined wall jet and offset jet flow with different
wall jet and offset jet flow velocities are considered. The Reynolds number is
varied from 10* to 4 x 10* and Pr=0.71 is taken for all computations. Constant
wall temperature and constant wall heat flux boundary conditions are considered
on the wall. It is observed that Nu, increases with mass flow rate, i.e, by increasing
either the wall jet or offset velocity keeping the other constant. The results are
presented in the form of local Nusselt number, local heat flux, surface temperature
in case of constant heat flux condition, average Nusselt number and total heat

transfer.

v
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Nomenclature

h width of the jet
H offset height
t normal distance from the edge of the nozzle to the wall
OR offset Ratio, H/h
D static pressure

Do ambient pressure

non-dimensional static pressure

Pr Prandt]l number
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Chapter 1

Introduction

1.1 Introduction and Literature review

When a fluid is ejected from a nozzle, it forms a jet. Depending upon the distance
of the confining boundaries from the discharge, a jet can be analyzed as a free
jet or a bounded one. If the boundaries are sufficiently away from the origin of
the jet and the effect of it is negligibly small, the flow is termed as a free jet.
A bounded jet flow occurs, when jet interacts with wall and it can be described
based on axis and its position relative to wall. Bounded jets can be classified into
three types: (a) wall jet and (b) offset jet and (c) impinging jet. A schematic of
diagram of offset jet is shown in Fig. 1.1. When ¢ becomes zero, it becomes a
wall jet. When the axis of jet is normal to the wall, it is called an impinging jet.
Wall jet and offset jet commonly represent the flows like heat exchangers, fluid
injectors, environmental dischargers, combustion chambers, cooling systems and
many others.

Glauert [1] defined a plane wall jet as a stream of fluid blown tangential along
a plane wall. The wall jet consists of an inner region and an outer region. It is a
combination of boundary layer flow over flat plate at inner region and plane free

jet at outer region. The velocity profile has a point of inflexion. The surrounding
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Figure 1.1: Schematic diagram of an offset jet flow

medium of wall jet may be quiescent or co-flow or counter-flow depending upon
the applications.

Offset jet flow occurs when fluid is discharged from a slot in a vertical wall into
the ambient near a horizontal solid boundary parallel to the inlet jet direction.
Due to the entrainment of fluid between the jet and the bottom plate, there is a
reduction of pressure in this region forcing the jet to deflect towards the boundary
and eventually attach with it. This is called the Coanda effect [2]. The offset
jet flow features are different in various regions. In the near-field within a very
short distance from the point of discharge, the jet flow is dominated by momentum
and has the properties of a free jet. Attachment occurs when the jet is deflected
towards an adjacent solid wall and tends to flow along the boundary. In the
region around the attachment point, i.e., the impingement region and part of the
recirculation region, the jet can be partly characterized as an impingement jet.
The offset jet becomes a wall jet in the far field. All regions of the offset jet are
shown in Fig. 1.1. Other factors like free-stream velocity, ambient stratification,
buoyancy (density difference), discharge orientation etc., further complicate the
jet-boundary interaction and the behavior of an offset jet.

The understanding of the flow behavior of wall bounded jet is important in
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engineering practices. If attachment is not desired for more mixing, a knowledge
of calculation and design is required to prevent it. For a case where attachment is
desirable, study of the involved variables is required so that a precise location of
the attachment point and the containment of the flow can be established.

The details of the flow was studied by several authors. Glauert [1] has sought
for the similarity solution in a plane wall jet as well as a radial wall jet for both
the laminar and the turbulent cases are presented. The first detailed experimen-
tal study of the mean flow is reported by Bourque and Newman [6] followed by
Sawyer [7] and [8]. They have examined the effect of offset height on the wall pres-
sure distribution and reattachment locations. Seban and Back [9] have measured
and compared the turbulent velocity profile and the adiabatic wall temperature
with the results of Glauert [1]. The results agree generally well with each other.
Rajaratnam and Subramanya [10] found that beyond the impingement region, the
flow represents similar to a wall jet flow irrespective of the offset ratio. Gut-
mark and Wygnanski [11] have produced the hot-wire measurements in a plane
incompressible jet. The flow was found to be self-preserving beyond x/d <40 and
measurements were made up to x/d=120. Hoch and Jiji [12] have considered the
case of an offset jet in the presence of a free-stream motion. The fluid flow solution
has been provided by them. Utilizing this fluid flow solution, Hoch and Jiji [13]
later on have provided the analytical solution for the temperature distribution for
the same geometry.

Launder and Rodi [14] have given a review of the experimental literature on
the turbulent wall jets. They have considered the cases of the two-dimensional
wall jet on a plane surface, the two-dimensional wall jet on a curved surface, and
the three-dimensional wall jet. Experiments with good accuracy and the ability to
test the reliability of the new crop of calculation methods for turbulent flows are
identified. Later on, Launder and Rodi [15] have reviewed the experimental data

and theoretical models for expressing the computational fluid dynamics of turbu-
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lent wall jets. The wall jet is defined as a boundary layer in which, due to some
initially supplied momentum, the flow velocity over some region in the shear layer
exceeds the free stream velocity. Attempts to formulate generalized expressions
for the velocity profiles in a plane two-dimensional wall jet are reviewed, together
with the turbulent energy balance in an equilibrium wall jet. The applications of
Boussinesq viscosity models and Reynolds stress closure models to numerically ex-
press the turbulent wall jets are addressed. Dakos et al. [16] have made extensive
single-point turbulence measurements in a heated wall jet on a convex wall and in
an equivalent plane flow. They have reported that the turbulence structure and
the transfer of heat and momentum are affected by the wall curvature.

In a study, Pelfrey and Liburdy [3] have provided the details of the mean flow
and turbulent characteristics and showed how entrainment and local pressure and
turbulent energy components are affected by the jet curvature in the reattachment
region. For large Reynolds numbers generally larger than the 10%, the impinge-
ment distance becomes a function of the offset ratio only. Holland and Liburdy [4]
presented the thermal characteristics of offset jets in a conditions similar to that of
Pelfrey and Liburdy [3] for different offset ratios. In this case, the plate parallel to
the jet was considered as adiabatic. They examined the surface temperature distri-
bution, the maximum temperature decay and the temperature variations in three
regions. Wygnanski et al. [17] measured the mean velocity in a two-dimensional
turbulent wall jet for a variety of nozzle Reynolds numbers and found that bulk
of the flow is self-similar and it depends on the momentum flux at the nozzle and
on the viscosity and density of the fluid. Zhou and Wygnanski [18] have reported
the mean velocity distributions in a plane, turbulent, and fully developed wall jet
embedded in a uniform stream for a variety of initial velocity ratios and Reynolds
numbers. Kim et al. [19] have conducted an experimental study for Reynolds
number ranging from 6500 to 39000. They have reported that the time-averaged

reattachment points are found to coincide with the maximum Nusselt number
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Figure 1.2: Schematic diagram of a dual-jet jet flow

locations.

Computations of the offset jet performed by Yoon et al [20] showed that in
addition to the turbulence model, the numerical scheme also plays a profound effect
in predicting the solution. It is observed that the numerical diffusion error due
to the streamline to grid-skewness will be significant in the prediction of offset jet
flows. Koo and Park [21] have used the QUICKER scheme to predict the turbulent
offset jet flows. They have compared their numerical results with those from
the skew-upwind and the hybrid schemes. They concluded that the QUICKER
scheme is found to be superior to the other two schemes. Nasr and Lai [22] have
done an experimental study for the OR (offset ratio) = 2.125 using Laser Doppler
Anemometry (LDA). The LDA results had been used to examine the capability
of three different turbulence models (i.e. k& — ¢, RNG and Reynolds stress) in
predicting the velocity field of this jet. It was found that although three turbulence
models predict quantitatively, the standard k£ — e turbulence model predicts better
the reattachment length with the experimental value.

A dual-jet flow is formed by a plane wall jet and a parallel offset jet. A

schematic diagram of a dual-jet is shown in Fig. 1.2. The low pressure zone
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in the downstream region between the jets causes to deflect each other and merge
together at some downstream distance, where mean velocity is zero, and referred
to as merging point (z,,,). The region up to the merging point from the nozzle
exit is called the converging region. Downstream of the merging point is combined
point (x.,), where the mid-part of the U profile disappears. The region between
the merging point and the combined point is called the merging region. The
region beyond the combined point is called the combined region. All regions of
the combined jet are shown in Fig. 1.2.

Both the turbulent plane wall jet and offset jet has been studied separately
and reported in literature by many authors. However, the case of a combined
jet flows consisting of two similar or different jets have rarely been studied. The
work on two plane parallel jets has been reported by Ko and Lau [23], Lin and
Sheu [24] and Nasr and Lai [25] on experimental. Numerical simulations on these
type of combined jet flows have been reported by Wang et al. [26], Soong et
al. [27] and Anderson and Spall [28]. A thorough literature survey reveals that
research on the combination of jets have been concentrated on two parallel plane
jets. Recently Wang and Tan [5] have experimentally studied the turbulent dual
jet flow consisting of a plane wall jet and an offset jet. They have considered an
offset ratio of d/w=1.0 and have done the measurements using the Particle Image
Velocimetry (PIV). Statistical characteristics of the flow are obtained through
ensemble averaging of 360 instantaneous velocity fields. Results reveal that the
near field of the flow is characterized by a periodic large-scale Karman-like vortex
shedding similar to what would be expected in the wake of a bluff body. The jet
half-widths at various shear layers have been plotted. Results reveal that close to
the jet issuing plane, a vortex-shedding has been observed. Otherwise, they have
presented an averaged velocity similarity profile and other jet widths distributions.

Yang and Shyu [29] have presented numerical predictions on the fluid flow

and heat transfer characteristics of multiple impinging slot jets with an inclined
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confinement surface. The parameters studied included the angle of inclined con-
finement surface and entrance Reynolds number, which is in the turbulent region.
The numerical results showed that the maximum local Nusselt number and max-
imum pressure on the impinging surface move downstream while the inclination
angle is increased. The maximum local Nusselt number decreases while the value
of the local Nusselt number downstream increases with increasing inclination an-
gle. The entrance Re has little effect on the size of the recirculation region, but the
inclination angle has a significant effect on the recirculation zones. Shuja et al. [30]
studied the jet impingement on a surface having a constant heat flux over a limited
area. Air is considered as the impinging gas, and the process is simulated with a
two-dimensional axisymmetric form of the governing conservation equations. Four
turbulence models, including standard k — €, low Reynolds number k — €, and two
Reynolds stress models, are introduced to account for the turbulence. They con-
cluded that the agreement between the temperature profiles predicted from both
the low Reynolds number k£ —e model and the Reynolds stress turbulence model are
better than that obtained from the standard k—e model. Aldabbagh and Sezai [31]
have investigated numerically the steady-state flow and heat transfer character-
istics of impinging laminar square twin jets. The simulations have been carried
out for various jet-to-jet spacings and nozzle exit-to-plate distances. The effect
of these parameters on the flow structure has been studied. Yilbas et al. [32,33]
studied numerically the jet impingement onto a cavity and hole with a constant
wall temperature. In the simulations, four hole wall temperatures and two jet
velocities were considered. The Nusselt number ratio was computed and the mass
flow ratio was determined. Heat transfer from a row of turbulent jets impinging
on a stationary surface is investigated numerically by Salamah and Kaminski [34].
The jet-to-jet interaction, the geometric parameters of the jet array, and the effect
of Reynolds number are investigated.

A conjugate heat transfer problem occurs when the fluid regime is coupled with
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the conducting solid wall having a finite thickness. The temperature and the heat
fluxes at the solid-fluid interface are considered to be equal. This is referred to
as the fourth-kind boundary condition [35]. Conjugate heat transfer applies to a
thermal system in which the multi-mode convection/conduction heat transfer is
of particular importance to thermal design. In most instances, it arises where the
external and the internal temperature fields are coupled. Conjugate heat transfer
is involved in many applications like high speed jet engines, electronics cooling,
film cooling of turbine blades, extrusion of materials etc.

Conjugate heat transfer is getting more attention by the researcher for the past
two decades. Conjugate heat transfer on flat plate are devoted in Luikov [36] and
Payvar [37] and many others. Ould-Amer et al. [38] have presented the laminar
forced convection cooling of heat generating blocks mounted on a wall in a parallel
plate channel. The effect on heat transfer of insertion of a porous matrix between
the blocks is considered. In case of laminar flow, many publications are devoted
to conjugate heat transfer on a flat plate, details of which may be found in Kanna
and Das [39]. However, the conjugate heat transfer study involving a turbulent
flow has received little attention. Kassab et al. [40] have reported the development
and application of a coupled boundary element /finite volume method temperature-
forward /flux-back algorithm developed to solve conjugate heat transfer arising in
3D film-cooled turbine blades. laccarino et al. [41] have reported the effect of ther-
mal boundary conditions on numerical heat transfer predictions in rib-roughened
passages. Results obtained using constant heat flux at the walls and conjugate
heat transfer are compared to illustrate how the recirculation bubbles upstream
and downstream of the rib have different effects on the local heat transfer. Hsieh
and Lien [42] have observed the performance of various k-¢ models on turbulent
forced convection in a channel with periodic ribs is assessed. Kim and Kim [43]
have presented the numerical procedure to optimize the shape of two-dimensional

channel with periodic ribs mounted on both of the walls to enhance turbulent heat
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Figure 1.3: Schematic diagram of a conjugate offset jet flow

transfer. Recently, the conjugate heat transfer of a laminar offset jet is reported
by Kanna and Das [44]. They found that the local Nusselt number increases to
a peak value and further it is decreased in the downstream direction. In another
study, the same authors [45] have carried out a steady-state heat transfer study for
a two-dimensional, laminar, incompressible, plane wall jet over a backward-facing
step. The heat transfer characteristics of the jet as functions of Reynolds number,
Prandtl number, and step geometry (step length and step height) are reported
in details. Results are presented in the form of isotherm, Nusselt number, and
average Nusselt number. In some cases, the computed results are compared with
the results when the step length is zero.

Although many studies have been conducted on the turbulent wall jet and offset
jet, some of the characteristics are yet to be explored. The case of offset jet, which
occurs at several practical applications has not been studied for self-similarity com-
parison with wall jet flow at various offset ratios and for temperature solution in
detail. The conjugate heat transfer study of turbulent wall jet and offset jet is not
analyzed. Figure. 1.3 shows the schematic diagram of a conjugate offset jet flow.

When S becomes zero the geometry becomes offset jet low. When ¢ becomes zero,
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it becomes conjugate wall jet low. When both S and t becomes zero, it repre-
sents a wall jet flow. In the conjugate heat transfer approach, the conduction and
the convection equations are solved simultaneously. At the interface of solid and
fluid regions the temperature and heat flux are equal. The near-wall treatments
of turbulence models are the key factors to yield an accurate wall heat transfer
predictions. In the standard high Reynolds number k — ¢ models, wall functions
are commonly employed to bridge the turbulent and near-wall viscous regions.

In the present study, the flow features, non-conjugate and conjugate heat trans-
fer of wall jet, offset jet at various offset ratios and combined jet at different wall jet
and offset jet velocities are investigated. Self-similarity profile of wall jet and offset
jet flow and its development in the downstream direction are reported. Pressure,
shear stress along the wall and maximum velocity decay in the flow was observed.
In the case of conjugate study, the parameters considered are Prandtl number
(Pr), slab thickness (S) and thermal conductivity ratio (K). A detailed analysis
is provided for the local Nusselt number (Nu,), heat flux and interface tempera-
ture distribution. Average Nusselt number (Nu) and total heat transfer (Q) are
tabulated and important observations are reported. Numerical study is carried out

under both constant temperature and constant heat flux conditions at the bottom

of the solid block.

1.2 Aim of the present work

The following situations are considered for carrying out the research.

e Fluid flow and heat transfer characteristics of wall jet and offset jet at dif-

ferent offset ratios.

e Conjugate heat transfer study of wall jet under constant temperature and

constant heat flux at the bottom of solid block.
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Similarly, conjugate heat transfer study of offset jet for different offset ratio

(OR).

e Fluid flow characteristics of combined jet flow at different wall jet and offset

jet velocities.

e Steady state analysis to describe the flow domain whether the flow is in

steady or periodic.

e Thermal characteristics of combined jet flow at different wall jet and offset

jet velocities.

e Conjugate heat transfer study of combined jet flow at different wall jet and

offset jet velocities.

1.3 Contents of the thesis

The thesis is planned to include the following chapters. Chapter 1 describe the
introduction and literature survey. Chapter 2 will discuss about the numerical
procedure. Chapter 3 will present the computation of mean flow and thermal
characteristics of incompressible turbulent offset jet flows. Chapter 4 will discuss
the conjugate heat transfer study of constant temperature at the bottom of the
solid block. Under the same conditions, constant heat flux at the bottom of the
solid block is studied in Chapter 5. Conjugate heat transfer study of the offset
jet flow under constant wall temperature and heat flux at the bottom of the solid
block are discussed in chapters 6 and 7 respectively. Fluid flow characteristics
of combined jet flow is discussed in chapter 8. Applicability of the steady state
analysis of combined jet by describing the different flow features is discussed in
chapter 9. Chapter 10 discuss the heat transfer characteristics of the combined
jet under constant heat flux and temperature. Finally, thesis concludes with the

conclusions and future scope which is described in chapter 11.
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Chapter 2

Mathematical Formulation

2.1 Introduction

This chapter will describe the brief description about theory, governing equations
and numerical procedure to solve the problems considered here. Most of the flows
occurring in the nature are turbulent flows. Since there is no precise definition
for turbulent flows, it is determined by its characteristics like, irregularity, high
diffusivity, large Reynolds number, three dimensional vorticity fluctuations and
dissipation. The physics of the turbulence is very well described in the [46], [47]
and many others. As the turbulence consists of random velocity fluctuations, so
that it is treated with statistical approach.

All most all the turbulence models use time averaged equations. The origin of
this approach is pioneered by Reynolds and it is also called Reynolds averaging.
Bousssinesq introduced the concept of eddy viscosity. The widely used models
are eddy viscosity models which uses the concept of eddy viscosity. Out of the
eddy viscosity models two-equation models are complete. Most widely used two-
equation model is £ — € model. Low-Re modelling and High-Re modelling are
the two variants of £ — € models. High-Re modelling is also called standard k — €

model. Launder and Spalding [48] explained the two variants of k—e and described
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about its implementation by applying to different flow geometries. The details of
the modelling, its history and its merits and demerits of different models are well
described in Wilcox [49]. The other books which are useful for modelling are Chen

and Jaw [50] and Biswas [51] and many others.

2.2 Governing Equations

The governing equations are considered to be steady, two-dimensional and incom-
pressible. Thermo-physical properties are assumed to be constant. In the fluid re-
gion, the flow is fully turbulent and the Reynolds averaged Navier-Stokes (RANS)
equations are used for predicting the turbulent flow. Boussinesq approximation
is used to link the Reynolds stresses to the velocity gradients. The & — e model
is used for calculating the turbulent viscosity (1;). In the solid region, the two-
dimensional heat transfer equation is solved. By assuming the above conditions,
the governing equations in dimensional form can be written as,

Continuity equation:

ou v
9t 5y = (2.1)

r-momentum equation:

o) o) _10p 0 {V@ - uu} L9 {V@ # W} (2.2)

= + —
Ox y pOx  Ox
y-momentum equation:

owv)  9(v?) 10p 0| dv —— ol o —
- A YT 2.
o + Jy 0y + g v’y v v (2.3)

Energy equation:

AT OT) _ 0107 _r] , 01T o

Boussennesq approximation is used for calculating Reynolds stresses.

- ou; Ou; 2
o T 1 — ? J ) — ZLS..
wi'ui’ = 1 <8x]~ + 5:1:,-) 3/{:52] (2.5)
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similarly for the energy equation

—u;" T = oy or (2.6)
8@-
The resulting equations are
r-momentum equation:
ow?)  O(uw) 19p 0 ou 2 9, ou
=——— 4+ — —— = — — 2.
ox + oy p8x+8x (V+Vt)0x Sk +0y (V+Vt)8y (27)

y-momentum equation:

e -3 s

Energy equation:

o@T) owT) 0 oT %)
o + oy on [(a + at)%} 4 ay {(a + at)a—y

Turbulent kinetic energy (k) equation :

(2.9)

ox oy  Ox

o(ak) | O(ok) _ [(H " 8k] ) {(wﬁ)%] tG—c  (210)

Rate of dissipation (€) equation :

O(we) Od(we) 0 vy | O€ 3} vy | O€
o "oy T eV e Ty | R ey
L0 EG— On

1Ek 25k

where production by shear (G):

o2 ovN\2 (0u  Ov\2
G = [2<%> +2(a—y) + <a_y+%> } (2.11)
Eddy viscosity (1) is given as:

]{32
Vy = CN? (212)

In the solid region, the energy equation is:

PT T

@ + a—y2 == 0; (2.13)
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2.3 Non-dimensionalization
The dimensionless variable are defined as:
— T = T T 7 5 T-Ts
U 7 V T X_h’ Y_h Q—TM_TOO
(2.14)
5) p - p_O € 147 (o7
P ky, = — = — == = —
on2 3 n Uga €n Ug/ha Vt,n 1/7 at,n o
The non-dimensionalized equations are:
Continuity Equation:
ou oV
X + v 0 (2.15)
r-momentum equation:
oU)* 9UV) 0 — 2 1 0 oUu 1 0 oU
— B — | —— (1 — (2.1
oX oY ax L3Rt poax (Mg | T Reay |1 T7n) 5y | (2-10)
y-momentum equation:
oUV) 8(7)2_ 0 — 2 0 8V 1 0 oV
Temperature equation (f) is:
owe) ove) 1 9 00 1 0 o0
oX T ox  Repr ox | ey | T Repray | o) gy | (218)
Turbulent kinetic energy (k,) equation is:
OUk,) O0(Vky,) . v Vin\ Okn 1l Vin\ Okn
Xt ax = reox |t ak>8X O LG )ay FGn—en(2.19)

Rate of dissipation (e,) equation is:

O(Ue,) 0(Vey,
oo~ mr (0 )a |
+C’15k G, Cgek—i
Production (G):
o= () +2(ew) " (v + ) |
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Eddy diffusivity (ou,):
Qpn = Vin/Pr (2.21)

In the solid region, the energy equation is:

020 %0

2.4 The Standard k& — € model

In the standard version of k£ — € model, as described by the Launder and Spalding
[48] the turbulent viscosity is calculated as:

Eddy viscosity (v4,):

2
Vi = CuRe? (2.23)

n
The values of the model constants used in the above equations are:

O — 10, Oc — 130, Cle = 144, 025 = 192, CM = 0.09

2.5 Streamline curvature modification

Cheng and Farokhi [52] derived the streamline curvature modification to the stan-
dard k — e model from the algebraic Reynolds stress model proposed by Rodi [53].

In this modification, v, is given as:

2¢ G, R} +4R; +1 k2
_ 1— _ A o T P 2.24
Vin = l Ry — ¢ - =R, Reen (2.24)

So the C), can be defined as:

20 G, R} +4R; +1
L . S Sl S 2.2
Where Ry is called the flux Richardson number
oV /10X
v/ (2.26)
ou /oY
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and ¢ is defined as:

1-C,

2.27
Co—14%2 (2.27)

o=

where, C, = 1.5 and C}, = 0.76. The values of the remaining model constant
are same as in standard k£ — € model. Cheng and Farokhi [52] used the curva-
ture modification for predicting the backward facing step flow, where the flow is
predominant in the x-direction and is characterised by weak curvature. Similarly,
Pathak et al [54] assessed the same model for jet in cross flow. In the present study
for the combined jet flow this modification is applied. The comparisons are made

for the two variants with the experimental results and are discussed in chapter 8.

2.6 Numerical Procedure

The governing equations are discretized using the finite volume method (FVM).
The attractive feature of the finite volume method (FVM) is that the solution
would imply that the integral conservation of the quantities, such as mass, mo-
mentum and other quantities are satisfied over any group of control volumes and
of course over the whole computational domain. In order to overcome the checker
board configuration of the pressure, the momentum equations are integrated over
the staggered control volume and the other equations are integrated over the main
control volume. In order to improve the guessed pressure, pressure correction equa-
tion derived from the continuity equation is used. In order to overcome the insta-
bility that arises due to the central difference scheme, different upwinding schemes
are proposed to discretize the convective part of the governing equation. In the
present approach, power-law scheme is used for discretizing convection part of the
governing equations. Since, divergence occurs due to the higher order schemes
(Peric and Ferziger [55]), specially for the turbulent quantities and present experi-
ence also suggested to use the lower order schemes. For the turbulent flows most

widely used scheme is power-law scheme. The diffusive terms in the governing
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equations are discretized by the central difference scheme. SIMPLE algorithm as
specified by Patankar [56] is used to solve the discretized equations. The complete
details of numerical procedure is well described in Patankar [56], Versteeg and
Malalasekera [57] and Norris [58]. To overcome the fine grid required near the
wall, the wall function method proposed by Launder and Spalding [48] and Craft
et al. [59] is used. The conduction equation in the solid is discretized by the finite
difference method using the central difference scheme which is appropriate in the
solid. In case of the conjugate heat transfer study, the energy equation in the solid
and fluid are solved simultaneously. The heat transfer across the interface and

temperature at the interface must be equal. The details are given in appendix A.

2.7 Validation Study

In order to validate the developed code, flow in a (a) two-dimensional channel,
(2) square and (3) rectangular cavities are considered. The geometric details,
boundary conditions, the definition of Re and its value for each flow is given in
the Appendix D.

The channel flow results are compared with the experimental results of Telbany
and Reynolds [60]. Figures D.2(a) and D.2(b) shows the comparison of U /U, (U,
represents the velocity at the center of the channel) at downstream locations of
X=13.5 and 22 respectively. The results are in good agreement with the exper-
imental solution. Similarly, Fig. D.2(c) shows the Reynolds stress at the exit of
the channel. It is also in good agreement with the experimental solution. Though
the present model under-predicts the turbulent kinetic energy (k,) with the ex-
perimental, but it is slightly better compared to the numerical solution provided
by Jaw [61].

The validation study of square cavity is shown in Fig. D.3. Mills [62] has

provided the experimental results for the centerline velocities. Chen and Chang [63]
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2.7 Validation Study 19

have numerically studied with standard k& — e model. Figures D.3(a) and D.3(b)
show the centerline U and V velocities along the Y and X directions respectively.
The present solution is compared and are in good agreement with the experimental
solution of Mills and numerical solution of Chen and Chang. Figures D.3(c),
D.3(d) and D.3(e) show the comparison of the Reynolds stress (—u/v’), turbulent
kinetic energy (k,) and dissipation (€, ) respectively. The results are found in good
agreement with the results of Chen and Chang [63]. Similarly, Fig. D.4 shows the
validation study for rectangular cavity flow. The predicted solution is found in
qualitatively good agreement with the Chen and Chang [63]. The discrepancy in
the two results may occur due to the schemes used, algorithm and the method and
location of the first grid point also plays an important role.

The comparisons with the channel flow, square cavity and rectangular cavity
has proven the validity and applicability of the code for both inflow and outflow
boundary conditions and for the solid wall boundary conditions also. Similarly,
the comparisons for offset flow (Fig. 3.2) and for combined jet flow (Fig. 8.3) has

given the rich experience on boundary conditions and applicability of code.

TH-608_04610302



Chapter 3

Computation of Mean Flow and
Thermal Characteristics of
Incompressible Turbulent Offset

Jet Flows

3.1 Introduction

In the present study, computational details of the various offset ratios (wall jet,
OR = 3,7 and 11) are presented. Power-law scheme is used for discretizing the
convective terms. In order to have the same numerical accuracy for the fluid flow
solution as reported in Koo and Park [21], higher grid size is used and non-uniform
grids are used along the walls and at the entrance of jet. The geometry is similar
to that of Pelfrey and Liburdy [3]. The results are compared and are found to
be in good agreement with it. For the temperature solution, the case of Holland
and Liburdy [4] has been considered. The computed results have been compared
and found to be in good agreement with the experimental results. Development

of the self-similarity, wall pressure, shear stress on the wall and different flow and
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3.1 Introduction 21

heat transfer characteristics are presented. The numerical scheme and method of

solution as explained in chapter 2.6 is used in the present computations.

3.1.1 Boundary Conditions

Figure. 1.1 shows an schematic diagram of an offset jet flow. In this case, the flow
of jet is emanating into a quiescent ambient fluid. The cases computed here are OR
= 0 (i.e. wall jet), 3, 7 and 11. The non-dimensionalized boundary conditions are
provided as input to the solution. At the inlet of the jet U = 1.0, V = 0.0, § = 1.0
are the boundary conditions for the velocities and temperature. For the turbulent
kinetic energy equation, the boundary condition at inlet is k,, = 1.5I2 where [ is the
turbulence intensity and is equal to 0.02. For the dissipation equation, the bound-
ary condition is €, = (ki/2C3/*)/l, where | = 0.07h is considered. For the solid
wall, no slip boundary condition is considered for velocity. For the bottom surface,
an adiabatic condition is considered whereas for the vertical wall, an isothermal
condition is considered for the energy equation. Neumann boundary conditions are
provided for the top boundary (i.e. entrainment side) and at the exit boundary, a
developed condition of 9¢/dn = 0 is considered where ¢ = U, @, 0, ky, €,. It has
been ensured that the first grid point near the wall falls in the logarithmic region

i.e. 30 < Y <100 where Y = yu, /v, u, being the friction velocity.

3.1.2 Code Validation and Grid Independence Study

To validate the code developed, results obtained from the present computation
are compared with the experimental results given by Pelfrey and Liburdy [3] for
OR = 7. Figure. 3.2 shows the comparisons at different downstream locations
of X = 3 (recirculation region), 6 (recirculation region), 9 (impingement region),
12 (impingement region) and 15 ( wall jet region). It is observed that very good

agreement with the experimental results have been obtained. After ensuring the
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3.2 Results and Discussion 22

Figure 3.1: Sample grid used for the present computation for OR = 7h

code validation, a grid independence study is carried out for all the cases and
the effect of domain size is also considered and tested. After doing considerable
numerical testing, it is found that the domain size of 75x35 and grid size of
151x101 are satisfactory for all the cases. Figure. 3.3 shows the grid independence
study. Even though a grid size of 121x101 produces a good solution, the grid size
of 151x101 is considered for all the cases to avoid the numerical diffusion due to
streamline curvature to the grid pattern. The sample grid used for the present

computation for OR = 7.0 is shown in Fig.3.1

3.2 Results and Discussion

The computations are performed for OR = 0 (i.e. wall jet), 3.0, 7.0 and 11. In
all the computations, Re considered is 15000. The reattachment lengths obtained
from the computations are compared with the experimental results and are shown
in Table. 3.1. The reattachment point is defined as the point where wall shear
stress changes its direction. For OR = 3 and 7, the present k& — ¢ model under-
predicts and for OR = 11, it slightly over-predicts than the experimental value.
As the OR increases, the computed and the experimental results are close. This

is due to the numerical diffusion and the applicability of the wall functions in the
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3.2 Results and Discussion 23

impingement region.

Figure. 3.4 shows the variation of maximum velocity (Umam) in the X-direction.
In the case of wall jet, U, is almost constant up to a certain distance and
then gradually reduces. For OR = 3, 7 and 11, U4, consists of mainly three
regions, viz. a decreasing region, an increasing region and a very slowly decreasing
region (i.e. this is the region where slope of the curve is almost constant). In
the decreasing region, U,,,, decreases slowly as OR increases. It is observed that
the minimum value of U,,., occurs very near to the reattachment point in the
downstream direction and it decreases as OR increases. In the increasing region
also, U, increases slowly as OR increases. At any particular location in the
slowly decreasing region, U,,q, decreases as OR increases.

Figure 3.5 describes the variation of the wall shear stress (7,) along the X-
direction. In case of wall jet, 7, decreases suddenly and increases up to a certain
distance and then increases very slowly. In case of the offset jet flows, 7, increases
slowly and also decreases slowly as OR increases. The maximum value of 7,
decreases as OR increases. The positive region shows the recirculation region.
In the very slowly increasing region, at any particular point 7, increases as OR
increases.

Figure 3.6 represents the variation of pressure along the wall. For the wall
jet, pressure remains almost constant along the wall. In case of the offset flows,
pressure attains a minimum value as OR decreases because for low OR value, the
jet impingement velocity is more. For the same reason, wall pressure attains a
maximum value as OR increases. The variation is slow as OR increases. The
minimum and the maximum value of pressures are very close to the center of the
vortex in the upstream direction in the recirculation region and downstream to
the impingement location. Farther downstream, pressure is almost constant and
increases as OR increases at any particular location.

From the above discussions, it may be concluded that the wall jet region starts
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from where the point of slope of the curve becomes almost constant and this point
moves further downstream as OR increases. Impingement region starts from the
location where 7,=0. The longitudinal distance from the inlet to the point where
Tw=0 represents the recirculation region.

Figures 3.7 and 3.8 represents the plot for streamline, velocity vector plots
respectively. Figs. 3.9 and 3.10 shows the contours of U and V respectively. It is
noticed that cluster of contours observed at the entrance of the jet says expected
changes in the profile of the jet immediate to the interaction with the quiescent
fluid. Outside the boundary layer U is very small and negligible. Negative values
of V at the boundary layer in wall jet region implies that fluid enters into the
boundary layer. The maximum value of V observed in the offset flows is 0.4
for all OR, where streamlines are strongly deflected towards the plate before the
impingement.

Figure 3.11 shows the pressure distribution in the domain. In offset jets, the
clustered contours clearly shows that the variation of pressure in the recirculation
and impingement regions is high. In the wall jet region and the wall jet case, pres-
sure decreases up to Unmq, and then increases to ps along the cross-wise direction
at any point. It is observed that the pressure at the wall is lower than P,.. The
maximum and the minimum pressure are found at the impingement point and at
the center of the vortex in the recirculation region respectively.

The distribution of the turbulent kinetic energy (k) in the flow field for various
offset ratios are shown in Fig. 3.12. In both the wall and the offset jet cases,
maximum value of the turbulent kinetic energy is found in the entrance region
of the jet where it strongly interacts with the quiescent ambient fluid. In case of
offset jets, k is higher in the recirculation region than the impingement region and
the wall jet region. In the wall jet region, k increases up to U ., and beyond that,
it decreases to almost zero. Figure 3.13 shows the dissipation of turbulent energy.

In both wall and offset jet cases maximum value of dissipation occurs on either
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side of the jet, but has minimum value in the recirculation region. The dissipation
decreases along the stream-wise direction. In the cross-wise direction (similar to
the case of k), € increases up to Umae and decreases to almost zero.

Figure 3.14 shows the contours of turbulent viscosity (). In case of wall jet,
v, increases in the stream-wise direction. In offset jet case, v; is maximum at the
center of the recirculation region, modestly decreases in the impingement region
and then increases in the stream-wise direction as in the wall jet case. In the
wall region, v, increases up to Upnq, in the cross-wise direction and then decreases.
Outside the boundary layer, v; is found to be of high value even though both &
and e are very small and this represents a situation of high viscous zone where flow
is almost quiescent.

Figure 3.15 shows the velocity similarity profile at four downstream locations
for wall jet and three offset ratios. The Y-direction is normalized with Yy 5 which
is the distance at which U = Uy, /2. For wall jet (Fig. 3.15(a), even at X = 30,
similarity profile is observed whereas for OR=3 (Fig. 3.15(b)), a little deviation
is observed from X=30 to 40. For OR = 7 and 11, the same has been observed at
X = 40 and 50 respectively.

In a different figure (Fig. 3.16), it has been observed that the U velocity
profile plotted in a normalized way approaches that of the wall jet case at different
downstream locations. For small offset ratio (OR=3), the profile is close to that
of wall jet at X=30 (Fig. 3.16(a)). However, for higher offset ratio, the deviation
is appreciable. In the downstream directions, the profiles for the offset ratios
approach that of wall jet (Figs. 3.16(b) and 3.16(c)) and finally at X=60 (Fig.
3.16(d)), they merge with each other.

The temperature profiles at different downstream locations for the wall jet and
three other offset ratios are shown in Figs. 3.17-3.20. The coordinate axes have
been properly scaled to represent the present nondimensional values in comparison

with those of Holland and Liburdy [4]. For the wall jet case, the downstream loca-
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tions considered are 10.4, 20.3 and 30.1 and are shown in Figs. 3.17(a), 3.17(b) and
3.17(c) respectively. It is observed that the temperature within the jet is grad-
ually decreasing in the downstream direction. Figures 3.18(a), 3.18(b), 3.18(c)
and 3.18(d) show the comparison of the temperature profiles at four downstream
locations viz. 0.57, 2.5, 5.0 and 21.5 respectively for OR=3. It is observed that
except for location 0.57, a good agreement has been obtained with the experimen-
tal results for the three downstream locations. A strong convection effect has been
observed in the temperature profile at X=0.57 which is not predominant in the ex-
perimental profile. For the offset ratio 7, the comparison of the temperature profile
has been made at downstream locations of 3.35, 6.69, 15.75 and 38.2 (Figs. 3.19(a),
3.19(b), 3.19(c) and 3.19(d) respectively). The first two locations are within the
recirculation region, the third one is after the reattachment location and the last
one is close to the wall jet region. It is observed that within the recirculation
region, the temperature remains constant up to a certain height before attaining
the free-stream temperature of zero value. Away from the jet exit, temperature
gradually decreases. In all the cases, the computed results are in good agreement
with the experimental results. Figures 3.20(a), 3.20(b), 3.20(c) and 3.20(d) show
the temperature distribution at four downstream locations for OR=11. It has been
observed that near the surface, the computed results are over-predicting compared
to the experimental results. This can be attributed partially due to wall function
method and applicability of adiabatic boundary condition.

The computed surface temperature has been compared with the experimental
data for the four cases considered here. It is observed that for the case of wall jet
(Fig. 3.21(a)), the temperature starts falling down after a downstream location of
approximately 20 whereas the experimental data shows a gradual decrease. For
OR=3 (Fig. 3.21(b)), it is observed that within the recirculation region, there is
a marginal increase of surface temperature and after that, it gradually decreases.

A similar type of trend has also been obtained from the experimental results.
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Figure 3.21(c) shows the comparison for OR=7. The numerical prediction is in
good agreement though there is some discrepancy after a downstream distance of
20. For an offset ratio of 11 (Fig. 3.21(d)), the trend of the surface temperature
distribution is similar to that of the experimental data. However, the computed
results are overpredicting with the maximum deviation of 33% at X=40. This
needs further investigation.

Figure. 3.22 shows the contours for wall jet and offset with ratios 3, 7 and
11. It is found that the temperature at wall decreases with increasing the OR
and the variation in temperature in recirculation region is very small. The average
temperature of recirculation region decreases with increasing OR. The temperature
in the quiescent flow field (i.e. where the velocities are very small) is almost zero

as shown in figure.

Table 3.1: Comparisons of the reattachment length for different offset ratios

OR Present computation Holland and Liburdy [4] % error

3 5.9 7.02 -15.24
7 11.975 12.42 -3.58
11 17.29 17.02 +2.35

TH-608_04610302



3.2 Results and Discussion 28

1 1 1
10fF 10fF 10F
[=
oF o ee oF Present Computation oF o Ee
Present Computation Present Computation
sF 3 13
7F 7F i3
13 33 13
> > >
sk 3 43
aF af 4F
sf 3f 3f
2F 2F 2F
1k 1F 1F
g 2 °10 2 0 L

=} Exp.
Present Computation

Figure 3.2: Validation of code for OR=7 with experimental results of Pelfrey and
Liburdy [3]

- — — - 101X81
———— 121X101
—--— 151X101
O Exp. (Pelirey and Liburdy)

0 10
horizontal velocity (U)

Figure 3.3: Grid independence study

TH-608_04610302



3.2 Results and Discussion 29

11

Wall jet
= = = = OR=3

09 F v N
08 | .,
07 F U T

0.6 N

Maximum velocity
-
..

05 F U

03|

Figure 3.4: Maximum velocity variation along the X-direction

0.002
[ 7y . Wall jet
0.001 |
0
4
g
7] B
5 -0.001
g B
&
E [
-0.002
-0.003 |
-0.004 [ . . . 1 . . . . ! . . . . 1 . . . . ! . . . .
P 10 20 N 30 20 50
Figure 3.5: Variation of wall shear stress
0.25
2 Wall jet
L N 7 = = = = OR=3
e OR=7
02 ,' \‘ " . e OR=11
1 Y 1 .’.
_ i 1oy
© K 1 Y 1 .
2 0.15 PN —
2 [oe. 1 Vi
= o A e et -
g L ite
2 I~. . i el I I R R I I il
goorps Ll
o ] DRy A
\.\ 1 4
K N 7
0.05 fy @S-
[ » 1
A 1
A
-
0 n 1 1 1 1
0 10 20 30 40 50

Figure 3.6: Variation of pressure along the wall

TH-608_04610302



15

15

UOISSTIOSI(J pue S}Ns9y ¢°¢

TH-608_04610302

Figure 3.7: Streamlines of offset jet at different offset ratios

0€



3.2 Results and Discussion

31

ot
B :.‘.11::::
P ,,‘,‘::1:::

ot
P :::11::::

20

15F

=3

(b) OR

(a) Wall jet

T

40

::::::

30

T AL
o ""1::::::::323 _
g

11

(d) OR

7

(c) OR

Figure 3.8: Vector distribution of offset jet at different offset ratios

TH-608_04610302



15

10

(a) Wall jet

15 15
©
N
'Y
Q
) _—
»or Q?\gng/ 0.0026008
002

5T 2 02—
003482184 03 . :
-0. K — 04— |
L T . 4
0 :-0. 490 L X
0 10 20 30 40 30 40

(c) OR=7 (d) OR=11

Figure 3.9: U-contour distribution of offset jet at different offset ratios

TH-608_04610302

d Pue symsoYy z'¢

.

UOISSNIOSI

(44



003

——————0.005—

001 ——

0025—
08025055

05— |
00—

00—

I
10 20
X

(a) Wall jet

30

20

15

An7401165—

0

N
,/
-0.0173116

I

e o

( 0.00495103—
L L L L 1 L L L L

©
&
Y
%

49
Q xg%c‘)?)

0.00495103

0 10 20
X

(c) OR=7

30

40

15

-0.0204735

Yoz65264]
o 00665313

0 00665313
0 00265264

20

15

-0.018772
00119672

0.00204719

i —
g—0——+
0.0055052

Figure 3.10: V-contour distribution of offset jet at different offset ratios

TH-608_04610302

30

40

d Pue symsoYy z'¢

.

UOISSNIOSI

€€



I | 0.109137
0.109137 0.109137
B > [\ 0.109137
O /
Q \,62156 0%91901931737 S|

0.106964

i = A 10990, 100774—
L e a0 10010000 —

40 0 0 10 30 40

X

(b) OR=3

0.149667

0.149667

0.0744713

2 LI : 0.0744713 0147380 |
N 0.125697 s ARG 0.145617————
)/ d%@‘awo.lzseg?—— b 00744713/ s /\ .
i N S —— o [ N\ A 020NN
10 20 30 40 0 10 20 30 40

X

(c) OR=7 (d) OR=11

Figure 3.11: Pressure distribution of offset jet at different offset ratios

TH-608_04610302

d Pue symsoYy z'¢

.

UOISSNIOSI

ve



10 |-

5

p.58924E-05 __—— 2L
| —_ |
——002361% 00238196 5238106
0.00734304

9.58924E-05—
0.000305041— |

—
/@34304/

—0.0057715675 54883083

~_0.000305041—
000167755 REIAL=="

0

10 20 30 40
X

(a) Wall jet

15 F

9.58924E-05
9.58924E-05 9.58924E-05
///
0.000160967

0/0125202——\)

0.0125202

0.0188555__—2 >

0.000108399
— __————————0.00883083

/Mﬂgs/

0.00577156— |

0

TH-608_04610302

< _————0.00883083= s i—
(L&K 0.0238198 0 Dog83053, > —0.00577156—————
0

10 20 30 40
X

(c) OR=7

15

10

15

10

9.58924E-05-0.00167795

9.58924E-05==
=
0.000305041— |

0.00734304——

: 0.0188555
aa— §
S

555

0.00883083
- 0.0088308370.00167795 (00734304
- M—f
i ﬁj\ 0.00883083

S

=_— ~ ____—0.0125202 _ 0.0125202
0.00734304==———0.00107795-0.0125202
0.0125202 0.0125202/’0'0125202 0.0125202
10.00734304 1 1
0 10 20 30 40
X
(b) OR=3
|
0.000305041

0.00167795

0 ‘ 10

(d) OR=11

Figure 3.12: Turbulent kinetic energy (k) distribution at different offset ratios

10.0125202 0.0125202
I 0.0188 %00734304
K 0.00734304
k 001250 D> > O \
ZXO 30

 Pue S)NSAY Z'€E

.

UOISSNIOSI

G



15

10

15

i 1.06088E-05

C e v ——

99o9E-08 8E S==5700217408=0.000217 — oo
sﬁaggg-osyﬂyoe@/mgzgses 0.000829565 ™,

éo.oomo;@:syo:zm 0.000829565 0.000829565

0 10 20 30 40

X

(a) Wall jet

fo‘?'o Z7) 2.19659E08/\//

c NNH 2.19659E-08
0217409 = 0.00021740g
I s® 0000829565\ 03%61D 0.000280833
N 0.00179:9018525p X 0.000124178™
0 10 20 30 40

X

(c) OR=7

15

10

15

10

o

o

I6088E-Q5.

00

%00124178

/;//

2.19659E-08

0.000280833 |

217
0

0.00 409
109443008.00186426~——0,0129027
(77’ ) ~0-9010 9og385TO4 -

0.000385794 |
0.000280833°

0

10

30 40

2.19659E—08?

1.06088E-05

0.00082956
‘\(y4CVO'000280833 0.000217409 0.000217409
00280833 0.000217409
0.000385794
0.00030.000385794 1.06088E-05
0 10 20 30 40

(d) OR=11

Figure 3.13: Dissipation(e) distribution of offset jet at different offset ratios

TH-608_04610302

d pue s)Nsay Z'¢

.

UOISSNIOSI

9¢



15

10 |
> L

4
T

(a) Wall jet

/

8.23605

523768—604.027—

TH-608_04610302

30

(c) OR=7

Figure 3.14: Turbulent viscosity (1) distribution of offset jet at different offset ratios

40

15

10

4

15

10

o
T

0

UOISSTIOSI(J pue S}Ns9y ¢°¢

L€



3.2 Results and Discussion 38

'
>
UlUmax ) " UlUnax
(a) Wall jet
3
250
N X=30
N
2K\ M
2 2 '
=15r =
1k
05}
i TR
oL L L vy 72
0 0.2 0.4 0.6 0.8 1
U/Unmax
(¢c) OR=7 (d) OR=11

Figure 3.15: Similarity solution for different offset ratio at four downstream loca-
tions

TH-608_04610302



3.2 Results and Discussion

39

s 3
L Wall Jet B Wall Jet
[ - OR=3 b - - OR=3
25 — OR-7 a5t - o=
- OR=11
2F 2|
o o [
° B =l -
; =N § 15
e “ 1k
051 o5l
L L | I A - - T — I
% 0.2 0.4 0.6 0.8 1 05
U/Umax
(a) X =30
25 )
i Wall Jet
i OR=3
i OR=7
T © OR=1L wall jet
I 15 - — — - OR=3
I .- OR=7
I OR=11
15F
«
0 B ?
3
st g
> 0 >
1k
L 0.5
051
I 1 A S ek sl
0 | - PR TR P e Thark i it~ el 0 L o2 TR 4.0.4—- == , 13 ) o ‘ L
0 0.2 0.4 X 0.8 1 uie
U/Umax max
(c) X =50 (d) X =60

Figure 3.16: Similarity solution at different downstream locations for various offset

ratios.

TH-608_04610302



3.2 Results and Discussion 40

24F 24
2F 22
20F O Holland and Liburdy [| 20F O Holland and Liburdy [|
18 - present computation 18 - present computation
16 16F
14F 14F
” 12F > 12
10F 10F
8l 8k
6 6
F Io
4E 3
2 M 2F
E. 0 T E. 0y T
° 0 . 0.4 0.6 .

=)
o
N}
=}
©
-
(=)
o
N}
=}
©
-

Temperature Temperature

(a) X =10.4 (b) X =203

O Holland and Liburdy [|
present computation

.
o
N LSRN A EEES RERE REEE EREE RERE RRRN N

0

Temperature

(c) X =30.1

Figure 3.17: Comparison of temperature (6) profiles with experimental results of
Holland and Liburdy [4] at different locations for wall jet

TH-608_04610302



3.2 Results and Discussion

35 35
30f 30f
N a Holland and Liburdy [ N O Holland and Liburdy [J
- present computation - present computation
5| 5rF
20 20
> F F
15| 15|
10 10
5 ;E O o 5 ;_@ ]
oy I P ‘lw‘l‘g oy I P I ‘l‘g‘
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Temperature Temperarure
(a) X =0.57 (b) X = 4.42
35 35
30f 30f
- O Holland and Liburdy F O Holland and Liburdy [|
[ present computation F present computation
251 251
20 20
> F F
15F 5f
10 10
i o
5 5p O
E u| u] o I J o
O"‘l“l“lw‘lwﬁé ol v v Ty L O
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Temperature Temperature
(c) X =8.84 (d) X = 38.04

Figure 3.18: Comparison of temperature (6) profiles with experimental results of
Holland and Liburdy [4] at different locations for OR = 3

TH-608_04610302



3.2 Results and Discussion 42

14 o
L 14
12 I
i ) 2 o Holland and Liburdy [
] [m] Holland and Liburdy [] | present computation
present computation L
10 10k
i1} L
[ H
8 B 8k
> [ >
6 : 6l
4 AN
2 2 L
olb— P -
0 0.2 0. 0.6 0.8 0 0.2 0.4 0.6 0.8 1
Temperature Temperature
(a) X =3.35 (b) X = 6.69
15
14 o
12 I+
o [m] Holland and Liburdy [] .
10F present computation 10 a Holland and Liburdy [|
I present computation
sk
> >
6B
ra
4
2k
oL L ol B N1
0 0.2 0.4 0.6 0.8 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 1
Temperature Temperature
(¢) X =15.75 (d) X =38.2

Figure 3.19: Comparison of temperature (6) profiles with experimental results of
Holland and Liburdy [4] at different locations for OR =7
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results of Holland and Liburdy [4] for different offset ratios.
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3.3 Conclusions

The flow and heat transfer study of heated offset jet has been carried out numeri-
cally using two-equation k—e turbulence model. A standard wall function has been
used. The impinging surface is considered as adiabatic so that the downstream
temperature distribution illustrate the entrainment characteristics. The following

conclusions may be drawn:

e Minimum value of U,,, 0ccurs very near to the reattachment point in the

downstream direction and it decreases as OR increases.

e The maximum value of wall shear stress decreases as OR increases. The

positive region of 7,, shows the recirculation region.

e The pressure distribution along the wall remains nearly constant for wall jet

case.

e For wall jet, the similarity profile for the velocity has been obtained at X =
30. For OR = 3, 7 and 11, the distances at which the similarity profile has
been observed are approximately 40, 50 and 60. It has been observed that
at a distance of approximately 60, the velocity profile for wall jet and other
three OR cases overlap with each other implying that a wall jet situation

arises in far downstream for all the cases.

e The computed temperature profile at different downstream locations for the
cases considered are in very good agreement with the experimental results.
The temperature profile in the recirculation region is within the acceptable
accuracy implying that the present turbulence model is suitable for predict-

ing offset jet flows.

e The computed temperature of the adiabatic surface is on the higher side for
wall jet and OR = 11. This is because of the presence of the zero heat flux

adiabatic boundary condition.
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Chapter 4

Computational Study of Heat

Transfer in a Conjugate
Turbulent Wall Jet Flow at High

Reynolds Number

4.1 Introduction

In the present case, the conjugate heat transfer involving a turbulent plane wall jet
under constant bottom wall temperature is considered. The parameters considered
are the conductivity ratio, the solid slab thickness and the Prandtl number. The
Reynolds number considered is 15000 because the flow becomes fully turbulent and
then it becomes independent of the Reynolds number as has been experimentally
observed by Pelfrey and Liburdy [4]. The purpose of the study is to observe and
describe the effect of Prandtl number (Pr), thermal conductivity ratio (K) and
the thickness of solid slab (S) on the interface surface temperature, heat transfer
between the solid and the fluid, local Nusselt number distribution, average Nusselt

number and the temperature distribution in the solid and the fluid. The range of
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parameters considered are: for Pr it is 0.01 to 100, for K it is 1 to 1000 and for S

it is 1 to 10. The schematic diagram of the conjugate wall jet is shown in Fig. 4.1.

y

n

E =T, G

Figure 4.1: Schematic and computational domain of the wall jet flow

The numerical scheme and method of solution as explained in section 2.6 is used
in the present computations. Similarly, the hydro-dynamic boundary conditions
are explained in section 3.1.1. For the temperature, at the inlet(AE), §=0 and
the entrainment and exit boundaries (i.e CD and BC respectively), Neumann
boundary conditions are provided i.e. 98/0n = 0. At the solid-fluid interface(AB),
the equality of temperature and flux i.e. (65), = (0f)y and (Qu)s = (Qu)s are
applied and the details are mentioned in the appendix (Appendix A). The left
and right side (AF and BG respectively as shown in Fig. 4.1) of the solid block
are considered as adiabatic. The code validation and grid independence details
are given in section 3.1.2. Since the flow is incompressible, the Already available
fluid flow solution is used to solve the energy equation in both the solid and the
fluid regions. Grid independence is done in the solid for S=1 by varying the
Prandtl number and thermal conductivity ratio (K). For other sizes, the grid size

is correspondingly increased, which is reasonably valid in the solid block.
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4.2 Results and Discussion

In the present work, Re = 15000 is chosen for all computations. The flow becomes
fully turbulent and there is no discernible Reynolds number effect on the mean
flow characteristics [4]. Since the uniform velocity and some turbulent intensity
is given at the inlet of the jet, it takes some length for the flow to become fully
turbulent and develop the self similar region, which is observed in the fluid solu-
tion. It is observed that approximately at X ~ 30 the flow become fully turbulent
and self similarity is achieved. The effects of Pr, K and S on the interface surface
temperature (6;), heat transfer between the solid and the fluid (@Q;), local Nusselt
number distribution (Nu,), average Nusselt number (Nu) and the temperature
distribution in the solid and the fluid have been discussed. In the present study,
Pr is varied between 0.01 to 100, K is varied between 1 to 1000 and S is varied
between 1 to 10. The derivation of heat flux is given in Appendix A. The defini-

tions of Nu, and Nu are shown in Appendix B.

Interface Temperature
Figure 4.2 shows the interface temperature (;) distribution at various Prandtl
numbers keeping the solid thickness (S = 10) and the thermal conductivity ratio
(K = 1000) constant. It is observed that 6; is high at low Pr. This is because
at low Pr, the thermal boundary layer is large. A large surface temperature is re-
quired to dissipate the heat to the jet fluid. Conversely, the interface temperature
decreases significantly as Pr increases because the thermal boundary layer gets
correspondingly smaller and a lower surface temperature is sufficient to dissipate
the heat. The surface temperature increases along the wall at high Prandtl num-
bers because initially the heat transfer is large which decreases gradually along
the length. The interface temperature distribution at various thermal conductiv-

ity ratios keeping the Prandtl number equal to 1.0 and solid thickness equal to 10
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are given in Fig. 4.3. When K is small, the resistance to heat transfer is large,
the drop in temperature is large and thus the interface temperature is small. As K
increases to 1000, the interface temperature is relatively large because of the same
reason. The variation of ¢; distribution at various solid thickness (5) keeping the
Prandtl number (Pr = 1.0) and thermal conductivity ratio (K = 1000) is plotted
in Fig. 4.4. For a small slab thickness S = 1, the thermal resistance is less leading
to a higher interface temperature. As S is increased to 10, it is observed that the

interface temperature has dropped down because of the same reason.

Local Nusselt Number
The local Nusselt number variation is shown in Figure 4.5 for various Prandtl
numbers keeping the solid thickness (S = 10) and thermal conductivity ratio
(K =1000) constant. In general, Nu, increases to a large value near the jet entry
and then gradually decreases in the direction of flow. This is a characteristics of
the jet boundary layer formation. As shown in Fig. 4.5, it demonstrates clearly
that Nu, increases with Pr because of the thinning of the thermal boundary
layer. Figure 4.6 shows the Nwu, distribution at various thermal conductivity
ratios keeping Pr = 1.0 and S = 10. It is observed that for the range of K, the
Nu, distribution superimposes with each other. The Nu, distribution at various
solid thickness (S) keeping Pr = 1.0 and thermal conductivity ratio K = 1000
is shown in Fig. 4.7. Similar to the previous case, the Nu, distributions for the
range of § superimposes with each other. From these three figures, it is concluded
that Nu, is dependent on the fluid property Pr and remains unaltered for the
variation of K and S. In the region between X = 25 to 30 the Nu, increases. This
can be attributed to the flow attains self-similarity.

Local Heat Flux
Figure 4.8 shows the local heat flux @, distribution at various Prandtl numbers

keeping S = 10 and K = 1000. On contrary to the Nu,, heat flux (Q,) shown
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in Fig. 4.8 decreases as the Pr increases. Heat flux is almost constant along the
wall and increases as the Pr decreases. The rate of decrement also increases as Pr
decreases. Figure 4.9 shows the @), distribution at various thermal conductivity
ratios keeping Pr = 1.0 and S = 10. Heat flux increases as K increases and it de-
creases along the wall at higher thermal conductivity ratio. Figure 4.10 shows the
Q). distributions at various solid thickness (S) keeping Pr = 1.0 and K = 1000.

As expected the heat flux (Q,,) increases as the solid thickness decreases.

Average Nusselt Number
Extensive computations are done in their respective ranges and results of the av-
erage Nusselt number (Nu) are presented in Table 4.1. It shows clearly that Nu is
a function of Prandtl number only. The effect of solid thickness (S) and thermal
conductivity ratio (K) are negligibly small. It is observed that Nu increases with

the increase of Pr.

Average Heat Transfer
The average heat transfer integrated over the interface for various S, K and Pr
are shown in Table 4.2. The heat transfer for the conjugate case is compared with
the non-conjugate case (S=0). It is observed that as the solid thickness increases,
heat transfer decreases. However, as K is increasing, (); increases. For K=1000,

(Q); approaches almost equal to the non-conjugate case.
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Table 4.1: Average Nusselt number (Nu) at various Prandtl numbers

S (thick- | thermal Nu (Pr=0.01) | Nu (Pr=0.1) | Nu (Pr=1) | Nu (Pr=10) | Nu (Pr = 100)
ness of | conductiv-
solid slab) | ity  ratio

K(ks/kf)
0(non- - 1.27179 8.30537 31.096 72.7912 152.969
conjugate)
1 1 1.33476 8.83939 31.6452 73.0195 153.062
1 100 1.27354 8.36272 31.2762 72.9244 153.043
1 1000 1.27197 8.31165 31.1207 72.8155 152.989
5 1 1.35813 8.8736 31.6568 73.0216 153.062
5 100 1.27916 8.48842 31.5269 73.0311 153.075
5 1000 1.27258 8.33092 31.203 72.8876 153.033
10 1 1.36203 8.8775 31.6584 73.0219 153.062
10 100 1.28428 8.55228 31.6108 73.0585 153.082
10 1000 1.27321 8.34651 31.2697 72.9384 153.056
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Table 4.2: Heat Transfer across the interface (Q);) at various Prandtl numbers

S (thick- | thermal Qi (Pr=001)Q; (Pr=01)|Q; (Pr=1)] Q; (Pr=10) | Q; (Pr = 100)
ness of | conductiv-
solid slab) | ity  ratio

K (ks/ky)
0(non- - 0.635897 0.415269 0.15548 0.0363956 0.00764847
conjugate)
1 1 0.282885 0.0448034 0.00484193 | 0.000492944 4.97E-05
1 100 0.628321 0.384863 0.118324 0.0208609 0.00299052
1 1000 0.635132 0.41203 0.150738 0.0338425 0.00659982
5 1 0.0868023 0.00977382 | 0.000993511 9.97E-05 9.99E-06
5 100 0.599475 0.296107 0.060686 0.00779314 0.00088023
5 1000 0.63207 0.399399 0.1344 0.0264942 0.00428858
10 1 0.0464729 0.00494282 | 0.000498372 4.99E-05 5.00E-06
10 100 0.56658 0.229028 0.0377512 0.004378 0.00046808
10 1000 0.628251 0.384457 0.118385 0.0208823 0.00299318
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Figure 4.9: Heat flux (Q,) distribution for Pr=1 and S = 10 at various various
thermal conductivity ratios (K).
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4.3 Concluding Remarks

In the present case, the conjugate heat transfer involving a turbulent plane wall
jet is considered. The parameters considered are the conductivity ratio, the solid
slab thickness and the Prandtl number. The Reynolds number considered is 15000
because the flow becomes fully turbulent and then it becomes independent of the
Reynolds number. It is observed that the interface temperature is high at low
Pr. Conversely, the interface temperature decreases significantly as Pr increases.
When K is small, the interface temperature is small. As K increases to 1000,
the interface temperature is relatively large. For a small slab thickness S = 1,
the thermal resistance is less leading to a higher interface temperature. As S is
increased to 10, it is observed that the interface temperature has dropped down.
It is demonstrated clearly that Nu, increases with Pr because of the thinning of
the thermal boundary layer. It is observed that for the range of K and S, the Nu,
distribution superimposes with each other. Heat flux increases as K increases and
it decreases along the wall at higher thermal conductivity ratio. The heat flux
increases as the solid thickness decreases. It shows clearly that average Nu is a
function of Prandtl number is independent of K and S. As K is increasing, the
average heat transfer increases. For K=1000, the average heat transfer approaches

almost equal to the non-conjugate case.
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Chapter 5

Computational Study of Heat
Transfer in a Conjugate

Turbulent Wall Jet Flow with

Constant Heat Flux

5.1 Introduction

In the present case, the conjugate heat transfer involving a turbulent plane wall
jet is considered. The bottom of the solid slab is heated by a constant heat flux.
The parameters considered are the conductivity ratio (solid/fluid), the solid slab
thickness and the Prandtl number. The Reynolds number considered is 15000
because the flow becomes fully turbulent and then it becomes independent of
the Reynolds number [4]. Important heat transfer characteristics such as Local
nusselt number (Nu,), heat flux (Q,) and temperature () at the interface are
described. Average nusselt number at the interface is presented in tabular form
and observations are reported. The schematic diagram of the conjugate wall jet

is shown in Fig. 5.1. The numerical scheme and method of solution as explained
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[%2]

F Constant heat flux G

Figure 5.1: Schematic and computational domain of the wall jet flow

in section 2.6 is used in the present computations. Similarly, the hydro-dynamic
boundary conditions are explained in section 3.1.1. For the temperature, the
boundary conditions are same as given in section 4.1, except constant heat flux at

bottom of the slab(EG) and shown in Fig. 5.1.

5.2 Results and Discussion

In the present work, Re = 15000 is chosen for all computations. The flow becomes
fully turbulent and there is no discernible Reynolds number effect on the mean
flow characteristics [4]. Since the uniform velocity and some turbulent intensity
is given at the inlet of the jet, it takes some length for the flow to become fully
turbulent and develop the self similar region, which is observed in the fluid solu-
tion. It is observed that approximately at X ~ 30, the flow become fully turbulent
and a self-similarity is achieved. At the bottom, a constant heat flux boundary
condition is applied. The purpose of the study is to observe and describe the effect
of Prandtl number (Pr), thermal conductivity ratio (K) and the thickness of solid

slab (S) on the bottom wall temperature, interface surface temperature (6;), heat
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transfer between the solid and the fluid (Q;), local Nusselt number distribution
(Nu,), average Nusselt number (Nu) and the temperature distribution in the solid
and the fluid. For this, Pr is varied between 0.01 to 100, K is varied between 1
to 1000 and S is varied between 1 to 10. The derivation of heat flux is given in
Appendix A. The definition of constant heat flux at the solid wall is given in

Appendix C. The definitions of Nu, and Nu are shown in Appendix B.

Bottom Wall Temperature
As discussed in Appendix C, the constant heat flux boundary condition is applied
by —% = % (Eq. C.2). Here @ is taken as 1/Re. For a fixed K, as Pr is
increasing, the bottom wall temperature is also increasing (Fig. 5.2(a)). Unlike a
constant wall temperature case, the bottom wall temperature is changing with the
change in Pr and K. Similarly, as K is increasing, the bottom wall temperature is
decreasing (Fig. 5.2(b)). As S increases, the resistance to heat transfer increases.
So the bottom wall temperature increases (Fig. 5.2(c)). In the downstream direc-

tion Nu, decreases and thus the bottom wall temperature increases.

Interface Temperature
Figure 5.3(a) shows the interface temperature (6;) distribution at various Prandtl
numbers keeping the solid thickness (S = 10) and the thermal conductivity ratio
(K = 1000) constant. Since the bottom wall temperature is high for high Pr
case, the interface temperature is also high. The Nu, is high near the inlet and
thus there is decrease of the interface temperature for Pr=100. Similarly, as Pr
decreases, the interface temperature also decreases. Figure 5.3(b) shows the §; dis-
tribution at various thermal conductivity ratios keeping the Prandtl number equal
to 1.0 and solid thickness equal to 10. The interface temperature for the first half
is low for low K and the situation reverses for the last half. Figure 5.3(c) shows

the 6; distribution at various solid thicknesses (S) keeping the Prandtl number
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(Pr = 1.0) and thermal conductivity ratio (K = 1000). Similar trend is observed

in this case also.

Local Nusselt Number
Figure 5.4(a) shows the Nu, distribution at various Prandtl numbers keeping the
solid thickness (S = 10) and thermal conductivity ratio (K = 1000) constant. In
general, Nu, increases to a large value near the jet entry and then gradually de-
creases in the direction of flow. This is a characteristics of the jet boundary layer
formation. As shown in the figure, it demonstrates clearly that Nu, increases with
Pr because of the thinning of the thermal boundary layer. Figure 5.4(b) shows
the Nu, distribution at various thermal conductivity ratios keeping Pr = 1.0 and
S =10. It is observed that for the range of K, the Nu, distribution superimposes
with each other. Figure 5.4(c) shows the Nu, distribution at various solid thick-
ness (5) keeping Pr = 1.0 and thermal conductivity ratio X = 1000. Similar to
the previous case, the Nu, distributions for the range of S superimposes with each
other. From these three figures, it is concluded that Nu, dependents on the fluid
property Pr and remains unaltered for the variation of K and S. The increase in
Nu, in the region between X = 25 to 30 can be attributed to the flow attains

self-similarity.

Local Heat Flux
Figure 5.5(a) shows the local heat flux @, distribution occurring through the in-
terface at various Prandtl numbers keeping S = 10 and K = 1000. There are
minor variation of heat flux as Pr is being changed. Though a constant heat flux
is applied at the bottom of the wall, it is observed that the heat flux along the wall
varies at the interface. The local heat flux is high at the inlet and decreases along
the wall. The variation of local heat flux is high for low Prandtl numbers. Figure

5.5(b) shows the @, distribution at various thermal conductivity ratios keeping
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Pr =1.0 and S = 10. At low thermal conductivity ratios the local heat flux along
the wall is constant and increases as K increases. The heat flux applied at the
bottom is constant. The same heat flux has to pass through the interface. As
the heat flux is high in the initial part, the same thus deceases in the later part
to satisfy the continuity of heat flux. Figure 5.5(c) shows the @, distributions at
various solid thickness (S) keeping Pr = 1.0 and K = 1000. It is found that there
is an effect of slab thickness on the local heat flux along the wall. At inlet of the
jet, the local heat flux increases as the slab thickness increases. The decrement of

heat flux along the later part can be justified by the reason given above.

Average Nusselt Number
Extensive computations are done in the respective ranges of the parameters. The
results of the average Nusselt number (Nu) are presented in Table 5.1. It shows
clearly that Nu is a function of Prandtl number only. The effect of the solid
thickness (S) and the thermal conductivity ratio (K) are negligibly small. It is

observed that Nu increases with the increase of Pr.

Average Heat Transfer
The average heat transfer integrated over the interface for various S, K and Pr
are obtained. It has been ensured that the average heat transfer from the inter-
face matches with that occurring from the bottom surface for all the cases. This

computation satisfies the overall energy balance.
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Table 5.1: Average Nusselt number (Nu) at various Prandtl numbers

S (thick- | thermal Nu (Pr=0.01) | Nu (Pr=0.1) | Nu (Pr=1) | Nu (Pr=10) | Nu (Pr = 100)
ness of | conductiv-
solid slab) | ity  ratio

K(ks/kf)
0(non- - 1.36885 8.88723 31.6527 73.019 153.062
conjugate)
1 1 1.36751 8.88378 31.6592 73.0218 153.062
1 100 1.34832 8.79847 31.7535 73.085 153.085
1 1000 1.30349 8.64074 31.729 73.1181 153.106
5 1 1.36634 8.88148 31.66 73.0223 153.063
5 100 1.322 8.71103 31.7363 73.0925 153.089
5 1000 1.28271 8.47891 31.6082 73.0989 153.106
10 1 1.36575 8.88066 31.6598 73.0223 153.063
10 100 1.30699 8.67783 31.7199 73.0901 153.089
10 1000 1.27948 8.42292 31.5114 73.0744 153.101
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5.3 Concluding Remarks

In the present case, the conjugate heat transfer involving a turbulent plane wall jet
is considered. The bottom surface is maintained at a constant heat flux boundary
condition. The parameters considered are the conductivity ratio, the solid slab
thickness and the Prandtl number. The Reynolds number considered is 15000 be-
cause the flow becomes fully turbulent and is independent of the Reynolds number.
The non-dimensionalization of the heat flux boundary condition for a conjugate
heat transfer case has been done. The non-dimensional bottom surface tempera-
ture is high for high Pr fluid and vice versa. As K increases, it decreases whereas
it increases with the increase in S. Similar trend is observed for the distribution of
the interface temperature. The Nusselt number computed based on the interface
temperature increases with Pr because of the thinning of the thermal boundary
layer. It is observed that for the range of K and S, Nu, distribution superimposes
with each other. The local heat flux increases near the inlet because Nu, is large
and decreases at the later part to satisfy the equality of heat flux coming from the
bottom wall and the heat flux dissipated by the wall jet. The average heat flux at
the interface has been computed and found to be equal with average heat flux at

the bottom which ensures the overall heat balance.
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Chapter 6

Conjugate Heat Transfer Study of
Incompressible Turbulent Offset

Jet Flows

6.1 Introduction

Wall jet and offset jet are commonly used for cooling applications. A schematic
diagram of an offset jet used for cooling a heated solid block is shown in Fig. 6.1.
When the height ¢t = 0, the offset jet becomes a wall jet. The jet is mainly divided
into three regions, viz. the recirculation region, the impingement region and the
wall jet region (as shown in Fig. 6.1).

In the present case, a conjugate heat transfer from a solid block heated with a
constant wall temperature is considered. It is being cooled by a turbulent plane
offset jet. In the laminar flow regime, many publications are devoted to conjugate
heat transfer on flat plate details of which may be found in Kanna and Das [39].
However, the conjugate heat transfer study involving a turbulent flow has received
little attention. Some of the conjugate heat transfer work published in literature

(involving turbulent flow) are by Iaccarino et al. [41], Yilbas [32], Kassab et al. [40],
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Hsieh and Lien [42]. The numerical scheme and method of solution as explained

G H

Uy=0 Ry Ta

A |@|ngﬂnengeglon /walljet region

I \

P 222222

T,=constant

Figure 6.1: Schematic diagram of the offset jet and a solid bock.

in section 2.6 is used in the present computations. Similarly, the hydro-dynamic
boundary conditions are explained in section 3.1.1 (except, the inlet is offset from
the wall). For the temperature, the boundary conditions are same as given in
section 4.1, except constant temperature at bottom of the slab(CD) and shown in

Fig. 6.1.

6.2 Results and Discussion

In the present work, Re = 15000 is chosen for all computations. Three offset ratios
3, 7 and 11 are considered. At each offset ratio, Prandtl number is varied from
0.01 to 100, solid thickness is varied from 1 to 10 and thermal conductivity ratio is
varied from 1 to 1000. In order to study the heat transfer characteristics, results

are presented in both graphical and tabulated forms.

Interface Temperature

Figures 6.2(a), 6.2(b) and 6.2(c) show the effect of offset ratio on the interface
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temperature (;) for Prandtl numbers 0.01, 1 and 100 respectively, keeping the
solid thickness (S = 10) and the thermal conductivity ratio (K = 1000) constant.
It is found that the minimum temperature is found at the reattachment point and
it increases with the offset ratio. Interface temperature reduces rapidly up to the
reattachment point and increases in the same way in the development region. In
the similarity region, 6; increases very slowly. It is observed that the average tem-
perature in the recirculation region increases with the offset ratio for all Prandtl
numbers. For Pr = 0.01, in the developed and similarity regions for OR = 11,
average temperature falls below OR = 7. But, for Pr = 1 and 100, average tem-
perature in all the three regions increases with the offset ratio. Figure 6.3(a) shows
the effect of Prandtl number on the interface temperature, keeping the S = 10 and
K = 1000 at OR = 7. It is found that the interface temperature reduces as the
Prandtl number increases. Figures 6.3(b) and 6.3(c) show the effect of thermal
conductivity ratio (K') and slab thickness (S). As expected interface temperature

reduces with the decrease in thermal conductivity ratio and increase in the slab

thickness.

Local Nusselt Number
Figures 6.4(a), 6.4(b) and 6.4(c) show the effect of the offset ratio on the local Nus-
selt number (Nu,) distribution for Prandtl numbers 0.01, 1 and 100 respectively,
keeping the solid thickness (S = 10) and thermal conductivity ratio (K = 1000)
constant. The reattachment points are 5.95, 12 and 17.29 for OR = 3, 7 and 11
respectively. The local Nusselt number is maximum at the reattachment point and
reduces with the offset ratio. Nu, increases rapidly up to the reattachment point
and decreases in the same way after the impingement region. It then decreases
slowly in the similarity region. Figure 6.5(a) shows the effect Prandtl number on
Nu, at S = 10 and K = 1000 for offset ratio 7. It clearly shows that the local

Nusselt number decreases with the decrease in Prandtl number. It is found that,
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at the same offset ratio peak Nusselt number occurs always at the reattachment
point. Figs. 6.5(b) and 6.5(c) elucidates that there is no effect of thermal conduc-
tivity ratio and slab thickness on the local Nusselt number for a conjugate heat

transfer situation.

Local Heat Flux
Figures 6.6(a), 6.6(b) and 6.6(c) show the variation of local heat transfer (g)
across the interface for Prandtl number (Pr) 0.01, 1 and 100 respectively at con-
stant solid thickness (S=10) and thermal conductivity ratio (K'=1000) for different
offset ratios (OR). It is observed that the local heat transfer is maximum (gqz)
at the reattachment point and reduces with the offset ratio. Heat transfer rapidly
increases up to the reattachment point and then decreases in the same way in the
impingement region. It then decreases gradually in the wall jet region. Figure
6.7(a) shows the variation of ¢, at various Pr at constant S = 10, K = 1000
and OR = 7. g, increases with the decrease in the Prandtl number. Though ¢,
decreases with increase in the Pr, heat transfer is maximum at the reattachment
point. Figure 6.7(b) shows the effect of thermal conductivity ratio (K) on the
heat transfer at constant S = 10, Pr = 1 and OR = 7. As expected, the heat
transfer reduces drastically with the decrease in K. It is found that at low K,
heat transfer is constant and the effect of recirculating region, impingement region
are negligible. Figure 6.7(c) shows the effect of solid thickness (S) at constant
Pr =1, K =1000 and OR = 7. It is found that there is a considerable effect of

the slab thickness on the heat transfer and the heat transfer reduces as S increases.

Average Nusselt Number
Extensive computations are done in their respective ranges and results of the
average Nusselt number (Nu) are presented in Tables 6.1, 6.2 and 6.3 for offset

ratios 3, 7 and 11 respectively. It shows clearly that Nu is a function of Prandtl
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number only. The effect of solid thickness () and thermal conductivity ratio (K)
are negligibly small. It is observed that Nu increases with the increase of Pr. It is
found that, for high Prandtl number fluids, average Nusselt number reduces with
the increasse in offset ratio. At Pr = 0.01, Nu of OR = 11 is higher than that of
OR=T1.
Average Heat Transfer

The average heat transfer (Q);) integrated over the surface for various S, K and
Pr are shown in Tables 6.4, 6.5 and 6.6 for offset ratio 3, 7 and 11 respectively.
The heat transfer for the conjugate case is compared with the non-conjugate case
(5§=0). It is observed that as the solid thickness increases, heat transfer decreases.
However, as K is increasing, @); increases. For K=1000, (); approaches almost
equal to the non-conjugate case. It is observed that at high Prandtl number,

the non-dimensionalized average heat transfer reduces with the offset ratio. At

Pr=0.01, Q; of OR = 11 is higher than the OR = 7.
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Table 6.1: Average Nusselt number (Nu) at various Prandtl numbers for OR = 3

S (thick- | thermal Nu (Pr=0.01) | Nu (Pr=0.1) | Nu (Pr=1) | Nu (Pr=10) | Nu (Pr = 100)
ness of | conductiv-
solid slab) | ity  ratio

K(ks/kf)
0(non- - 1.20773 7.10002 27.4381 63.4983 133.003
conjugate)
1 1 1.26125 7.53327 28.1117 63.8422 133.152
1 100 1.20915 7.14658 27.6411 63.667 133.102
1 1000 1.20787 7.10515 27.4661 63.529 133.028
5 1 1.28284 7.56459 28.1249 63.8451 133.153
5 100 1.21388 7.25205 27.8785 63.7765 133.137
5 1000 1.20839 7.12142 27.5423 63.5978 133.071
10 1 1.28659 7.5685 28.1264 63.8455 133.153
10 100 1.21837 7.31407 27.9545 63.8006 133.143
10 1000 1.20893 7.13671 27.6013 63.6398 133.091
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Table 6.2: Average Nusselt number (Nu) at various Prandtl numbers for OR = 7

S (thick- | thermal Nu (Pr=0.01) | Nu (Pr=0.1) | Nu (Pr=1) | Nu (Pr=10) | Nu (Pr = 100)
ness of | conductiv-
solid slab) | ity  ratio

K(ks/kf)
0(non- - 1.03974 6.32644 24.5308 56.619 118.506
conjugate)
1 1 1.07596 6.65482 25.0298 56.869 118.614
1 100 1.04063 6.35873 24.6713 56.7367 118.577
1 1000 1.03983 6.32996 24.5495 56.6392 118.523
5 1 1.09243 6.68167 25.0405 56.8713 118.615
5 100 1.04364 6.4383 24.8561 56.8232 118.604
5 1000 1.04015 6.34185 24.6048 56.6895 118.555
10 1 1.09546 6.68516 25.0418 56.8716 118.615
10 100 1.04651 6.48665 24.9184 56.8432 118.609
10 1000 1.04049 6.35284 24.6472 56.7205 118.57
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Table 6.3: Average Nusselt number (Nu) at various Prandtl numbers for OR = 11

S (thick- | thermal Nu (Pr=0.01) | Nu (Pr=0.1) | Nu (Pr=1) | Nu (Pr=10) | Nu (Pr = 100)
ness of | conductiv-
solid slab) | ity  ratio

K(ks/kf)
0(non- - 1.11616 6.32302 23.8996 54.6758 114.202
conjugate)
1 1 1.15479 6.68075 24.4173 04.928 114.31
1 100 1.11719 6.35867 24.0395 54.7891 114.27
1 1000 1.11627 6.32691 23.918 54.6947 114.217
5 1 1.17064 6.70955 24.429 54.9306 114.311
5 100 1.12077 6.44792 24.2327 54.8783 114.299
5 1000 1.11666 6.34041 23.9746 54.7441 114.249
10 1 1.17341 6.71329 24.4305 54.9309 114.311
10 100 1.12405 6.5016 24.2992 54.8995 114.304
10 1000 1.11705 6.35269 24.0184 54.7754 114.264
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Table 6.4: Heat Transfer across the interface (Q;) at various Prandtl numbers for OR = 3
S (thick- | thermal Qi (Pr=001)Q; (Pr=01)|Q; (Pr=1)] Q; (Pr=10) | Q; (Pr = 100)
ness of | conductiv-
solid slab) | ity  ratio

K(ks/ky)

0(non- - 0.603864 0.355001 0.13719 0.03174 0.00665
conjugate)
1 1 0.275973 0.043828 0.00481 0.00049 4.96E-05
1 100 0.596952 0.331407 0.10669 0.0191 0.002806
1 1000 0.603166 0.352491 0.13332 0.0297 0.005820
5 1 0.086138 0.009726 0.00099 9.97E-05 9.98E-06
5 100 0.570637 0.261842 0.05723 0.00752 0.000863
5 1000 0.600376 0.342777 0.12001 0.02381 0.003931
10 1 0.046282 0.004930 0.00049 4.99E-05 5.00E-06
10 100 0.540632 0.207507 0.03635 0.00429 0.000463
10 1000 0.59691 0.331391 0.10687 0.01915 0.002812
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Table 6.5: Heat Transfer across the interface (Q;) at various Prandtl numbers for OR =7
S (thick- | thermal Qi (Pr=001)Q; (Pr=01)|Q; (Pr=1)] Q; (Pr=10) | Q; (Pr = 100)
ness of | conductiv-
solid slab) | ity  ratio

K(ks/ky)

0(non- - 0.51987 0.316322 0.12265 0.02831 0.005925
conjugate)
1 1 0.256775 0.043144 0.00479 0.00049 4.96E-05
1 100 0.514697 0.297312 0.09762 0.0177 0.002664
1 1000 0.519348 0.31431 0.11954 0.0266 0.005257
5 1 0.084177 0.009691 0.00099 9.96E-05 9.98E-06
5 100 0.494899 0.239924 0.05444 0.00730 0.000848
5 1000 0.517264 0.306531 0.10870 0.02181 0.003663
10 1 0.045711 0.004922 0.00049 4.99E-05 5.00E-06
10 100 0.472091 0.19345 0.03520 0.00421 0.000459
10 1000 0.514676 0.297375 0.09781 0.01784 0.002672
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Table 6.6: Heat Transfer across the interface (Q;) at various Prandtl numbers for OR = 11

S (thick- | thermal Qi (Pr=001)Q; (Pr=01)|Q; (Pr=1)] Q; (Pr=10) | Q; (Pr = 100)
ness of | conductiv-
solid slab) | ity  ratio

K<k8/kf)
0(non- - 0.55808 0.316151 0.11949 0.02733 0.005710
conjugate)
1 1 0.266138 0.043158 0.00479 0.00049 4.95E-05
1 100 0.552174 0.297238 0.09561 0.01739 0.002619
1 1000 0.557486 0.314151 0.11655 0.02582 0.005089
5 1 0.085170 0.009692 0.00099 9.96E-05 9.98E-06
5 100 0.529653 0.239985 0.05378 0.00723 0.000843
bt 1000 0.555109 0.306407 0.10621 0.02123 0.003578
10 1 0.046002 0.004922 0.00049 4.99E-05 5.00E-06
10 100 0.503774 0.193531 0.03491 0.00419 0.000457
10 1000 0.552154 0.297281 0.09576 0.01744 0.002625
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6.2 Results and Discussion
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Figure 6.2: Interface temperature distribution at the solid-fluid interface at differ-
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6.3 Concluding Remarks

In the present case, the conjugate heat transfer study involving a turbulent plane
offset jet is considered. The bottom of the solid block is maintained at a constant
isothermal temperature. The parameters considered are the offset ratio, the con-
ductivity ratio, the solid slab thickness and the Prandtl number. The Reynolds
number considered is 15000 because the flow becomes fully turbulent and then it
becomes independent of the Reynolds number. It is observed that the minimum
interface temperature is found at the reattachment point. The interface temper-
ature reduces rapidly up to the reattachment point and thereafter it increases.
With the increase in OR, the interface temperature increases. The interface tem-
perature decreases with increase in Pr. It increases with K and decreases with S.
The local Nu, decreases with the increase in OR. It increases with the increase
in Pr. However, Nu, remains nearly unaffected by the variation of K and S. The
non-dimensional local heat flux (¢, ) decreases with the increase in OR. It decreases
with the increase in Pr. It increases with the increase in K and decrease with the
increase in S. The average Nusselt number data as tabulated shows clearly that
Nu is a function of Prandtl number and OR only. As K is increasing, the average
heat transfer increases. For K=1000, the average heat transfer approaches almost

equal to the non-conjugate case.
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Chapter 7

Study of Conjugate Heat Transfer
from a Flat Plate by Turbulent

Offset Jet Flow

7.1 Introduction

The cooling of a hot body is frequently conducted by injecting a jet of cold fluid. In
some cases, this cold fluid is issued in a parallel direction a little distance away from
the the wall. This situation is called an offset jet. In the present case, the conjugate
heat transfer involving a turbulent plane offset jet is considered. The bottom of
the solid slab is heated by a constant heat flux. The parameters considered are
the offset ratio, the conductivity ratio (solid/fluid), the solid slab thickness and
the Prandtl number. The Reynolds number considered is 15000 for all the cases in
the study. The numerical scheme and method of solution as explained in section
2.6 is used in the present computations. Similarly, the hydro-dynamic boundary
conditions are explained in section 3.1.1 (except, the inlet is offset from the wall).
For the temperature, the boundary conditions are same as given in section 4.1,

except constant heat flux at bottom of the slab(CD) as shown in Fig. 6.1.

TH-608_04610302



7.2 Results and Discussion 88

7.2 Results and Discussion

In the present work, Re = 15000 is chosen for all computations. Three offset ratios
3, 7 and 11 are considered. At each offset ratio, Prandtl number is varied from
0.01 to 100, solid thickness is varied from 1 to 10 and thermal conductivity ratio is
varied from 1 to 1000. In order to study the heat transfer characteristics, results
are presented in both the graphical and tabulated forms and the effect of each

parameter has been discussed.

Temperature at the Bottom of the Solid Block
Figures 7.1(a), 7.1(b) and 7.1(c) show the effect of offset ratio on the bottom wall
temperature (6,) for Prandtl numbers 0.01, 1 and 100 respectively, keeping the
solid thickness (S = 10) and thermal conductivity ratio (K = 1000) constant. It
is observed that, for low Pr, the effect of recirculating region is negligible. As
Pr is increased, the effect of recirculating and impingement regions are found on
the bottom wall temperature also (for Pr=1 and 100). The bottom wall temper-
ature increases in the downstream direction because the heat flux is constant and
the heat transfer coefficient decreases in the downstream direction. For Pr=0.01,
0, of OR=11 is in between 3 and 7. Figure 7.2(a) shows that as the Prandtl
number is increased, 6, also increases. This nature is obtained because of the
non-dimensionalised heat flux boundary condition given by Eq. C.2 (Appendix).
Figures 7.2(b) and 7.2(c) show the effect of thermal conductivity ratio and solid
thickness respectively. It is observed that 6, increases, as K decreases and S in-
creases. In both the cases, the resistance to heat transfer increases which results

in higher bottom wall temperature.

Interface Temperature

Figures 7.3(a), 7.3(b) and 7.3(c) show the effect of offset ratio on the interface
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temperature (#;) for Prandtl numbers 0.01, 1 and 100 respectively, keeping the
solid thickness (S = 10) and thermal conductivity ratio (X = 1000) constant. For
Pr=0.01, the interface temperatures in the recirculation and in the impingement
regions are almost constant and increases slowly in the similarity region. The
interface temperature for the case OR = 11 is in between the cases of OR = 3
and 7. For Pr=1 and 100, the interface temperature reduces rapidly up to the
reattachment point and increases in the development region. The Nusselt number
is maximum at the reattachment point and thus the interface temperature is min-
imum at that point. In the similarity region, ; increases very slowly. The average
temperature in each region increases with the offset ratio. Figure 7.4(a) shows
the effect of Prandtl number on the interface temperature. It is found that 6;
increases with Pr (for the same reason as given for bottom wall temperature). For
Pr = 0.01, effect of recirculation region is negligible (the temperature remaining
constant) and considerable effect is observed as Pr increases. Figures 7.4(b) and
7.4(c) show the effect of the thermal conductivity ratio (K) and the thickness of
the solid block respectively. It is found that as K increases, variation of interface
temperature reduces along the wall. As expected, as the solid thickness decreases,

0, increases.

Local Nusselt Number
Figures 7.5(a), 7.5(b) and 7.5(c) show the effect of offset ratio on the local Nus-
selt number (Nu,) for Prandtl numbers 0.01, 1 and 100 respectively, keeping the
solid thickness (S = 10) and thermal conductivity ratio (K = 1000) constant.
It is observed that the local Nusselt number is maximum at the reattachment
points which reduces with the increase in offset ratio. Nu, increases and decreases
rapidly in the recirculation and impingement regions respectively whereas it de-
creases slowly in the wall jet (similarity) region. Figure 7.6(a) shows the effect

Prandtl number on Nu, at constant S = 10 and K = 1000 for offset ratio 7.
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It shows that the local Nusselt number increases with the Prandtl number. It
is also found that, at the same offset ratio, peak Nusselt number occurs always
at the reattachment point. Figures 7.6(b) and 7.6(c) elucidates that there is no

effect of thermal conductivity ratio and slab thickness on the local Nusselt number.

Local Heat Flux
Figures 7.7(a), 7.7(b) and 7.7(c) show the variation of local heat transfer (g)
across the interface for Prandtl number 0.01, 1 and 100 respectively at a constant
solid thickness (S=10) and thermal conductivity ratio (K=1000) for different off-
set ratios. It is observed that local heat transfer is maximum at the reattachment
point and the maximum local heat flux reduces with the offset ratio. The local
heat transfer rapidly increases up to reattachment point and then decreases in the
same way in the impingement region. It then decreases monotonically in the wall
jet region. However the total heat transfer remains the same to satisfy the applied
boundary condition. Figure 7.8(a) shows the variation of ¢, at various Pr at con-
stant S = 10, K = 1000 and OR = 7. ¢, increases with the decrease in the Prandtl
number because of the type of non-dimensionalisation used in the present study.
Though the ¢, decreases with increase in Pr, the heat transfer is maximum at the
reattachment point. Figure 7.8(b) shows effect of the thermal conductivity ratio
(K) on the heat transfer at constant S = 10, Pr = 1 and OR = 7. As expected
the heat transfer increases near the impingement region with the increase in K.
It is found that at low K, heat transfer is constant and the effects of recirculating
region, impingement region are negligible. Figure 7.8(c) shows the effect of solid
thickness (5) at constant Pr = 1, K = 1000 and OR = 7. It is found that there
is considerable effect of slab thickness on the heat transfer and the maximum heat

flux increases as S increases.
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Average Nusselt Number
Extensive computations are done in their respective ranges and results of the
average Nusselt number (Nu) are presented in Tables 7.1, 7.2 and 7.3 for offset
ratios 3, 7 and 11 respectively. It shows clearly that Nu is a function of Prandtl
number only. The effect of solid thickness (S) and the thermal conductivity ratio
(K) are small. From the data, it is found that Nu decreases with K and S which
is of the order of 4-6%. It is observed that Nu increases with the increase of Pr.
It is found that, for high Prandtl number fluids, average Nusselt number reduces
with the increase in offset ratio. At Pr = 0.01, Nu of OR = 11 is higher than the

OR="1.
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Table 7.1: Average Nusselt number (Nu) at various Prandtl numbers for OR = 3

S K(ks/ks) | Nu (Pr=20.01) | Nu (Pr=0.1) | Nu (Pr=1) | Nu (Pr=10) | Nu (Pr = 100)
0(non- - 1.29223 7.57428 28.1286 63.8459 133.153
conjugate)

1 1 1.29169 7.5737 28.1284 63.8459 133.153
1 100 1.27742 7.53429 28.1047 63.8404 133.152
1 1000 1.245 7.44469 28.0236 63.8102 133.143
) 1 1.29075 7.57249 28.128 63.8458 133.153
) 100 1.25661 7.48692 28.0716 63.8309 133.15
) 1000 1.21957 7.30432 27.9086 63.7732 133.132
10 1 1.2903 7.57204 28.1278 63.8458 133.153
10 100 1.24479 7.45744 28.0567 63.8274 133.149
10 1000 1.21441 7.2421 27.8345 63.7493 133.126

TH-608_04610302

UOISSNOSI(J pue S)mMsay ¢

c6



Table 7.2: Average Nusselt number (Nu) at various Prandtl numbers for OR = 7

S K(ks/ks) | Nu (Pr=20.01) | Nu (Pr=0.1) | Nu (Pr=1) | Nu (Pr=10) | Nu (Pr = 100)
0(non- - 1.09997 6.68923 25.0427 56.8717 118.615
conjugate)

1 1 1.09948 6.68927 25.0432 56.8719 118.615
1 100 1.08933 6.67198 25.0412 56.8736 118.616
1 1000 1.06498 6.68927 24.9879 56.8596 118.613
) 1 1.09887 6.68873 25.0431 56.8719 118.615
) 100 1.07347 6.63151 25.0183 56.8689 118.615
) 1000 1.04738 6.48315 24.8882 56.8264 118.604
10 1 1.09852 6.68834 25.043 56.8719 118.615
10 100 1.06478 6.60673 25.005 56.8657 118.614
10 1000 1.04401 6.43393 24.8287 56.8068 118.599
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Table 7.3: Average Nusselt number (Nu

u) at various Prandtl numbers for OR = 11

S K(ks/ks) | Nu (Pr=20.01) | Nu (Pr=0.1) | Nu (Pr=1) | Nu (Pr=10) | Nu (Pr = 100)
0(non- - 1.17704 6.71755 24.4319 54.9311 114.311
conjugate)

1 1 1.17699 6.71766 24.4321 54.9312 114.311
1 100 1.16794 6.70346 24.4289 54.9316 114.311
1 1000 1.14272 6.62028 24.3776 54.919 114.309
) 1 1.17648 6.71712 24.4319 54.9312 114.311
) 100 1.1515 6.65833 24.4061 54.9268 114.31
) 1000 1.12436 6.48996 24.263 54.8825 114.299
10 1 1.17613 6.71669 24.4318 54.9311 114.311
10 100 1.14272 6.62928 24.3905 54.9232 114.31
10 1000 1.12079 6.43733 24.199 54.8608 114.293
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Figure 7.1: Bottom wall temperature distribution at different offset ratios for S=10
and K = 1000.
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7.3 Concluding Remarks

In the present case, the conjugate heat transfer study of a solid block by a tur-
bulent plane offset jet is considered. The bottom of the solid block is maintained
at a constant heat flux boundary condition. The parameters considered are the
offset ratio, the conductivity ratio, the solid slab thickness and the Prandtl num-
ber. The Reynolds number considered is 15000 because the flow becomes fully
turbulent and becomes independent of the Reynolds number. It is observed that
the bottom wall temperature increases in the downstream direction. For Pr=0.01,
0, increases as OR increases from 3 to 7 and then decreases for OR=11. However,
for Pr=1 and 100, 6, increases as OR increases. With the increase in Pr and S,
0, increases. It decreases as K is increased. The minimum interface temperature
is found at the reattachment point. The interface temperature reduces rapidly up
to the reattachment point and thereafter it increases. For Pr=1 and 100, with
the increase in OR, the interface temperature increases. However, for Pr=0.01, it
increases as OR is increased up to 7 and then decreases for OR=11. The interface
temperature increases with the increase in Pr. The local Nu, decreases with the
increase in OR. It increases with the increase in Pr. However, Nu, remains nearly
unaffected by the variation of K and S. The non-dimensional local maximum heat
flux (g,) decreases with the increase in OR. It decreases with the increase in Pr.
The average Nusselt number data as tabulated shows clearly that Nu is a function
of Prandtl number and OR only. As K is increasing, the average Nusselt number

decreases.
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Chapter 8

Numerical Simulation of the
Turbulent Flow Interaction
Between a Plane Wall Jet and a

Parallel Offset Jet

8.1 Introduction

In the present study, a detailed numerical simulation of the dual-jet consisting of a
plane wall jet and an offset jet has been conducted for a range of wall jet and offset
jet velocities. The spacing between the wall jet and the offset jet has been kept
constant at 1. The turbulence modeling has been conducted by the standard high
Re k — € model. The modified streamline-curvature method as reported in Cheng
and Farokhi [52] has been applied. The Reynolds number considered is 20000. The
characterization of the dual jet has been done by plotting the similarity profile, the
variation of the jet half-width, the maximum velocity decay, wall shear stress and
wall pressure distribution for the range of velocities considered. The numerical

scheme and method of solution as explained in chapter 2.6 is used in the present
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computations.

8.1.1 Boundary Conditions

The flow of a combined wall jet and offset jet emanating into the quiescent fluid is
considered (Fig. 1.2). Since the governing equations are non-dimensionalized, the
boundary conditions are also non-dimensionalized and given as the input to the
solution. The Reynolds number equal to 20000 is considered for all the computa-
tions. The inlets of combined jet, U, and U, represents the non-dimensional wall
jet and offset jet velocities respectively. In the present study, keeping U,,=1.0, U, is
varied for 0.25, 0.5, 0.75 and 1.0. Similarly, keeping U,=1.0, U, is varied for 0.25,
0.5, 0.75 and 1.0, which totally represents seven possible combinations. For the
turbulent kinetic energy equation, the boundary condition at inlets is k, = 1.5I2
where [ is the turbulence intensity and is equal to 0.02. For the dissipation equa-
tion, the boundary condition is €, = (k:,?;/QC’ij)/l, where [ = 0.07h is considered.
For the solid wall, no slip boundary condition is considered for velocity. Neumann
boundary conditions are provided for the top boundary (i.e. entrainment side)
and at the exit boundary, a developed condition of d¢/0n = 0 is considered where
¢ =U, V, ky, €,. It has been ensured that the first grid point near the wall falls
in the logarithmic region i.e. 30 < Yt < 100 where Y = yu, /v, u, being the

friction velocity.

8.1.2 Code Validation and Grid Independence Study

To validate the code developed, the steady state computations are performed for
U, = U, = 1.0 and Re=10000 is considered. A domain independence study has
been done by considering X=75 and 100 (Fig.8.2). It is observed that the domain
size of X=T75 is sufficient. However, X=100 has been used. Similarly it has been

done in the Y-direction (not shown here) and the size is 50. The grid independence
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study has been done by taking the grid number of 201 x 101, 201 x 121, 221 x 101
and 221 x 121. Figure 8.2 shows the U velocity profile at X=30 and they overlap
with each other. However, even large grid number of 201 x 141 is used. Fig. 8.1

shows the sample grid used for the present computations. Figs. 8.3(a), 8.3(b) and

v

Figure 8.1: Grid independence study.

8.3(c) shows the similarity solution at X = 15, 25 and 30 downstream locations
respectively. The U velocity is normalized by U,,q, whereas Y is normalized by Y; 5
which is the distance in the normal direction at which U = U,;,,/2. The results
are compared with experimental results of Wang and Tan [5] and are in good
agreement, with the similarity solution of experimental study. In order to assess
the difference between the standard & — € model and to its streamline curvature
(SC) modification, the results of both are compared to the experimental solution.
It clearly shows that the streamline curvature modification gives the better results.
Fig. 8.3(d) shows the maximum velocity decay in the downstream direction. The
results are compared for SC modified k£ — ¢ with the experimental study. In the
present computation, the computed results are in agreement with the experimental
results up to X=15. In the downstream location X=25, the model over predicts
compared to the experimental solution. Figure 8.3(e) shows the outer boundary
layer growth and is given by that location in the outer layer of the offset jet where

U = Upaz/2. The results are in good agreement with experimental solution.

TH-608_04610302



8.2 Results and Discussion 107

In most of the cases, the convergence has been taken to the limit of 107
However, it has been observed that when the wall jet and the offset jet velocities
are close to 1, there is somewhat a loss of convergence and the residual fall was
limited to 1073, The iterations were carried out to 0.1 - 0.2 million time. A
close inspection into the velocity field captured for a range of 10000 iterations
revealed that close to the jet issue location, there are some oscillations. However,
after a distance of few jet widths, the velocities are exactly constant for the range
of iterations. Wang and Tan [5] have presented the ensemble averaging of 360
instantaneous velocity fields. As shown above, the numerically obtained results
for various plots are in good agreement with them and it shows that the results

presented here are indeed steady-state results.

8.2 Results and Discussion

The present study can be briefly classified into two cases. Those are: (1) keeping
the wall jet velocity (U, = 1.0) constant, the offset jet velocity (U,) is varied for
0.25, 0.5 and 0.75. (2) keeping offset jet velocity (U, = 1.0) constant, the wall jet
velocity is varied for 0.25, 0.5, 0.75 and 1.0. Under these conditions, the study is
carried out to seek the similarity solutions and their approximate locations, distri-
bution of wall pressure and shear stress on the wall, maximum velocity decay and

spreading rate (half-width of the outer layer for the offset jet) of the combined jet.

Figures 8.4(a), 8.4(b) and 8.4(c) show the similarity profile at different down-
stream location for U,=0.25, 0.5 and 0.75 respectively keeping U,=1.0. It is ob-
served that the flow attains the self-similarity in further downstream as U, in-
creases. For U,=0.25, it is observed at X = 10 and for U,=0.75, it is X = 20.
Similarly, Figs. 8.4(d), 8.4(e) and 8.4(f) show the similarity profile at different

downstream locations for U,,=0.25, 0.5 and 0.75 respectively keeping U,=1.0. Un-
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like the above case, the flow attains the self-similarity approximately at X =2 30,
though the wall jet velocity is changed. Similarly, Fig. 8.4(g) describes the self-
similarity profile for U, = 1.0 and U, = 1.0. It is observed that the combined
flow attains the self-similarity at X = 30 which is in good agreement with the

experimental results of Wang and Tan [5].

Figure 8.5(a) shows the dimensionless pressure distribution on the wall, for
different U, keeping U,, constant. It clearly shows that as U, is increased, pressure
on the wall also increases and it is almost constant along the wall. Similarly, Fig.
8.5(b) shows the pressure distribution on the wall for different U, keeping U, con-
stant. It is observed that the pressure on the wall increases as U, increases and
is almost constant along the wall. For U,=0.25, the pressure is 0.5 whereas for
U,=1, it is 0.92 which means an increase of 80%. Figures 8.5(c), 8.5(d) and 8.5(e)
show the pressure distribution along the wall by interchanging the jet velocities.
It means that the net mass flow rate is constant with only the exchange of the jet
velocities. In Figs. 8.5(c) and 8.5(d), it is demonstrated that the pressure on the
wall is more when U, is more compared to U, and the difference between them is
reduced. But Fig. 8.5(e) shows that pressure on the wall is more when the wall

jet has less velocity than the offset jet.

Figure 8.6 shows the non-dimensional shear stress (7, , = 7,/pU?) distribution
along the wall for different combination of wall jet and offset jet velocities. Figure
8.6(a) shows the shear stress on the wall, keeping U,=1.0 and varying the U,. It
is observed that in the immediate downstream of the combined jet, 7, , is more
when the U, is small and minimum when U, is high. This is due to the fact that
offset jet has the tendency to reduce the wall stress due to the Coanda effect. In
the far downstream 7, ,, is less, when the U, is small. Figure 8.6(b) shows the shear

stress on the wall, keeping the U,=1.0 and varying the U,. It is observed that in
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the immediate downstream for U,=0.25 and 0.5 7, is small, while for U,=0.75
and 1.0 7, , is more because of the reason given earlier. In the far downstream of
the jet 7, is less when U, is small. Figures 8.6(c), 8.6(d) and 8.6(e) show the
comparison of 7, , when the jet velocities are exchanged. It is observed that in
the immediate downstream, 7, , is very small when the U, < U,. But in the far

downstream shear stress on the wall is approximately same in both the cases.

Figure 8.7 shows the maximum velocity (Up,q.) decay in the downstream direc-
tion for different wall jet and offset jet velocities. Figure 8.7(a) shows the decay
of U,az, keeping the U,=1.0 and varying the U,. It is observed that maximum
velocity decay is more in the downstream direction, when the U, increases beyond
0.5. Figure 8.7(b) shows a similar characteristics in the case of keeping U,=1.0
and varying the U,. It is observed that the decay is less as U, is increased. The
influence of reduced U, is to reduce the U,,,, at downstream locations. Figures
8.7(c), 8.7(d) and 8.7(e) show the comparison of maximum velocity decay, when
the jet velocities are interchanged. It is observed that U,,,, is small when U, is

small and the decay rate follows a similar trend.

Figure 8.8 shows the spreading rate of the combined jet in the downstream
direction up to X = 30. This is the distance in the Y direction where U = U,;,4,./2
at the outer layer of the offset jet. Figure 8.8(a) shows the spreading rate, keeping
the U,=1.0 and varying the U,. It is observed that as the U, is increasing, the jet
half-width thickness increases, but the rate of spreading is observed to be nearly
constant. Similarly, Figure 8.8(b) shows the spreading rate, keeping the U,=1.0
and varying the U,,. It is seen that for U,=0.5 and 0.75, the boundary layer thick-
ness and the spreading rate are approximately same. For U,=0.25, it is small and
the spreading rate is approximately same to the case of U,=0.5 and 0.75. Figures

8.8(c), 8.8(d) and 8.8(e) compare the spreading rate of combined jet when the jet
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velocities are exchanged. It is observed that, though the thickness of the boundary

layer is small when the U,=1.0, rate of spreading is approximately constant.

In order to give fluid flow behavior in the domain is given for U,=1.0 and
U,=0.5 and interchanging them. Fig. 8.9 shows the U and V velocity contours.
It shows that U velocity is predominant in both the cases. Fig. 8.10 shows the &,
and €, contours. It is observed that the behavior of flow is almost similar in both

the cases. Fig. 8.11 shows non-dimensional pressure contour in both cases.
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Figure 8.2: Grid independence study.
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8.3 Conclusions

The mean flow characteristics of a combined jet flow consisting of a wall jet and
an offset jet is solved numerically using two-equation k£ — e turbulence model along
with the modified streamline curvature method. A standard wall function has
been used. Different flow features are studied mainly under two conditions. Those
are: (1) keeping U,=1.0, U, is varied for 0.25, 0.5 and 0.75. (2) keeping U,=1.0,

U, is varied for 0.25, 0.5, 0.75 and 1.0. The following conclusions may be drawn.

e The flow attains the self-similarity in the further downstream when U, is
increased, keeping U, =1.0. But location of self-similarity is almost constant

when U, is increased, keeping U,=1.0.

e Pressure on the wall is almost constant along the wall and it increases when
one of the jet velocity is increased keeping the other constant. In case the
jet velocities are interchanged, the wall pressure is more when the wall jet

velocity is 0.5 or higher.

e For constant U,, near to the converging region, the shear stress is less on
the wall when U, < U, and it increases as U, is increased. In the far
downstream, shear stress is almost equal for the cases when the jet velocities
are interchanged. For constant U, the shear stress increases with decreasing

U, in the converging region. In the downstream, the trend is reversed.

e At any location in the downstream, U,,,, increases with increasing the wall
jet velocity for constant offset jet velocity. The maximum velocity is always

less when U, is less that U,,.

e The thickness of the outer boundary layer is more when U, is less than that
U,. however, the rate of its growth is almost equal when jet velocities are

interchanged.
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Chapter 9

Different Turbulent Flow
Behaviours of a Combined Plane

Wall Jet and a Parallel Offset Jet

9.1 Introduction

The purpose of the present study is to identify the downstream locations up to
which the flow behavior shows oscillations as reported by Wang and Tan [5]. Be-
yond this location in the downstream, the flow behavior is steady. In the present
study, a detailed numerical simulation of the dual-jet consisting of a plane wall jet
and an offset jet has been conducted for a range of wall jet and offset jet veloci-
ties. Wang and Tan [5] have considered only one combination of the wall jet and
offset jet velocity. The spacing between the wall jet and the offset jet has been
kept constant at 1. The turbulence modeling has been conducted by the standard
high Re k — € model. The modified streamline-curvature method of Cheng and
Farokhi [52] has been applied. The Reynolds number considered is 20000. The
characterization of the dual jet has been done by plotting the velocities, pressure,

Reynolds stress and phase diagram for the range of 10000 iterations. These data
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have been stored after allowing the computations to be carried out for 100000
iterations even after the fall of residual to a small value and becomes constant.
The numerical scheme and method of solution as explained in chapter 2.6 is used
in the present computations. The boundary conditions, code validation and grid

independent studies are described in chapter 8.

9.2 Results and Discussion

In the present study, Re=20000 is taken for all the computations. The present
study can be briefly classified into two cases. Those are (1) keeping the wall jet
velocity (U, = 1.0) constant, offset jet velocity (U,) is varied for 0.25, 0.5 and 0.75.
(2) keeping offset jet velocity (U, = 1.0) constant, wall jet velocity is varied for
0.25, 0.5, 0.75 and 1.0. In their work, Wang and Tan [5] have reported the vortex
shedding at the entrance of the jet. The present study is aimed at the effect of
periodic flow due to the vortex shedding at the jet entrance in the downstream di-
rection. Analyses are carried out for the changes in the flow variables/properties at
different locations to discriminate the periodic and steady flow regions or whether
the flow is steady. Since the maximum variations occur in the region between the
wall jet and the offset jet, the observation is concentrated on the same region. For
this Y=1.25, 1.5 and 1.75 are chosen along with Y'=0.125 which is very close to
wall (which represents the effects on the wall). At these Y locations, the distances
in X-direction are chosen at 2.5, 5.0, 10.0, 15.0 and so on up to 40. Since the do-
main size of 100x50 is taken, X=2.5 shows comparatively very close to the wall.
At these locations, the variables U, V, P and -u/v’ are stored for a range of 10000
iterations. After the residual have fallen down to a very small value and become
constant, the computations were carried out to 100000 iterations and the storing

of the data was initiated.
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Figure 9.1 shows the variation of different flow variables/properties during the
iteration at X=2.5. Figure 9.1(a) demonstrates the mean velocity in the direction
of axis of the jet (U). It clearly shows that the flow is oscillating. It is observed
that amplitude of variation is less at Y'=0.125 (which is close to wall) and max-
imum at Y=1.75 (which is near to offset jet). The U is found maximum at the
Y'=0.125 because the point is inline with wall jet and close to the wall. Similarly
the Coanda effect causes the offset flow to deflect downwards. The point Y=1.75
also falls in the offset jet, so the velocity is found high. The region in between
the Y=0.125 and 1.75, U is less and approximately same amplitude of variation.
Figure 9.1(b) shows the mean velocity in the direction normal to the axis of the jet
(V). It is seen that the variation in V at ¥'=0.125 is negligibly small compared to
Y=1.25, 1.5 and 1.75. It is understood that at Y=1.25, V periodically changes to
upward and downward whereas the flow is always downward at Y=1.5 and 1.75.
The pressure (P) variation has been shown in Fig. 9.1(c). It is noticed that the
amplitude of variation in P is approximately constant at all Y locations. The
pressure is found comparatively maximum at Y=0.125 and 1.75 than 1.25 and
1.5. The variation in the Reynolds stress (—u/v’) during the iteration is shown in
Fig. 9.1(d). It shows that —u/v’ is constant at the wall whereas —u/v’ is negative
at Y=1.25 and positive at 1.5 and 1.75. Figure 9.1(e) shows the phase diagram
plotted as U vs V. Similar type of phase diagrams are plotted to describe the pe-
riodic variation occurred during Hopf bifurcation in a lid-driven cavity problem by
Goodrich et al. [64]. The effect is very small at ¥'=0.125. It is observed that as Y’
increases AU increases and AV decreases. Similarly, the variation of the different
variables during the iteration at X=5.0 is shown in Fig. 9.2. It is observed in all
the variables that the amplitude is reduced compared to the location X=2.5. The
amplitude of U and V increases as Y increased as shown in Fig. 9.2(a) and 9.2(b)
respectively. The pressure on the wall is found to be maximum in Fig. 9.2(c) and

the amplitude of variation is nearly constant. Figure 9.2(d) shows the Reynolds
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stress on the wall. It is observed that at Y'=1.25, the —u/v’ shows the sharp vari-
ations compared to other Y location. The reduction in the amplitude in U and
V are also reflected in the phase diagram of Fig. 9.2(e). In further downstream,
the reduction in the amplitude to very small values compared to X=2.5 and 5 is
observed in Fig. 9.3. Similar to X=>5, U is maximum at X=1.75 and reduces as
Y decreases. Though the fluctuations still exits in V, it is found to be constant
across Y as shown in Fig. 9.3(b). Figure 9.3(c) shows the pressure across the
wall at X=10 is almost constant. The variation of Reynolds stress is also small
as shown in Fig. 9.3(d). The phase diagram shown in Fig. 9.3(e) depicts that
at Y=0.125, it is almost reduced to a point. The periodic nature of the flow is
completely attenuated and flow become completely steady as observed in Fig. 9.4.
The phase diagram shown in Fig. 9.4(e) reduced to invisibly small points clearly
states that the flow is completely steady across ¥ at X=15. The results are also
given in Table 9.1. It is observed that the percentage variation of |V| and P is
very small at X=10.0. however, the variation in —u/v’ is appreciable. At X=15.0,
the change in all the variables is small. From this stand point, we can conclude

that the flow in the downstream from X ~ 15 is steady.

Figure 9.5 shows the variation of different properties at different Y-locations
and X=2.5 for U,=1.0 and U,=0.25. It is clearly demonstrated that for all vari-
ables at all locations the flow is in completely steady-state. Though the very small
variations in the pressure is observed, the effect of it on the other variables is found
negligible. It is almost invisible to trace the points on the phase diagram shown
in Fig. 9.5(e) which reflects the steady flow behavior. Since the wall jet velocity
is high compared to the offset jet velocity, it is found that U at Y'=0.125 is high
compared to other locations. The negative velocities of V at Y=1.25, 1.5 and 1.75
as shown in Fig. 9.5(b) represents the entrainment into the boundary. Fig. 9.5(d)

shows the negative —u/v’ at Y'=1.25 causes for the momentum gain in the flow.
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The results are also given Table 9.2. It is concluded that the flow is steady at
X=2.5.

Figure 9.6 shows the variation of different properties at different Y-locations
at X=2.5 for U,=1.0 and U,=0.5. As it shows, the flow is steady and similar con-
clusions can be drawn as explained in case of U,=1.0 and U,=0.25. The results

are also given Table 9.3.

Similarly, Fig. 9.7 shows the variation of different properties at different Y-
locations at X=2.5 for U,=1.0 and U,=0.75. Though a noticeable variations in
the pressure is observed, surprisingly it is found that remaining variables are still
in steady-state. The behavior of the flow variables are in similar trend with the

U,=0.25 and 0.5. The results are also given Table 9.4.

The variation of different properties, when the wall jet and offset jet velocities
are interchanged are shown in Figs. 9.8 -9.12. Figure 9.8 shows the variation of
different properties at different Y-locations at X=2.5 for U,,=0.25 and U,=1.0. It
can be stated clearly that the flow is in completely steady-state. It is noticed that
the pressure increases along the Y-direction as shown in Fig. 9.8(c). Since the
U,=1.0, the Reynolds stress at Y=1.75 is more compared to other locations. It is
almost invisible to locate the phase diagrams which also suggest that the flow is

completely steady as shown in Fig. 9.5(e). The results are also given Table 9.5.

Figure 9.9 shows the variation different properties at different Y-locations at
X=2.5 for U,=0.5 and U,=1.0. When compared to Fig. 9.6, strong oscillations in
pressure are noticed as shown in Fig. 9.9(c). But the effect of it on other variables
are negligible. Fig. 9.9(e) also justifies that the flow is in steady-steady state. The

percentage vriation for different variables are also given Table 9.6.
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When the U, is increased to 0.75 keeping the U,=1.0, the variations at X=2.5
downstream location is shown in Fig. 9.10. In the U velocity, periodic nature of
flow with small amplitude is observed at Y'=1.75, but at other locations flow in U
is steady. Except at the wall, oscillations are observed at all locations in V' is shown
in Fig. 9.10(b) and similar is the case with the Reynolds stress (Fig. 9.10(d)). In
case of pressure, fluctuations are observed at all Y-locations. Phase diagram shown
in Fig. 9.10(e) also shows that except at the wall, small fluctuations as observed
in U and V. Figure 9.11 shows that at a location X=>5. —u/v/ is observed to be
steady at all Y-locations. But the similar trend is observed for other variables
with reduced amplitude. It is observed that all the variables are steady, except
the pressure as shown in Fig. 9.12. Though the oscillations in pressure is observed
that does not have any significant effect on other variables, at further downstream
the flow is steady. Table 9.7 shows the percentage variation for this particular

case.
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Y'=0.125, 1.25 and 1.75 locations during the iteration.
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Figure 9.4: Variation of different properties for U, = 1.0, U, = 1.0 at X=15.0,
Y'=0.125, 1.25 and 1.75 locations during the iteration.
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Figure 9.5: Variation of different properties for U, = 1.0, U, = 0.25
Y'=0.125, 1.25 and 1.75 locations during the iteration.
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Figure 9.6: Variation of different properties for U, = 1.0, U, = 0.5 at X=2.5,
Y'=0.125, 1.25 and 1.75 locations during the iteration.
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Figure 9.7: Variation of different properties for U, = 1.0, U, = 0.75 at X=2.5,
Y'=0.125, 1.25 and 1.75 locations during the iteration.
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Figure 9.8: Variation of different properties for U, = 0.25, U, = 1.0 at X=2.5,
Y'=0.125, 1.25 and 1.75 locations during the iteration.
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Figure 9.9: Variation of different properties for U, = 0.5, U, = 1.0 at X=2.5,
Y'=0.125, 1.25 and 1.75 locations during the iteration.
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Figure 9.10: Variation of different properties for U, = 0.75, U, = 1.0 at X=2.5,
Y'=0.125, 1.25 and 1.75 locations during the iteration.
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Figure 9.11: Variation of different properties for U,, = 0.75, U, = 1.0 at X=5.0,
Y'=0.125, 1.25 and 1.75 locations during the iteration.
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Figure 9.12: Variation of different properties for U, = 0.75, U, = 1.0 at X=10.0,
Y'=0.125, 1.25 and 1.75 locations during the iteration.
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Table 9.1: Percentage

variation for U, = 1.0 and U, = 1.0

mmam mmm ! ‘mrvz|_|v\mm) P max P min ﬁm%;fmm _Wma:v _Wmin mrz;f/i?mm
X=2.5 | Y=0.125 | 0.8225 | 0.7863 4.50;6 0.9437 | 0.9299 1.4675 0.00362255 | 0.0034062 6.1564
Y=1.25 | 0.2964 | 0.2289 25.706 0.9355 | 0.9133 2.4075 -0.010336 | -0.021891 -71.712
Y=1.5 0.321 | 0.2302 32.922 0.9339 | 0.9161 1.9315 0.0165278 | 0.0063483 88.997
Y=1.75 | 0.724 | 0.531 30.75 0.9466 | 0.9275 2.0304 0.0194335 | 0.0067121 97.313
X=5.0 | Y=0.125| 0.7732 | 0.7394 4.4801 0.9434 | 0.9372 0.6541 0.00320999 | 0.0029829 7.3339
Y=1.25 | 0.6252 | 0.6023 3.7372 0.9281 | 0.913 1.6388 0.0166536 | -0.009194 693.02
Y=1.5 | 0.6831 | 0.625 8.8861 0.9251 | 0.9217 0.3678 0.00862896 | 0.0057547 39.965
Y=1.75 | 0.8811 | 0.7606 14.69 0.9319 | 0.9278 0.4429 0.00634926 | 0.00219 97.414
X=10.0 | Y=0.125 | 0.717 | 0.7041 1.8157 0.9199 | 0.9182 0.1886 0.00286085 | 0.0027772 2.9677
Y=1.25 | 0.7506 | 0.7426 1.0818 0.917 | 0.9147 0.2546 0.00117507 | 6.73E-05 178.32
Y=1.5 | 0.7616 | 0.7502 1.5078 0.9168 | 0.9156 0.1315 0.00208981 | 0.0014422 36.668
Y=1.75 | 0.7752 | 0.7601 1.9641 0.9172 | 0.9148 0.2614 0.00100556 | 0.000251 120.09
X=15.0 | Y=0.125 | 0.6673 | 0.6633 0.6095 0.9178 | 0.9171 0.0869 0.00256044 | 0.0025337 1.0514
Y=1.25 | 0.7605 | 0.7584 0.2703 0.9176 | 0.9168 0.0891 -0.0011277 | -0.00122 -7.8666
Y=1.5 | 0.7485 | 0.7462 0.3098 0.9169 | 0.9161 0.0909 -0.0014645 | -0.001553 -5.8698
Y=1.75 | 0.6673 | 0.6633 0.6095 0.9178 | 0.9171 0.0869 0.00256044 | 0.0025337 1.0514
X=20.0 | Y=0.125 | 0.6283 | 0.6263 0.3167 0.9179 | 0.9172 0.0824 0.00231635 | 0.0023048 0.4977
Y=1.25 | 0.753 | 0.7518 0.1611 0.918 | 0.9172 0.0877 -0.0014488 | -0.001463 -0.9999
Y=1.5 | 0.7331 | 0.732 0.1558 0.9169 | 0.916 0.0898 -0.0020384 | -0.00206 -1.0293
Y=1.75 | 0.7035 | 0.7026 0.1259 0.9152 | 0.9143 0.0931 -0.0029582 | -0.00299 -1.0729
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Table 9.2: Percentage

variation for U,, = 1.0 and U, = 0.25

|rnax

—|V]

1oy U .
—U V' maz+UV min

mmax mmin V] Pmax Pmin Pnu%;/]:nwn _Wmax _Wmin W g

X=2.5 1] Y=0.125 | 0.9156 | 0.9156 0.00294 0.5027 | 0.497 1.1343 0.00413382 | 0.0041337 0.0027
Y=1.25 | 0.2534 | 0.2534 0.0087 0.4968 | 0.4912 1.146 -0.0055206 | -0.005521 -0.0033

Y=1.5 | 0.1638 | 0.1637 0.0116 0.5081 | 0.5024 1.1192 3.59E-05 | 3.59E-05 0.0977

Y=1.75 | 0.174 | 0.174 0.0092 0.5071 | 0.5015 1.1194 0.00041748 | 0.0004174 0.0285

X=5.0| Y=0.125| 0.864 | 0.8639 0.0049 0.4984 | 0.4928 1.1358 0.00389407 | 0.0038939 0.0046
Y=1.25 | 0.4144 | 0.4144 0.0097 0.4903 | 0.4847 1.1528 -0.006236 | -0.006236 -0.0027

Y=1.5 | 0.2676 | 0.2676 0.0146 0.4975 | 0.4919 1.1347 -0.0027529 | -0.002753 -0.0073

Y=1.75 | 0.1751 | 0.1751 0.0217 0.5021 | 0.4965 1.1224 -0.000755 | -0.000755 -0.0162
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Table 9.3: Percentage

variation for U, = 1.0 and U, = 0.5

m m ) (mmax_ﬂ/'min) F P . ﬁmai_Pmin _W _W . _W'maw"‘mwﬂn

malk min ‘V‘avg max min Pavg max man u’v’aug

X=2.5| Y=0.125 | 0.8769 | 0.8769 0.0008 0.6002 | 0.6001 0.0253 0.00389473 | 0.0038947 0.001
Y=1.25 | 0.2643 | 0.2643 0.0042 0.5973 | 0.5971 0.0253 -0.0068302 | -0.006831 -0.0136

Y=1.5 | 0.2574 | 0.2574 0.0054 0.6083 | 0.6082 0.025 0.00306188 | 0.0030609 0.0336

Y=1.75 | 0.3754 | 0.3754 0.0051 0.6098 | 0.6097 0.0246 0.00040561 | 0.0004047 0.2211

X=5.0 | Y=0.125 | 0.8348 | 0.8348 0.0008 0.5913 | 0.5912 0.025 0.00366566 | 0.0036656 0.0011
Y=1.25 | 0.4781 | 0.4781 0.0015 0.5855 | 0.5854 0.0253 -0.0041409 | -0.004141 -0.006

Y=1.5 | 0.4221 | 0.4221 0.0014 0.5904 | 0.5902 0.0249 -0.0009355 | -0.000936 -0.0294

Y=1.75 | 0.413 | 0.413 0.0015 0.592 | 0.5918 0.0247 3.93E-06 3.89E-06 1.032
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Table 9.4: Percentage

variation for U, = 1.0 and U, = 0.75

mmam mmm (|V‘m‘avz|_|v\mm) P max P min ﬁm%;fmm _Wma:v _Wmin _WZZT/:::’Tmm
X=2.5 | Y=0.125 | 0.8398 | 0.8388 0.11i6 0.6444 | 0.6286 2.4848 0.00368413 | 0.0036779 0.1703
Y=1.25 | 0.2448 | 0.2405 1.761 0.6371 | 0.6212 2.5289 -0.0105632 | -0.011074 -4.7224
Y=1.5 |0.2704 | 0.2677 1.004 0.6468 | 0.631 2.4793 0.00806345 | 0.0077653 3.7668
Y=1.75 | 0.5575 | 0.5551 0.444 0.6593 | 0.6436 2.4039 0.00183612 | 0.0017236 6.3247
X=5.0 | Y=0.125| 0.7982 | 0.7972 0.1252 0.6396 | 0.6248 2.3511 0.00339146 | 0.0033846 0.2016
Y=1.25 | 0.5488 | 0.5473 0.274 0.6298 | 0.615 2.3871 -0.0024214 | -0.002509 -3.5507
Y=1.5 | 0.5489 | 0.5478 0.2053 0.6312 | 0.6163 2.3794 0.00303077 | 0.0029571 2.4617
Y=1.75 | 0.6486 | 0.6458 0.4288 0.6374 | 0.6226 2.3486 0.00084002 | 0.0007621 9.7317
X=10.0 | Y=0.125 | 0.7361 | 0.735 0.1592 0.6249 | 0.6116 2.1465 0.00299741 | 0.0029903 0.2368
Y=1.25 | 0.6471 | 0.6456 0.2329 0.6244 | 0.6112 2.1374 -0.0018359 | -0.001861 -1.3541
Y=1.5 | 0.6245 | 0.6228 0.2612 0.6252 | 0.6121 2.1236 -0.0011626 | -0.001193 -2.5945
Y=1.75 | 0.6078 | 0.6063 0.2614 0.6254 | 0.6124 2.1062 -0.0012743 | -0.001316 -3.2038
X=15.0 | Y=0.125 | 0.6808 | 0.6793 0.2246 0.6252 | 0.6123 2.0906 0.00265503 | 0.0026458 0.3479
Y=1.25 | 0.6681 | 0.6666 0.2305 0.6253 | 0.6125 2.0751 -0.0018539 | -0.001869 -0.8112
Y=1.5 | 0.6292 | 0.6276 0.2513 0.6252 | 0.6125 2.0555 -0.0017802 | -0.001802 -1.2382
Y=1.75 | 0.5895 | 0.5881 0.2244 0.6243 | 0.6117 2.0294 -0.0022176 | -0.00226 -1.8917
X=20.0 | Y=0.125 | 0.6424 | 0.6408 0.2544 0.6249 | 0.6129 1.9408 0.00241123 | 0.002402 0.3852
Y=1.25 | 0.6746 | 0.6734 0.1712 0.6244 | 0.6124 1.9366 -0.0020996 | -0.002119 -0.907
Y=1.5 | 0.6248 | 0.6236 0.1884 0.6236 | 0.6117 1.9305 -0.0024227 | -0.002453 -1.2262
Y=1.75 | 0.5725 | 0.5715 0.1729 0.6223 | 0.6105 1.9224 -0.0030285 | -0.003066 -1.2339
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Table 9.5: Percentage

variation for U,, = 0.25 and U, = 1.0

|rnax

—|V]

1oy U .
—U V' maz+UV min

mmax mmin V] Pmax Pmin Pm{%ai_f:mm _Wmax —Wmin w'v' aug

X=2.5|Y=0.125| 0.091 | 0.091 0.00194 0.4108 | 0.4108 0.0066 0.00012071 | 0.0001207 0.0017
Y=1.25 | 0.0856 | 0.0856 0.0029 0.4111 | 0.411 0.0061 -0.0004395 | -0.00044 -0.0118

Y=1.5 | 0.1335 | 0.1335 0.0015 0.4048 | 0.4048 0.0057 0.00242231 | 0.0024222 0.0037

Y=1.75 | 0.3563 | 0.3563 0.0014 0.3889 | 0.3889 0.0057 0.0102284 | 0.0102283 0.001

X=5.0 | Y=0.125 | 0.0255 | 0.0255 0.0098 0.415 | 0.4149 0.007 2.25E-05 | 2.25E-05 0.0089
Y=1.25 | 0.2877 | 0.2877 0.001 0.4024 | 0.4023 0.0065 0.00499931 | 0.0049992 0.0028

Y=1.5 | 0.4736 | 0.4736 0.0008 0.397 | 0.3969 0.0063 0.00799362 | 0.0079934 0.0022

Y=1.75 | 0.7169 | 0.7169 0.001 0.3998 | 0.3998 0.0058 0.00792069 | 0.0079205 0.0021
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Table 9.6: Percentage

variation for U, = 0.5 and U, = 1.0

Vinae | Vi | Hmatilnnd | Py | Py, | Prg=Posn | gy | — 00 iy | =2t
X=2.5| Y=0.125 | 0.3148 | 0.3146 0.05291 0.6551 | 0.6286 4.1147 0.00077378 | 0.0007734 0.0507
Y=1.25 | 0.1659 | 0.1657 0.1249 0.6568 | 0.6305 4.0914 -0.0049262 | -0.004931 -0.1033
Y=1.5 | 0.1542 | 0.154 0.111 0.6489 | 0.6227 4.1193 0.00414801 | 0.0041381 0.2387
Y=1.75 | 04136 | 04134 | 00409 | 0.6347 | 0.6088 | 4.1781 | 0.0149295 | 0.0149272 |  0.0154
X=5.0 | Y=0.125 | 0.2658 | 0.2656 |  0.1027 | 0.6644 | 0.642 | 3.4233 | 0.00053027 | 0.0005297 |  0.1021
Y=1.25 | 0.3716 [ 03713 |  0.0735 | 0.6558 | 0.6335 | 3.4594 | 0.00367333 | 0.0036721 |  0.0348
Y=15 [05082 (05079 | 00549 | 0.6482 | 0.626 | 3.4862 |0.00753041 | 0.007529 |  0.0187
Y=1.75 | 0.7312 | 0.7309 0.0404 0.6484 | 0.6263 3.4639 0.00752674 | 0.007525 0.023
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Table 9.7: Percentage

variation for U, = 0.75 and U, = 1.0

m m | WVee=Vlnin) | B - Pras=Puin | _ g0 ST — 0V mas UV min

max min ‘V|a’uq max min Pavg mazx min W g

X=25 | Y=0.125 0.56 0.5584 0.2804 0.7766 | 0.755 2.8184 0.0019417 | 0.0019332 0.4361
Y=1.25 | 0.1931 | 0.1844 4.584 0.7709 | 0.7481 3.0094 -0.0091698 | -0.010272 -11.343

Y=1.5 | 0.1955 | 0.1896 3.0654 0.7674 | 0.7441 3.0761 0.00836066 | 0.0070733 16.682

Y=1.75 | 0.5442 | 0.5284 2.943 0.7666 | 0.7441 2.9761 0.0147323 | 0.0139161 5.698

X=5.0 | Y=0.125| 0.5112 | 0.5104 0.1429 0.7887 | 0.7675 2.7229 0.00159681 | 0.001593 0.2383
Y=1.25 | 0.4936 | 0.4912 0.5041 0.7775 | 0.7564 2.7449 0.00304249 | 0.0027652 9.5509

Y=1.5 0.5843 | 0.579 0.9186 0.7729 | 0.7519 2.7542 0.00758269 | 0.0074477 1.7962

Y=1.75 | 0.8128 | 0.8017 1.3789 0.7768 | 0.7558 2.7412 0.0050856 0.00471 7.6681

X=10.0 | Y=0.125 | 0.4929 | 0.492 0.1848% 0.7709 | 0.7519 2.4918 0.00150889 | 0.0015049 0.2661
Y=1.25 | 0.6304 | 0.6282 0.3591 0.7668 | 0.748 2.4916 0.00241237 | 0.0023437 2.8872

Y=1.5 | 0.7051 | 0.7014 0.5267 0.7649 | 0.7461 2.4812 0.00349202 | 0.0034328 1.711

Y=1.75 | 0.806 | 0.8034 0.3265 0.7659 | 0.7473 2.4541 0.00261626 | 0.002568 1.8633

X=15.0 | Y=0.125 | 0.469 | 0.4675 0.3293 0.7664 | 0.7495 2.2233 0.00141273 | 0.0014051 0.5394
Y=1.25 | 0.6672 | 0.6644 0.4193 0.7642 | 0.7474 2.2184 0.00197053 | 0.0019258 2.2986

Y=1.5 0.7081 | 0.7063 0.2558 0.763 | 0.7463 2.2139 0.00206811 | 0.0020446 1.1448

Y=1.75 | 0.7161 | 0.7146 0.2207 0.7622 | 0.7456 2.204 -0.00017 -0.000208 -20.249

X=20.0 | Y=0.125 | 0.4489 | 0.447 0.4335 0.7659 | 0.7486 2.2848 0.00131858 | 0.0013096 0.6834
Y=1.25 | 0.6615 0.66 0.2272 0.7639 | 0.7468 2.2658 0.00107586 | 0.0010502 2411

Y=1.5 | 0.6649 | 0.6636 0.1974 0.763 | 0.7461 2.2431 -2.05E-05 | -5.07E-05 -84.762

Y=1.75 | 0.6603 | 0.6591 0.1849 0.7619 | 0.7453 2.2111 -0.0014404 | -0.001471 -2.1361
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9.3 Conclusions

Steady-state computations are performed with Re=20000 for the seven combina-
tions of U,, and U,. Study is carried out for case (a) keeping the U,=1.0 by varying
U,=0.25, 0.5 and 0.75 and case (b) exchanging the wall jet velocity to offset jet
velocity. Under these conditions, different variables are observed at different loca-
tions in the domain to distinguish whether the flow is steady or periodic and the

behavior is analyzed. The following conclusions may be drawn.

e When both U, = U,=1.0, the steady state solutions are obtained at X =
15. Strong periodic nature of the flow is observed to be damped in the

downstream direction and finally the steady-state is obtained.
o IfU,=1.0, U,= 0.25 and 0.5, the flow demonstrates the steady-state nature.

e Though the oscillations in pressure are observed at U,=1.0 and U,=0.75, the

effect of it on the other variables are negligible and the flow is in steady-state.
e Flow is in steady-state when the U,=0.25 and U,=1.0.

e Except the oscillations in pressure, the flow is steady for the remaining vari-

able when U,=0.5 and U,=1.0. Phase diagrams also suggest the the same.

e For U,=0.75 and U,=1.0, fluctuations in all the variables are observed at
X=2.5. Reynolds stress attains a steady-state at X=5.0. At X=10, except

the pressure all the variables are in steady-state.
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Chapter 10

Study of the Heat Transfer
Characteristics in a Turbulent

Combined Wall and Oftfset Jet

Flows

10.1 Introduction

The objective of the present study is a detailed numerical simulation of the heat
transfer characteristics of a dual-jet flow for a range of wall jet and offset jet ve-
locities. The offset height has been kept constant at 1. The turbulence modelling
has been conducted by the standard high Re & — ¢ model with streamline curva-
ture modification. The study is conducted for constant temperature and constant
heat flux at the wall. The Reynolds number is varied between 10000 and 40000.
Pr=0.71 is taken for all computations. The detailed analysis of the local Nusselt
number (Nu,) distribution, local heat flux (g,), surface temperature (6,,), average
Nusselt number (Nu), total heat transfer (Q) are studied both in qualitatively

and quantitatively. The schematic diagram of the geometry and its boundary con-
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Converging Merging Combined
region | region | region

B=constant
or
g,=constant

Figure 10.1: Schematic diagram of the combined jet flow

ditions are shown in Fig. 10.1. The numerical scheme and method of solution
as explained in chapter 2.6 is used in the present computations. The boundary
conditions for the hydro-dynamic solution, code validation and grid independence
study are described in chapter 8. For temperature, the conditions are same as

explained in chapters of wall jet and offset jet heat transfer analysis.

10.2 Results and Discussion

The present study can be briefly classified into two cases. Those are (1) keeping
the wall jet velocity (U, = 1.0) constant, offset jet velocity (U,) is varied for 0.25,
0.5 and 0.75. (2) keeping offset jet velocity (U, = 1.0) constant, wall jet velocity
is varied for 0.25, 0.5, 0.75 and 1.0. Reynolds number is varied from 1 x 10* to
4 x 10* for a constant Prandtl number (Pr=0.71). The increase in the Reynolds

number can be inferred as increasing the jet velocities while maintaining the same
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velocity ratio. Two cases of the solid wall boundary conditions are considered: viz.
constant wall temperature and constant wall heat flux. Under these conditions,
the heat transfer study is carried out for local Nusselt number (Nu,) distribution,

local heat flux (¢,) and surface temperature distribution (6,,) along the wall.

Local Nusselt number
The Nu, distribution along the wall for different wall and offset jet velocities,
keeping the Re = 2 x 10* is shown in Fig. 10.2. Figure 10.2(a) demonstrates the
case for U,=1.0 and varying the U,. For U, = 1.0, the fluctuations in the Nu, near
the inlet can be viewed as vortex shedding as observed in Wang and Tan [5] along
the wall up to X = 15. Beyond this region the flow is observed to be steady. Near
the inlet local Nusselt number (Nu,) is almost same for all U, except for U,=1.0
up to X = 20. Hence, it can be inferred that U, has very little influence on the
local Nusselt number up to X = 20. It can be observed form Fig. 10.2(a) that,
for U,=0.25, the Nu, is maximum at the inlet and decreases up some point say,
Py (X =20) in the downstream. Further downstream, there is an increase in Nu,
up to point say, P,(X = 30) and beyond which it decreases continuously. Similar
trends are observed for other values U, (Fig. 10.2(a)). However, as the value of
U, increases, the corresponding points P; and P, shifts towards downstream and
the distance between them also widens. The increase in Nu, between points P;
and P (for all values of U,) can be due to the influence of mixing of two streams
and development of self-similarity. In far downstream (X > 60) Nu, is larger as

the offset jet velocity increases.

The variation of Nu, with U, at constant U, (1.0) is shown in Fig. 10.2(b).
At the inlet Nu, increases with U, which suggests that the wall jet velocity has
considerable influence as compared to offset jet velocity. For values of U, > 0.5

, the maximum Nu, occurs near the inlet and for values of U, < 0.5, the maxi-
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mum Nu, occurs at some point in the downstream. It is found that for U,=0.25,
Nu, decreases to very low compared to other U, and then rapidly increases to
maximum value. Similar trend can be observed for U,=0.5, but increases slowly
compared to U,=0.25. For values of U,=0.75 and 1.0 at constant U, the trends
are similar to the constant U, as seen in Fig. 10.2(a). In the far downstream
(X > 60), Nu, increases as the wall jet velocity increases. Figures 10.2(c), 10.2(d)
and 10.2(e) show the Nu, distribution along the wall for different U, and U, by
interchanging them. It is observed that almost in the entire flow domain, Nu,
is more when the U, > U,. Near the inlet, the difference in Nu, is found more,
but this difference in Nu, decreases as the distance from the inlet increases finally

becomes equal which states that it depends on the total mass flow rate.

The comparison of Nu, distribution at the wall for different U, and U, un-
der constant heat flux and constant temperature conditions applied at the wall is
shown in Fig. 10.3 . As it demonstrates, though the Nu, is slightly more under

constant heat flux condition, the behavior is almost the same.

Figure 10.4 shows the variation of Nu, with Reynolds number along the wall
when the wall temperature is constant. It clearly demonstrates that at all loca-
tions in the flow domain, as Re is increased Nu, is increased, but no change in
the behavior is observed. As Fig. 10.3 suggests, a similar phenomenon is found in

case of constant wall heat flux case also.

Wall temperature distribution
The variation in wall temperature (6,,), which occurs in the case of constant heat
flux condition is shown in Fig. 10.5. Figure 10.5(a) shows the variation of 6,, with
U, at constant U,, = 1.0. The wall temperature (6,,) is same and increases for all

values of U, except U,=1.0 up to a distance of X = 20. Further downstream (the
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region in which the local Nusselt number increases as shown in Fig. 10.2(a) between
the points P; and P,), the wall temperature decreases due to increase in heat
transfer up to point P, beyond which temperature increases. In the far downstream
(X > 60) at any location 6,, is more when U, is less. The 6,, distribution with U, at
constant U, = 1.0 is shown in Fig. 10.5(b). A sharp rise in wall temperature in the
case of U,=0.25 near inlet can be observed which is obvious due to steep reduction
in Local Nusselt number as seen in Fig. 10.2(b). In the far downstream region at
any location, 6, decreases as the U, increases. Figures 10.5(c), 10.5(d) and 10.5(e)
show the variation of 6,, when the U,, and U, are interchanged. As it demonstrates,
the surface temperature is found more when the U, < U,. It can be concluded
from above observations that the Local Nusselt number and wall temperature are
complementary to each other. It is observed that as Re is increased 0,, increases,
but no change in its behavior is found Fig. 10.6. The difference in 6, between
any two consecutive Re reduces as Re increases. In order to give # behavior in the
domain is given for U,=1.0 and U,=0.5 and interchanging them. Fig. 10.7 shows
the 6 distribution in the domain. It is observed that non-dimensional distribution
is almost similar in all the cases.
Average Nusselt number and total heat transfer

In order to quantify the results, the average Nusselt number (Nu) and total heat
transfer (Q)) are tabulated in Tables 10.1 to 10.6 for constant temperature (6,=C)
and constant flux (¢,=C) conditions. Table 10.1 shows the variation of Nu and
@ with U, at constant U,=1.0. The value within the parenthesis shows the per-
centage change of Nu and @ with U,=1.0 is as reference value. It is noticed that
Nu decreases with increase in U, at all values of Re. Though the Nu increases
as Re increases, the percentage change with the reference value (U,=1.0) is fairly
constant. At any Re, Nu is more for the constant heat flux condition compared
to the constant wall temperature condition, however the trends are observed to be

same. It is found that the total heat transfer (Q)) decreases with U, and Re. It is
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observed that there is a decrease in heat flux though Nu, increases with Re, which
is due to increase in reference heat flux (pc,U,AT). Table 10.2 shows the variation
of Nu and @ with U, at constant U,=1.0. The value within the parenthesis shows
the percentage change with the reference value of U,=1.0. It is observed that
Nu is maximum at U,=1.0 and minimum at U,=0.5. A decrease of 15 percent
in Nu is observed for U,=0.5. For any Reynolds number, Nu is more in case
of constant heat flux compared to the constant wall temperature condition. It is
noticed that the total heat transfer decreases with Re. The variation of Nu and
Q@ at all wall jet and offset jet velocities with Re is shown in Table 10.3. In this
case Re = 10* is taken as the reference to evaluate the percentage change which
is given in the parenthesis. It is observed that for any U, and U,, Nu increases
almost linearly with Re. An increase in Nu by nearly 230% is observed as Re
is increased to 4 x 10*. However, the non-dimensional () is observed to decrease
by 17 percent. Tables 10.4, 10.5 and 10.6 show the Nu and @ when the U, and
U, are interchanged. In order to calculate the percentage change, the value of
U,=1.0 condition is considered as reference value. It is observed that both Nu
and @) are more for U,=1.0 compared to the case in which U,=1.0. The maximum

percentage change is found to the case of U, = 1.0, U, = 0.5.
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Figure 10.2: Variation of Local Nusselt number (Nu,) along the wall for different
wall jet and offset velocities keeping the Re=20000 under constant wall tempera-

ture.
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TH'608_04f6ing§Q210.3: Comparision of Nu, along the wall for different wall jet and offset jet
velocities for constant wall temperature and constant heat flux cases.
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Figure 10.5: Variation of temperature () along the wall for different wall jet and
offset velocities keeping Re=20000 under constant wall heat flux.
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Table 10.1: Average Nusselt number (Nu) and total heat transfer (Q) at different
Re, keeping the U,,=1.0 and varying U,,.

B.C Re U, =0.25 U,=0.5 U,=0.75 U,=1.0
10% 30.3388(5.367) | 30.1936(4.863) | 29.7268(3.241) | 28.7934
2 x 10% 55.0086(5.128) | 54.9122(4.944) | 54.2049(3.592) | 52.3252
0,=C | 3 x10*| 77.8658(4.606) | 77.8354(4.564) | 76.9002(3.308) | 74.4378
4 x 10% | 99.5772(4.564) | 99.6774(4.984) 98.6782(3.62) 95.2309
Nu
10% 31.5061(5.876) | 31.5061(5.876) | 30.7894(3.468) | 29.7574
qw=C | 2x10* | 56.7962(5.573) 56.617(5.24) 55.8176(3.754) | 53.7978
3 x 10| 80.145(4.967) 80.0039(4.782) | 78.9511(3.403) | 76.3527
4 x 10* | 102.288(4.985) | 102.247(4.943) | 101.092(3.758) | 97.4308
10% 0.320481(5.367) | 0.318947(4.863) | 0.314015(3.241) | 0.304156
0,=C | 2 x10%| 0.290539(5.128) | 0.290029(4.943) | 0.286294(3.592) | 0.276366
Q 3 x 10* | 0.274175(4.605) | 0.274068(4.562) | 0.270775(3.307) | 0.262105
4 x 10* | 0.262968(4.563) | 0.263232(4.669) | 0.260594(3.62) | 0.25149

Table 10.2: Average Nusselt number (Nu) and total heat transfer (Q) at different
Re, keeping the U,=1.0 and varying U,,.

B.C Re U, =0.25 U,=0.5 U, =0.75 U,=1.0
10% 25.6966(-10.755) | 24.4261(-15.167) | 25.5035(-11.426) | 28.7934
2 x 10* | 46.2771(-11.558) | 44.0201(-15.872) | 46.2877(-11.538) | 52.3252
0,=C | 3 x 10| 65.1709(-12.45) | 62.0621(-16.626) | 65.6028(-11.869) | 74.4378
4 x 10* | 83.1486(-12.687) | 79.215(-16.818) | 83.8711(-11.928) | 95.2309
Nu
10% 26.0511(-12.455) | 24.6294(-17.232) | 26.0526(-12.45) | 29.7574
qw=C | 2x 10" | 46.644(-13.297) | 44.2912(-17.671) | 47.0871(-12.474) | 53.7978
3 x 10* | 65.5673(-14.126) | 62.3684(-18.315) | 66.5912(-12.785) | 76.3527
4 x 10* | 83.5845(-14.211) | 79.5426(-18.36) | 85.0345(-12.723) | 97.4308
10% 0.2714(-10.755) | 0.2580(-15.167) | 0.2694(-11.426) 0.3041
2 x 10* | 0.2444(-11.558) | 0.2325(-15.872) | 0.2444(-11.538) 0.2763
Q 3 x 101 | 0.2294(-12.449) | 0.2185(-16.625) | 0.2309(-11.868) 0.2621
4 x 10 | 0.2195(-12.687) | 0.2091(-16.817) | 0.2214(-11.928) 0.2515
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Table 10.3: Percentage of change in Nu and () when the Re is increased at different wall jet and offset jet velocities.

Re U,=1,U,=\U,=1,U,=|U,=1, U,=|U, = Uk, = | U, = | U, =
0.25 0.5 0.75 025 U, =105 U,=10 |07, U, =|1.0,U,=10
1.0 1.0
10% 30.3388 30.1936 29.7268 25.6966 24.4261 25.5035 28.7934
2 x 10* | 55.0086(81.3) | 54.9122(81.8) | 54.2049(82.3) | 46.2771(80.1) | 44.0201(80.2) | 46.2877(81.5) | 52.3252(81.7)
0,=C | 3 x 10* | 77.8658(156.7)| 77.8354(157.7)| 76.9002(158.6)| 65.1709(153.6)| 62.0621(154.1)| 65.6028(157.2)| 74.4378(158.5)
4 x 10% | 99.5772(228.2)| 99.6774(230.1)| 98.6782(231.9)| 83.1486(223.6)| 79.215(224.3) | 83.8711(228.8)| 95.2309(230.7)
Nu
10* 31.5061 31.5061 30.7894 26.0511 24.6294 26.0526 29.7574
qw = C | 2 x 10" | 56.7962(83.4) | 56.617(79.7) 55.8176(81.2) | 46.644(79) 44.2912(79.8) | 47.0871(80.7) | 53.7978(80.7)
3 x 10* | 80.145(159.4) | 80.0039(153.9)| 78.9511(156.4)| 65.5673(151.7)| 62.3684(153.2)| 66.5912(155.6)| 76.3527(156.6)
4 x 10* | 102.288(224.6)| 102.247(224.5)| 101.092(228.3)| 83.5845(220.8) | 79.5426(222.9) | 85.0345(226.4)| 97.4308(227.4)
10* 0.320 0.318 0.314 0.271 0.258 0.269 0.304
0,=C | 2 x 10* | 0.290(-9.34) 0.290(-9.06) 0.286(-8.82) 0.244(-9.95) 0.2325(-9.89) | 0.2444(-9.25) | 0.2763(-9.13)
Q 3 x 10 | 0.274(-14.48) | 0.274(-14.07) | 0.270(-13.77) | 0.229(-15.46) | 0.218(-15.30) | 0.230(-14.25) | 0.262(-13.82)
4 x 10% | 0.262(-17.94) | 0.263(-17.46) | 0.260(-17.01) | 0.219(-19.10) | 0.209(-18.92) | 0.221(-17.78) | 0.251(-17.31)
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Table 10.4: Percentage of change in Nu and () when U, = 0.25, U, = 1.0 and
interchanging the velocities.

B.C Re U,=025 U,=10|U, =1.0, U, =0.25 | % increase
10* 25.6966 30.3388 18.052
2 x 10* 46.2771 55.0086 18.867
0,=C |3 x10* 65.1709 77.8658 19.479
4 x 10* 83.1486 99.5772 19.758
Nu
104 26.0511 31.5061 20.939
o =C | 2 x 10* 46.644 56.7962 21.765
3 x 10* 65.5673 80.145 22.233
4 x 10* 83.5845 102.288 22.376
10? 0.271443 0.320481 18.065
0,=C |2 x10* 0.244421 0.290539 18.868
Q 3 x 10% 0.229475 0.274175 19.479
4 x 10* 0.219583 0.262968 19.579

Table 10.5: Percentage of change in Nu and ) when U, = 0.5, U, = 1.0 and
interchanging the velocities.

B.C Re U,=05 U,=101|U,=1.0, U,=0.5 | % increase
10* 24.4261 30.1936 23.612
2 x 10* 44.0201 54.9122 24.743
0,=C |3 x 104 62.0621 77.8354 25.415
4 x 10* 79.215 99.6774 25.831
Nu
104 24.6294 31.5061 27.921
o =C | 2 x10* 44.2912 56.617 27.829
3 x 10* 62.3684 80.0039 28.276
4 x 10* 79.5426 102.247 28.543
10? 0.258023 0.318947 23.611
0,=C | 2x 104 0.2325 0.290029 24.743
Q 3 x 10* 0.218529 0.274068 25.414
4 x 10* 0.209195 0.263232 25.831
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Table 10.6: Percentage of increase in Nu and () when U, = 0.75, U, = 1.0 and
interchanging the velocities.

B.C Re U,=0.75 U,=10| U, =1.0, U, =0.75 | % increase
10? 25.5035 29.7268 16.559
2 x 10* 46.2877 54.2049 17.104
0,=C |3 x 10* 65.6028 76.9002 17.221
4 x 10* 83.8711 98.6782 17.655
Nu
104 26.0526 30.7894 18.187
g =C | 2 x 10* 47.0871 55.8176 18.541
3 x 10* 66.5912 78.9511 18.561
4 x 10* 85.0345 101.092 18.883
10* 0.269403 0.314015 16.559
0,=C |2 x 10* 0.244477 0.286294 17.105
Q 3 x 10* 0.230996 0.270775 17.221
4 x 104 0.221491 0.260594 17.654
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10.3 Conclusions

The heat transfer study of combined wall jet and offset jet flow is considered.
Different wall jet and offset velocities are considered. Analysis is carried out in
the graphical form for local Nusselt number (Nu,), local heat flux (g,), wall tem-
perature (6,,) and in tabular form for average heat transfer (Nu) and total heat
transfer (Q)) for constant temperature and constant heat flux conditions. Pr=0.71
is taken for all computations. The important conclusions may be drawn are as

follows:

e In the far downstream region, the Nu, increases with mass flow rate, i.e, by

increasing either the wall jet or offset velocity keeping the other constant.

e At the same mass flow rate, when the U, and U, are interchanged, the Nu,
is more when the U,=1.0. In the far downstream location, the Nu, is same

irrespective of the jet velocities.

e As Re is increased, Nu, is increased for all U, and U,,, but no change in the

behavior is observed.

e Comparison of two boundary condition (i.e., constant temperature and con-
stant heat flux conditions) Nu, is more in case of constant heat flux condi-

tion.

e When the jet velocities are interchanged, ¢, is more when U, < U,. As Re

increased at any location in the flow domain, 6, also increased.

e Average Nusselt number is found maximum in the case of U,=0.25 and
U,=1.0 which is 5% higher than the reference. The percentage of change in

Nu decreases with Re.

e Approximately linear increase in percent of change with Re suggests that

the Nu increases linearly.
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Chapter 11

Conclusions and Scope for Future

Work

Wall bounded jet flows have profound industrial importance in many applications.
Conjugate heat transfer study is the subject of interest for the past few decades.

The present study is aimed to gain some of the insights of the topics considered.

11.1 Summary

Chapter 3 presented the mean flow and thermal characteristics of wall jet and
offset jet at different offset ratios. It observed that minimum value of U,,,, occurs
very near to the reattachment point in the downstream direction and it decreases
as OR increases. The pressure distribution along the wall remains nearly constant
for wall jet case. It has been observed that at a distance of approximately 60,
the velocity profile for wall jet and other three OR cases overlap with each other
implying that a wall jet situation arises in far downstream for all the cases. The
maximum value of wall shear stress decreases as OR increases. The positive region
of 7, shows the recirculation region. The temperature at different locations under

adiabatic wall condition are compared with the experimental results of Holland
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and liburdy [4] and are found in good agreement.

Conjugate heat transfer study of wall jet is described in chapter 4 and chapter
5 for constant temperature and constant heat flux conditions at the bottom of
the solid block, respectively. Keeping the Re=15000 constant, parametric study is
carried out for slab thickness (.5), Prandtl number (Pr) and thermal conductivity
ratio (K'). It is observed that under both the conditions, Nu, is independent of K
and S. Average Nusselt number is found increasing with the Pr. Interface tem-
perature is found decreasing, when K and S are increasing in both the conditions.
Total heat transfer is found reducing with Prandtl number in case of constant
temperature condition. Interface temperature is high for high Pr and heat flux is
constant along X for K=1 at the interface for constant heat flux condition at the
bottom of the solid block.

Similarly, conjugate heat transfer study of offset jet is described in chapter 6
and chapter 7 for constant temperature and constant heat flux conditions at the
bottom of the solid block respectively. It is observed that the minimum interface
temperature is found at the reattachment point and reduces rapidly up to the
reattachment point and thereafter it increases under both conditions. Under both
the conditions, Nu, is independent of K and S as observed in the wall jet study.
The non-dimensional local heat flux (g.) decreases with the increase in OR in
case of constant temperature condition. Interface temperature decreases as the
Pr increases in case of constant temperature condition, but increases in case of
constant flux condition. The local Nu, decreases with the increase in OR and
Prandtl number under both the conditions. For K=1000, the average heat transfer
approaches almost equal to the non-conjugate case for the constant temperature
at the bottom of the solid block.

Chapter 8 describes the flow features of the combined jet. Important flow
features are observed mainly under two conditions. Those are: (1) keeping U,,=1.0,

U, is varied for 0.25, 0.5 and 0.75. (2) keeping U,=1.0, U, is varied for 0.25, 0.5,
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0.75 and 1.0. The flow attains the self-similarity in the further downstream when
U, is increased, keeping U,=1.0. But location of self-similarity is almost constant
when U, is increased, keeping U,=1.0. Pressure on the wall is almost constant
along the wall and it increases when one of the jet velocity is increased keeping the
other constant. In the far downstream, shear stress is almost equal for the cases
when the jet velocities are interchanged. The half-width thickness of the outer
boundary layer is more when U, is less than that of U,. However, the rate of its
growth is almost equal when jet velocities are interchanged.

Chapter 9 presents the study to identify the downstream locations up to which
the flow behavior shows oscillations as reported by Wang and Tan [5]. The study
is carried out for different flow variables at different locations in the downstream.
When both U, = U,=1.0, the steady state solutions are obtained at X = 15.
Strong periodic nature of the flow is observed to be damped in the downstream
direction and finally the steady-state is obtained. If U,=1.0, for U,= 0.25 and 0.5,
and except some oscillations in pressure for 0.75, the flow demonstrates the steady-
state nature. Flow is in steady-state when the U,=0.25 and U,=1.0. Except the
oscillations in pressure, the flow is steady for the remaining variable when U,,=0.5
and U,=1.0. Phase diagrams also suggest the same. Similarly, except for pressure
for U,=0.75 and U,=1.0, the flow attains a steady-state at X = 10.

Heat transfer characteristics of combined jet flow is described in chapter 10.
It is observed that in the far downstream region, the Nu, increases with mass
flow rate, i.e, by increasing either the wall jet or offset velocity keeping the other
constant. At the same mass flow rate, when the U, and U, are interchanged, the
Nu, is more when the U,,=1.0. In the far downstream location, the Nu, is same
irrespective of the jet velocities. Comparison of two boundary conditions (i.e.,
constant temperature and constant heat flux conditions) demonstrated that at the
same conditions Nu, is more in case of constant heat flux condition. As Re is

increased at any location in the flow domain, 6, also increased. Approximately
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linear increase of percentage of change with Re suggests that the Nu increases
linearly. Average Nusselt number is found maximum in the case of U,=0.25 and

U,=1.0 which is 5% higher than when the jet velocities are interchanged.

11.2 Scope for Future Study

In the present study the wall jet, offset jet and combined jet are investigated.
Similar study can be carried out for an impingement jet. In case of wall jet flow,
the free stream motion can be considered for similar study. An empirical relation
for OR and reattachment length gives more insight in the study. Heat transfer
study can be carried out for the free stream motion for the numerical study as
carried out by Hoch and Jiji [13]. In case of combined jet, spacing between the
jets is taken one (d/w=1). The flow features can be observed by varying the
spacing between the jets. Similarly, considering the two offset jets spacing between
them and height of offset jet from the wall can considered as parameters of study.
Transient study of a combined jet flow in case of periodic vortex shedding gives
the good understanding of vortex frequency and its behavior. Buoyancy effects
are neglected in the entire study. The work can be extended to understand the
effect of buoyancy in the geometry and problems considered here. Similarly mixed
convection can be done to understand the importance of buoyancy compared to

forced convection.
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Appendix A

Deriving the expression for heat

flux in the fluid side

At the interface between the solid and fluid, the following conditions are applied.

o 0, = éf at the interface.

e heat transfer across the interface must be equal.

wall heat flux in the fluid side is given by:

3 1

(510 — gp,f)cg ki

= A..l

9 Pry(Xlog(EY*) + P) (A1)
Where Py pee-function, which is given by:

Pr Pr

= -1 140.2 — A2

Pr =924 (Prt> ] X [ +0 Sexp( OOO?Pn)} (A.2)
Heat transfer in the solid side is given by:

1 (ks 09 1 (ks b — O
= s ) s ’ A3
© Re.Pr (kf) Y  Re.Pr (k:f) AY (A.3)

Interface temperature is calculated by equating Eqns. A.1 and A.3. where 0, ¢, 0,
are neighbor temperatures in the fluid and solid regions.

Total heat transfer (Q)) is given by:

= [ Quir= [ Qs (A1)
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Appendix B

Deriving the expression for

Nusselt Number Calculation

Niig="  p Ty= Ty x 2 = 4 toh (B.1)
k « pCP UO(Tw E ) v
w P
Ny, = T P e (B.2)
PCPUO(Tw -1 )
We can write the above equation as:
Nuy— —do Pre  (Th=Tin) (B.3)
pCoUs(Toy — Tin) (T — Tin)
The non-dimensional heat flux is defined as:
Quw
Guwn = — (B4)
PCPUO(Tw — Tin)
Finally:
P
Nu, = w. (B.5)

since 0.,=0.
Which is used for calculating the Local Nusselt number distribution. The average

Nusselt number is calculated as:

— 1 [t
Nu = —/ Nugdx (B.6)
L Jo
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Appendix C

Definition of the constant heat

flux at the solid wall

Heat flux at the bottom of the wall is given by:

oT
g= _k&’@—y (Cl)

Since the heat flux across the wall is non-dimensionalized by the Q,.; = pc,UyAT.
Here AT is some assumed temperature difference. So the same reference heat flux

is used to non-dimensionalized Eq. C.1. Finally Eq. C.1 becomes,

ks 00 1

@ = "k OY Re.Pr

(C.2)

In the present calculations Reynolds number is constant in all cases. In order
to give the same heat flux at the bottom wall in all cases @y, is taken as 1/Re (heat

flux applied @, = 1/Re).
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Appendix D

Validation of the code

D.1 Channel Flow

In this case Re is defined on the basis of channel half-width. The length of the
channel 35 is taken. The non-dimensionalized boundary conditions are provided
as input to the solution. At the inlet of the channel, U = 1.0 and V' = 0 are the
boundary conditions for the velocities. For the turbulent kinetic energy equation,
the boundary condition at inlet of channel is k,, = 1.5I% where [ is the turbulence
intensity and is equal to 0.02 [51]. For the dissipation equation, the boundary
condition at inlet is €, = k,ci*/l, where I = 0.07h [51]. At the solid walls
of the channel, no-slip boundary condition is used for velocities. At the exit of
the channel, Neumann boundary conditions are provided i.e. d¢/0On = 0 where
¢ =U, V, k, and ¢,. The results are presented in Fig. D.2 and are in good

agreement with the experimental solution.

D.2 Square and Rectangular Cavities

The domain size 1 x 1 and 1 x 3 is considered for square cavity and rectangular

cavity respectively and the schematic diagram is shown in Fig. D.1. In both the
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- W

X Square cavity (H=W) Rectangular Cavity (H=3W)

Figure D.1: Schematic diagram of square and rectangular cavities

cases bottom of the lid is moving at a constant velocity and Re is defined based
on the width of the cavities. Re=4.8 x 10° and 2 x 10° for square and rectangular
cavities respectively. The non-dimensionalized boundary conditions are provided
as input to the solution. Since the bottom of the wall is moving U=1.0 is taken.

At the all walls of the cavities, no-slip boundary conditions are used for velocities.
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Figure D.2: Validation study with channel flow at Re=65600
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Figure D.3: Validation study of square cavity flow at Re = 4.8 x 10°
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