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ABSTRACT

Jet impingement cooling is considered to be one of the better techniques
of achieving an especially high heat transfer improvement and hence is
employed in several engineering applications. Various ribs shapes
mounted on the target surfaces can be used to achieve high thermal

performance.

In the present investigation, the fluid flow, heat transfer, and entropy
generation for the confined slot-jet impinging have been numerically and
experimentally investigated. Three various shapes of the ribs, namely;
wing, oval, and flat ribs, which installed on the impinging target plate are
used. The effects of different parameters such as rib shape, heights of rib,
the spacing between the stagnation point and the rib, jet Reynolds number
on the heat transfer and flow fields have been presented and discussed.
Validations of the numerical results with previous investigations available
in the literature have been conducted and a good agreement between the
results is noted. On the other hand, the numerical results have been

compared with the experimental data, and good concords are achieved.

Results indicated that the average Nusselt number, pressure drop, and
average total entropy generation increases when jet Reynolds number
increases, rib height increases, and the spacing between the stagnation
point and the rib location decreases. While the performance evaluation
criteria increased with increasing rib height. It was found that the peak
values of the average Nusselt number enhancement around 90.01, 74.16,
and 65.34% for the wing, oval and flat ribs at rib height of 2 mm, rib
location 10 mm and jet Reynolds number of 4000, 4000, and 3000,
respectively. While the best performance evaluation criteria up to 1.682
which provided by the wing ribs at the rib location of 10 mm, rib height
of 2 mm, and jet Reynolds number of 3000.
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CHAPTER ONE
INTRODUCTION

1.1 Background

Jet impingement is widely utilized to cool or heat solid surfaces.
Generally, the heat transfer by jets impinging is better than that obtained
with conventional convective transport methods. The technique of jet
impinging cooling has higher rates of heat transfer compared with the
technique of horizontal flow cooling. Therefore, certain practical
impinging jet applications occur in industries where the requirements of
the heat transfer have exceeded the ordinary capacity cooling and heating
techniques. The range of applications of industrial jet impinging include
cooling of electronic components, cooling of gas turbine blades, the
cooling of the outer of combustors wall, drying of textiles and paper,
annealing of metals as well as the tempering of glass [1, 2], as shown
Figure 1.1. In various applications, the concept of heat transfer
improvement has attracted significant attention by investigators in order
to provide the increasing need for greater efficiencies in these
applications. The improvement of heat transfer in jet impingement can be
carried out utilizing different methods, which are categorized into three
categories [3, 4]: active, passive, and compound methods. The active
method includes external power input to improve heat transfer such as
electrodynamics, spray, mechanical aids, and fluid and surface vibrations.
Due to the costs, and the concerns connected with acoustic noise or
vibration, this method has attracted little financial interest. While the

passive heat transfer improvement methods do not need the external power



source such as using; extended surfaces, Inserts (for example; ribs, plates,

and baffles), surface modification, additives used, and treated surfaces.

This method often consists of growing the area of the transfer surface.

When two or more of these methods are utilized simultaneously to

improve heat transfer, this term is known compound method. In general,

due to the acoustic of vibration and noise in the active methods,

researchers choose the passive methods for enhancement in heat transfer.

inlet diffusor

pin fin
diffusor:

A inlet
" outlet

impinging
jet nozzles

% inlet

oulet diffusor 25 mm

i
I
I
i
pin fin : impinging jet

cooling chamber; cooling chamber

back side

l inlet
nozzle +

width

IGBT module 4
(front side)

nozzle
length

height

Figure 1.1: Application of jet impingement in the cooling of electronic components

[5].



1.1.1 Impinging Jet

The impinging jet can be categorized into two types: free jet impinging
and submerged jet impinging [6]. In the first case, the fluid released by the
jet impinging has a various density and nature than of surrounding fluid.
While the other case, the fluid released by the jet impinging is the same
density and nature of the surrounding fluid. In the free jet case, this type
of unstable is usually not significant and turbulent movement in the shear
layer is not being an essential influence on the flow. In the submerged jet
case, the shear layer is formed at the interface between the surrounding
fluid and the jet impinging fluid. This layer is unsteady and generates

turbulence. Figure 1.2 displays these two cases.

(b) -

Shear layer
(turbulence)

Figure 1.2: Types of impinging jet (a) Free impinging jet, (b) Submerged impinging
jet [6].

Moreover, there is a distinction between the types of impinging jets such
as unconfined and confined impinging jets. In the unconfined impinging
jet, there is no upper surface or confinement, so after it impinges on an
impinging target plate, the impinging jet flow is free to expand. The air
atmosphere has a significant influence. In the case of a confined impinging
jet, the fluid stays surrounded between two surfaces (orifice surface and
target surface) during its flow. The air atmosphere has a very low
influence. In this case, in order to influence the re-circulation zone, flow

configuration, and improve heat transfer, the target plate is appropriately

3



close to the jet flow [7]. Thus, it is vastly employed in the cooling of
electronic components. Figure 1.3 illustrates the different between the

unconfined and confined impinging jets.

(@) Jet (b) Jet
‘ Flow “/ \ Flow ‘/
L I

Target surface Target surface

Figure 1.3: (a) Unconfined impinging jet, (b) Confined impinging jet.

1.1.2 Impinging jet regions

When the fluid jet has been impinged on the target surface, three major
regions are specified according to previous investigations [2, 6 and 8].
These zones are known as wall jet zone, stagnation zone (impingement
zone), and free jet zone which can be described as below (as shown in
Figure 1.4):

% The wall jet zone: due to the viscous influences in this zone, the
fluid flow velocity near the wall jet is low.

% The stagnation zone: the ambient fluid impinges upon the target
surface in this zone, and develops a sudden change of direction. The
local stagnation point is generated when the flow strokes on the
target surface.

¢ Free jet zone: There is no significant influence of the wall in this

zone on the flow field.

Generally, the free jet zone can be divided into three regions:



% The potential core region: the velocity stays fixed and equal to the
velocity of jet exit. The potential core length depends on the
intensity of turbulence in the jet exit and the profile of initial
velocity.

% The developing region: this region is characterized by the
degeneration of the profile of axial velocity due to significant shear
stresses at the boundary of the jet. These significant shear stresses
enhance additional fluid entrainment and generate turbulence.

¢+ The fully developed region: The velocity profile is fully developed
after the developing region; the jet expands linearly in the fully

developed region and the axial velocity decay is also linear.

In addition, the flow experiences a sudden change of direction and slows
after the impinging between the target surface and flow in the wall jet

zone.

—

Confinement surface

Potential core .
Developing

region

Free jet region

Impingement surface

Fully
developed
region

4
Potentia}
core region

F——— res——

Wall jet region Stagnation region Wall jet region

Figure 1.4: Schematic diagram of impinging jet regions [8].



1.2 Problem Statement
Due to the miniaturization of the electronics components or devices along
with the faster operational speed, the enhancement of thermal
performance of such components or devices became very important to
meet all the practical applications. In addition, the electronic devices
should be operated in the ranges of a specific temperature. The exceeding
allowable temperature, the devices will be under serious problem.
Therefore, in order to keep the operating temperature constant, the cooling
system must dissipate the generated heat. Generally, the temperature of
fluid near the wall (impinging target surface) is always higher than the
fluid temperature in the core region of the channel. Using combined
techniques of heat transfer enhancement such as ribs and jet impingement
can be enhancing the heat transfer significantly. Furthermore, the rate of
heat transfer enhances if the cold fluid at the core region is mixed with the
hot fluid near the wall. The use of various shapes of ribs on the impinging
target surface can enhance the mixing of fluids, leading to improve the
rates of heat transfer. It is hypothesized that by using impinging jets on the
heated impinging target surfaces with ribs, the mixing of fluid in channels
can be enhanced and, hence, improve the performance of the electronic
components.
Moreover, the current investigation attempts to answer the following
questions:

v" What is the effect of the jet impingement alone?

v" What is the effect of the jet impingement and ribs together?



1.3 Objectives of the Study

The study objectives can be formulated as:

1) To study the effect of different shapes of ribs such as (Wing ribs,
Flat ribs, and Oval ribs) as well as smooth target surface (without
ribs) on the heat transfer, pressure drop, and entropy generation.

2) To investigate the effect of the rib locations on the heat transfer and
flow characteristics.

3) To study the effect of the rib heights on the flow and thermal fields.

1.4 Thesis Outlines
This dissertation consists of six chapters, and it is briefly offered as

follows:

» Chapter One: Presents the background, types, and zones of an

impinging jet, problem statement, and the objectives of the present
investigation. As well as the outlines of this dissertation have been
introduced in this chapter.

» Chapter Two: Explains the literature review of experimental and

numerical studies for the conventional fluid by using jet impingement
on the smooth target surface, various shapes of the target surface and
entropy generation.

» Chapter Three: Deals with the numerical solution employed in the

present investigation. The problem description and assumptions, the
governing equations of the turbulent flow in Cartesian coordinates,
(k-¢) turbulence model, the computational grid, the governing
equations transformation from Cartesian coordinates into body-fitted

coordinates, and entropy generation equations are described. Finally,



the thermo-physical properties for the working fluid (water) used in
this investigation will be presented.

Chapter Four: The experimental setup is presented in this chapter,

followed by the operational procedure. As well as the description of
the test sections and experimental apparatus used in the present
investigation. Therefore, the procedure of data reduction is
introduced. This is followed by uncertainties calculation in the
experimental measurement.

Chapter Five: Presents the results of the numerical and experimental

obtained in the present investigation. The first section of this chapter
focuses on the grid independence test of the current CFD code and
the code validation. Then the comparison between the experimental
data and the numerical results are presented. Furthermore, the effects
of various parameters such as jet Reynolds number, the heights and
locations of the ribs, and various ribs shapes on the heat transfer and
flow characteristics as well as entropy generation are introduced in
this chapter.

Chapter Six: Summarizes the main conclusions are obtained from

the current investigation. Then some recommendations are proposed

for future works.



CHAPTER TWO
LITERATURE REVIEW

2.1 Overview

This chapter shows some reviews of previous studies that concern with
the flow field and heat transfer characteristics of impinging jet on the
target surface. The first section introduces the effect of jet impingement
on the heat transfer. The second section presents the effect of jet
impingement and ribs on the convection heat transfer. The third section

displays the effect of jet impingement on the entropy generation.

2.2 Effect of Jet Impingement on the Convection Heat Transfer

Park et al. [9] carried out a numerical investigation on fluid flow and heat
transfer characteristics of air slot jet impingement. The (k-w) turbulence
model was adopted. The two-dimensional governing equations have been
solved using the finite element method based on SIMPLE and upwind
techniques. The effects of various parameters such as the jet Reynolds
number range of (220 — 25,100) and the jet-to-target plate spacing range
of (0.5 - 4) on the skin friction coefficient of laminar and turbulent systems
and the flow field. They observed that the maximum skin friction
coefficient occurred nearby the stagnation zone. It was also found that the
highest heat transfer rate was at the stagnation point whereas decreases
gradually toward downstream. The highest local heat transfer coefficient
occurred at the maximum Reynolds number and the jet-to-target plate

spacing of 0.5.



Nirmalkumar et al. [10] presented an experimental study to investigate of
local heat transfer distribution by the normal slot air jet impingement on a
smooth surface. The data showed that the target surface was manufactured
from stainless steel foil with (length of 202 mm, a width of 91 mm, and a
thickness of 0.06 mm). They studied the effects of the jet-to- target surface
distances of (0.5-12) and the jet Reynolds number ranged from 4200 to
12,000 on a heat transfer distribution. They observed that the heat transfer
coefficient increased with increasing Reynolds number and decreasing jet-
to-plate spacing. Furthermore, they found the highest Nusselt number
happened at the distance of the jet to the target surface of 0.5 and

maximum Reynolds number of 12,000.

Caggese et al. [11] have conducted an experimental and numerical study
to investigate the heat transfer and flow characteristics of the fully
confined impinging air jet. The momentum, energy, and pressure terms
were solved by applying the second-order upwind scheme. The local heat
transfer coefficient distributions were provided a bottom wall (smooth
target surface) and the top wall (jet surface). The effects of jet Reynolds
numbers range of (16,500 - 41,800) and the jet-to-plate distances (0.5-1.5)
jet diameters. They noted that the average Nusselt number of an impinging
plate increases as the nozzle Reynolds number increases. Low dependence
on the level of the local and average heat transfer with the jet-to-plate
distances was observed for the smooth target surface, although the results
for jet-to-plate distance of 1 appeared to provide the best performance of
heat transfer. Therefore, the heat transfer rate of the impinging target
surface was approximately 40% lower compared with the target surface

which experiences impinging (stagnation) regions.

Culun et al. [12] investigated heat transfer characteristics of the air

confined multi-jet arrangement impingement on the flat impinging plate.
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The Shear-Stress Transport (SST) turbulence model was utilized. The jet
impinging flows were included inline and staggered arrays and two types
of jets were used circular jets and square jets. The impingement target

surface under a constant heat flux of 9000 W/m2 . Different jet-to-plate

spacing of (2, 3, and 4) jet hydraulic diameter and various Reynolds
numbers of 5000, 10,000, and 15000. The outlet fluid domains consisted
of three cases of one exit and (two and three) exits. Numerical results
showed that an increasing jet Reynolds number, the Nusselt number
increased. It was the highest heat transfer occurred by using square jets
compared to circular jets for one exit case. Also, it was noticed that the
enhancement of heat transfer was 73% when increasing Reynolds number
from (5000 to 10,000).

Zhou et al. [13] conducted an experiment to improve the heat transfer and
flow field using air jet impingement at narrow spacings. They used two
types of jets which were sweeping and circular jets, and the length of the
jet was 40 mm. The circular tube was 200 mm long, with outer and inner
diameters of 13 mm and 10 mm, respectively. The influences of various
coolant air nozzle Reynolds numbers varying of (Re = 5000, 10000, and
15,000) for both jets and nozzle-to-plate spacing of (0.5, 1.0, 2.0, and 3.0)
nozzle diameters on the heat transfer. The results were presented that the
Nusselt number increased with increasing nozzle Reynolds number and
decreasing narrow spacings. The heat transfer improvement for a
sweeping nozzle was better than a circular nozzle in the stagnation zones.
Furthermore, it was reported that the maximum heat transfer performance

up to 40% compared with a circular nozzle around the stagnation zone.

Fechter et al. [14] carried out a numerical and experimental study of heat
transfer characteristics by employing the single-row of five impinging air
jets cooling on a heated flat surface. The numerical part was used that the
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Shear-Stress Transport (SST) turbulence model. In this investigation, the
distribution of the jet was from inline and staggered pattern
configurations. Various Reynolds numbers between (10,000 and 40,000)
and jet-to-target spacing of 1 and 3 jet diameters. Results indicated that
with the increasing Reynolds number, the average Nusselt number
increase. Also, the discharge coefficient increased with increasing jet-to-
surface spacing. It was reported for the inline pattern configuration, the
maximum heat transfer rate occurred at jet-to-target spacing of 1 jet
diameter. Also, it was found that the discharge coefficient was
approximately 20% higher for jet-to-target spacing of 3 jet diameters over

Reynolds number range.

Manca et al. [15] performed a numerical investigation to study the heat
transfer performance using a confined slot jet impingement on the flat
impinging surface. The (k-€) turbulence model was employed. The two-
dimensional governing equations of momentum, continuity, and energy
were solved utilizing the finite volume method (FVM). The length of the
flat impinging plate, slot jet width, and height (between the impinging
plate and orifice jet) were 310 mm, 6.2 mm, and (24.8-124 mm),
respectively. The jet-to-target surface spacing of (4-20), and jet Reynolds
numbers range of (5000-20,000). They observed that the highest local
Nusselt number was at a stagnation point while the lowest value at end of
a target surface. The average Nusselt number increased with increasing jet
Reynolds number. The maximum heat transfer enhancement was up to
18% at the jet-to-target surface distance of 10. The required pumping

power was increased with jet Reynolds numbers.

Lv etal. [16] carried out an experimental study to enhance the heat transfer
using a free single impinging jet on the cylinder surface The test area

included the copper cylinder (diameter of 100 mm, and height of 50 mm).
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The effects were at jet Reynolds number between 4000 and 12,000, the jet
angles of (50°, 70°, and 90°), and the jet-to-surface spacing of (2-5) jet
diameters on the heat transfer coefficient. The results indicated that the
heat transfer coefficients increased with increasing the jet angle, jet
Reynolds number, and before the jet-to-surface distance of 4. They
observed the better heat transfer performance occurred at the impinging
point. It was shown that the maximum heat transfer coefficient was 61.4%

at jet-to-surface spacing of 4, the nozzle angle of 90°.

Chougule et al. [17] investigated the fluid flow and heat transfer
characteristics of multiple impinging jets on the target smooth surface
experimentally and numerically. The aluminum impinging flat surface
with dimensions 60 mm of length, width of 60 mm, and thickness of 6 mm
and all nozzles with diameter of 5 mm. The measurement indicated that
the different of air jet Reynolds umbers of (Re = 7000 to 11,000), nozzle-
to- target plate spacing (6, 8, and 10) nozzle diameter, and the constant
heat flux of (8333 W/mZ) applied on the bottom smooth plate. At the

surface spacing-to-jet diameter ratio of 6 and increase Reynolds number,
the temperature of the flat surface became colder. It was observed that the
minimum temperature occurred at the stagnation point. The average heat
transfer coefficient increased with increasing nozzle Reynolds number at
jet-to-target spacing of 6, where the percentage of average heat transfer
coefficient was up to 24%. The higher heat transfer enhancement occurred
at a lower target spacing-to-jet diameter ratio of 6 due to a reduction in the
impinging surface area. The deviation between the numerical and

experimental results was (x5%).

Afroz and Sharif [18] presented a numerical investigation to study heat
transfer under two-dimensional oblique twin turbulent confined impinging

slot-jet on an isothermal smooth target surface. They used two types of
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numerical turbulence models; the Re-Normalization Group (k-€) and
Shear-Stress Transport (k-w) turbulence models. The geometric
parameters included the various air jet Reynolds numbers ranged between
(23,000 and 50,000), jet-to-plate distance ratio of (2.6, 4, and 6), and jet
impingement angle of (45°-90°). They reported that the Reynolds number
and jet impingement angle played the major role for impinging the target
surface on the heat transfer. With an increasing Reynolds number, the
average Nusselt number increased. The average Nusselt number decreased
about (25-50%) with decreasing jet impinging angle from (90°- 45°) for

various jet Reynolds numbers.

A numerical and experimental study of the heat transfer on the circular
heated cylinder surface using impinging circular air jet was performed by
Singh et al. [19]. The model of three dimensional of axial and
circumferential directions. The mass, momentum, and energy
conservation equations were solved by using the Finite Volume Method
to discretize governing equations. The length and overall diameter of the
target circular cylinder were 600 mm and 50.5 mm, respectively. The
cylinder surface was subjected to the fixed heat flux. Also, the circular
pipe of the jet was made of aluminum and contained three different inner
diameters of (6, 10.5, and 12.5 mm). The influence of air nozzle Reynolds
numbers varied from 10,000 to 25,000, nozzle-to-target cylinder spacing
of (4-16) nozzle diameters, and the ratio of jet diameter to target cylinder
diameter ranged of (0.11-0.25) on the local Nusselt number. An increasing
Reynolds number of the nozzle leads to the heat transfer rate increased.
The stagnation point Nusselt number increased with decreasing the ratio
of nozzle diameter to target cylinder diameter. At higher jet Reynolds
number, as the ratio of jet diameter to the diameter of target cylinder

decreased, the local Nusselt number was less than that of a higher ratio of
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nozzle diameter to the diameter of the circular cylinder after some axial
distance. Moreover, it was observed that the local Nusselt number was
significant up to the axial direction of cylinder-to-cylinder diameter ratio
of 1 and nozzle angle of 90° in axial and circumferential directions,

respectively.

Sharif and Banerjee [20] studied numerically the flow and heat transfer
characteristics on an isothermal flat plate due to confined impinging-air
slot jet. The two-dimensional (k-€) turbulence model was used. The width
of slot-jet of 6.2 mm and the target impinging length of 100 mm. They
showed that the different nozzle exit Reynolds numbers of (5000, 10,000,
15,000, and 20,000), nozzle-to-impinging surface spacing of (6 and 8),
and dimensionless surface velocity (normalized plate velocity) varied
from (0 - 2). The constant temperature of impingement plate of 338 K and
the inlet temperature of the jet was 373 K. The results were, at the fixed
location, the local Nusselt number increased with Reynolds number and
at low normalized surface velocity for all jet to target spacing. It also noted
at the fixed surface velocity, the average skin friction coefficient
decreased while the average Nusselt number increased with increasing

nozzle exit Reynolds number for all normalized nozzle to plate spacing.

Amjadian et al. [21] carried out an experimental investigation to study the
heat transfer performance of unconfined circular jet impingement on the
heated smooth circular surface (disk). The aluminum disk diameter was
300 mm and its thickness was 4 mm. The jet diameter size of 12 mm as
well as a constant jet-to-disk surface spacing. The influence of various
Reynolds numbers between 7330 and 11,082 on the characteristics of heat
transfer and fluid flow. The smooth disk surface applied under the constant

heat flux of (1414.71 W/mz). The experimental results presented that the

highest Nusselt number appeared at a stagnation region (surface center).
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The cooling nozzle impinging system heat transfer efficiency increased
approximately 45% at Reynolds number of 7330. The minimum
temperature of the disk surface occurred at the stagnation zone, and

increased thereafter with a radial location.

Huang et al. [22] have presented a numerical investigation on an
isothermal smooth impinging surface to study the performance of the
turbulence models heat transfer using a confined impinging slot-air
nozzle. They used two types of turbulence models; the developed and
standard Shear Stress Transport (k-w) turbulences models. The nozzle
Reynolds number of (11,000, 11,400, and 20,000), nozzle-to-target
surface spacing of (2 to 9.2), and the nozzle width of (40 mm). The
impinging surface was under a constant temperature of 310 K. The results
obtained that the highest static pressure happened at the stagnation point.
The velocity was increased away from a stagnation point and also, it was
reported that the highest velocity at position-to-slot width ratio of 2 was
higher than a position-to-slot width ratio of 1. For the higher value of
nozzle-to-surface spacing, skin friction monotonously decreased after the
first maximum value along a smooth impingement surface. The standard
(k-w) model provided higher values of skin friction at jet-to-surface
spacing of 9.2. In addition, it was observed that the maximum Nusselt
number value occurred at a stagnation point. For all jet-to-surface spacing,
the developed Shear Stress Transport (k-w) turbulence model performed

better than standard Shear Stress Transport (k-w) turbulence model.

Buonomo et al. [23] numerically investigated the convective heat transfer
on the isothermal heated smooth target plate of a confined slot-jet
impingement. The two-dimensional (k-€) turbulence model. As well as
the governing equations were solved utilizing the Finite Volume Method.

The momentum and energy equations were chosen by using a second
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order-upwind scheme. They presented that the length of the computational
domain of 620 mm, slot jet width of 6.2 mm, and the distance between the
upper surface and target surface, ranged from (24.8 to 120 mm). The inlet
temperature of the jet was 293 K and the bottom plate of the target with a
constant temperature of 343 K. They studied the jet Reynolds numbers
range from (5000 to 20,000), nozzle-to-wall target spacing varied from (6-
10), and the plate-jet velocity ratio (dimensionless surface velocity)
between (0 and 2). Results showed that the average Nusselt number
increased with increasing nozzle Reynolds number, and plate-jet velocity
ratio. The local Nusselt number at the impingement point started from the
highest value for the stationary surface at the value of quasi-uniform in a
downstream zone for the velocity surface of 2. In addition, the
enhancement of heat transfer was not depending significantly on the
nozzle-to-target moving surface spacing. It noted that the average skin
friction coefficient increased with increasing dimensionless surface
velocity and decreased with increasing Reynolds number for all jet-to-
target spacing. However, it found that both moving and stationary
conditions, the maximum local Nusselt number increased about 20% for

a heated plate.

Adimurthy and Katti [24] performed an experimental investigation of
local distribution of heat transfer and wall static pressure of impinging air
unconfined slot-single jet cooling on the smooth target surface. The
impinging surface made of stainless-steel foil with thickness of (0.06 mm)
and the dimensions of the slot-jet geometry were high of 4.5 mm, width
of 4 mm, and length of 90 mm. The effects of the exit jet Reynolds number
ranging from (2500 to 20,000) and jet-to-target surface spacing (jet-to-
plate distance to hydraulic diameter of jet) on heat transfer distribution and

fluid flow characteristics. The results of the experiments showed that the
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coefficient of wall static pressure was independent of jet Reynolds number
in a range from (5000-15,000) for all nozzle-to-surface spacing. At
Reynolds number of 5000, the wall static pressure at a stagnation point
decreased with an increase in the jet to plate spacing. Furthermore, the
Nusselt number values were the maximum at a stagnation point for all
Reynolds number and jet-to-target spacing. An increase in Reynolds
number, the average Nusselt number increases. It was also observed that
the average Nusselt number decreased gradually with further increases in
nozzle-to-plate spacing. At jet-to-target spacing of 4 and any Reynolds

number, the heat transfer rate was higher at the potential core zone end.

A numerical investigation of heat transfer using a confined axis-
symmetric impinging circular jet on the heated surface was presented by
Huang [25]. The Shear Stress Transport (k-w) turbulence model was
employed. The governing equations of continuity, momentum, and energy
were solved utilizing the Finite Volume Method. Furthermore, the
diameter of the jet orifice and the radius geometrical configuration of 2
mm and 16 mm, respectively. The various circular jet Reynolds numbers,
and jet-to-plate spacing were presented. The results presented at various
Reynolds numbers from 5000 to 30,000, nozzle-to-target surface spacing
of (1-5) nozzle diameters, and constant heat flux of (500000 W/mz)- They

found that the highest local Nusselt number occurred at the stagnation
point zone and the average Nusselt number increased with increasing
Reynolds number. It was also observed that the peak average Nusselt
number was up to 15% at Reynolds number of 30,000, and jet-to-plate

spacing of 2.
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2.3 Effect of Jet Impinging and Ribs on Convection Heat Transfer

Xu et al. [26] carried out a numerical investigation of the behavior of heat
transfer and flow under twin impingement air slot-jets on flat and rough
plates. The governing equations were solved utilizing the Finite Volume
Method. The Re-Normalization Group (k-g£) turbulence model was
performed. The nozzle Reynolds number varied from (2000 to 14,000),
nozzle-to-target spacing of (2-7), nozzle separation-to-slot width of (1-6),
roughness amplitude of (0 - 40%), and roughness frequency of (100 to 400
HZ) as well as constant impinging target temperature of 300 K. Results
illustrated that the local Nusselt number for twin-slot impinging jets on
the rough plate was significantly higher compared with the flat plate. Also,
they found that the Nusselt number can be improved with surface

roughness increase in the wall jet region.

Attalla et al. [27] investigated an experimentally heat transfer on the rough
impinging target plate employing an impinging air circular jet. The target
plate by a micro-cubic pin size was (0.4 x 0.4 mm) with various depths of
(0.1, 0.2, and 0.3 mm). They studied several parameters such as roughened
degree (rough plate area to flat plate area ratio) varied between 1 (for flat
plate case), 1.64, 2.28, and 2.91, jet to impinging plate spacing range of
(1-9), and Reynolds number ranged from 3150 to 10,150. Results
illustrated that the local Nusselt number for a rough impinging surface was
enhanced ranging of (9.9 to 32.17%) compared to flat plate. This
enhancement depended on Reynolds number, roughened degree, and jet-
to-impinging plate. Moreover, it reported that the enhancement factor was
enhanced by (8.9, 16, and 24%) for the roughened degrees of (1.64, 2.28,
and 2.94), respectively.

Mondal and Singh [28] numerically investigated the influence of convex

protrusion on target surface using a single air slot-jet impingement. The
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numerical model simulation was carried out using Shear Stress Transport
(k-w) turbulence model. They conducted that the performance of heat
transfer over heated surface and a staggered nine by nine hemispherical
(protrusion) convex dimple array. They used that the Reynolds numbers
between 2750 and 11,000, fixed jet-to-plate spacing of 4, ratio of dimple
depth to dimple diameter of (0.2), and ratio of the width of slot to the
diameter of dimple of (0.5). It was noticed that when increased jet
Reynolds number increased the Nusselt number over the flat plate as well
as on a dimple plate at constant nozzle-to-surface spacing. Moreover,
negligible Reynolds number influence was seen on a back and front
locations of protrusions. The results were indicated that the heat transfer
rate up to 50% in the case of the dimple presence (protrusion surface)

when compared with the smooth plate.

Sagot et al. [29] conducted an experimental investigation of heat transfer
enhancement with the axis-symmetric grooves on a circular plate using air
jet impingement. The impingement surface was an aluminum circular
surface with thickness and radius of 3 mm and 24 mm, respectively. Two
grooves were triangular or square cross-section with width, depth, and
pitch of (1, 1, and 2 mm), respectively. The experimental results showed
at a constant jet-to-target spacing of 2 jet diameters and Reynolds numbers
between 15,000 and 30,000. They found that the average Nusselt number
increased up to 80% for a square groove when compared with a smooth
surface reference case. This heat transfer performance was attributed to
secondary flows generated inside grooves. The vortex was more shedding
and vigorous frequently in the case a square groove. This is due to a greater
heat removal from a surface with compared to smooth and triangular

cases.
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The flow and heat transfer characteristics in an impinging multi-jet
cooling system were evaluated numerically and experimentally by Wan et
al. [30]. The Shear Stress Transport (k-w) turbulence model was
presented. Different types of the target plates were used: flat surface, and
(inline and staggered) square-pin-fin roughened surfaces. The model
dimensions were included that the impingement surface length of 300 mm,
jet diameter of 10 mm, and the distance between jets to target plate of 30
mm. The cooling air Reynolds number ranged from 15,000 to 35,000. The
results were obtained that when Reynolds number increased, all the
average Nusselt numbers increased. It was observed that the overall rate
of heat transfer on the inline-pin-fin surface leads to an increase up to
34.5% as compared with the flat surface. The performance of heat transfer
on the inline-pin-fin surface was better than that a staggered-pin-fin

surface.

Ahmadi et al. [31] conducted a numerical study of heat transfer and flow
field characteristics on a circular concave surface using a turbulent
confined-slot impinging jet. Using Control Volume Method, momentum,
mass, and energy conservation equations have been discretized. The
pressure and velocity coupling were developed employing the SIMPLE
algorithm. The circular concave with a diameter of 150 mm, and a width
of the inlet jet equal to 5 mm. The data were obtained at Reynolds number
of (Re =4740, 7100, and 9000), the nozzle-to-plate distances of (3-10, and
constant heat flux on the concave surface of (5000 W/mz). They found
that the local and average Nusselt numbers, pumping power, and pressure
drop increased with increasing Reynolds numbers. Also, the highest heat
transfer occurred in an impinging zone. The maximum improvement of

the heat transfer rate occurred at the nozzle-to-plate spacing of 5.
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Beitelmal et al. [32] presented an experimental investigation of the surface
roughness influences on the heated surface using a single impinging air
circular jet to increase the average Nusselt number. Two different circular
target plates were made of the aluminum with a thickness of 2.0 mm and
a diameter of 70 mm, one of the plates with a smooth surface and the other
plate with some roughness added to a target surface. The roughness shape
was the circular array of the protrusions (dimples) of 1.8 mm spacing, 0.5
mm base, and 0.5 mm height. As well as the jet diameter of 6.85 mm. The
jet exit Reynolds numbers ranged from 9600 to 38,500. The temperatures
were measured at the nozzle-to-target surface distance between 1 to 10 jet
diameters. Results indicated that the average Nusselt number for both
surfaces increased with increasing Reynolds number. The surface
roughness protrusions disrupted the thermal boundary layer causing an
increase in the average Nusselt number up to 6.0% when compared to the
smooth surface. The highest heat transfer enhancement was at the jet-to-
plate spacing between (4 and 8) jet diameters. The maximum deviation

between experimental values and correlations was less than 10%.

Oztekin et al. [33] studied an experimentally and numerically the heat
transfer characteristics of a turbulent slot air jet impinging on the concave
plates. The convection terms in a momentum equation were obtained by
applying the second-order upwind scheme. Also, the pressure-velocity
coupling was solved by using a SIMPLE algorithm in the numerical
simulation. The impinging aluminum flat surface was the dimensions of
length, width, and thickness of (90, 63, and 0.2 mm), respectively. As well
as the radiuses of a concave plate of (45, 65.25, and 117 mm). They
showed that the effects of jet Reynolds numbers (Re = 3423-9485),
nozzle-to-impinging surface spacing (1-14), and the curvature radius ratio

of (0.5, 0.725, and 1.3) on the average Nusselt number were studied. They
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noted that the average Nusselt number increased with increasing Reynolds
number, curvature radius, and decreasing jet-to-impinging surface
spacing. The highest Nusselt number happened at jet-to-impinging plate

spacing of 1 and the curvature radius ratio of 1.3.

Zhou et al. [34] conducted an experimental investigation on the concave
surfaces to study the heat transfer characteristics using air circular jet
impinging. The impingement aluminum surfaces were at a constant length
of 150 mm, thickness of 2 mm, and different diameters of (100 and 200
mm). The steel pipe with 16 mm inner and 20 mm outer diameters. The
jet also was located inside of the steel pipe with diameters of (1, 2, and 3
mm). The experimental results were indicated that the jet Reynolds
numbers (Re = 27,000 to 130,000), nozzle-to-plate distances ranged from
(3.3 and 30) jet diameters, and surface curvature ratio of (1-2.6). They
reported that the average Nusselt number increased with increasing jet
Reynolds number, surface curvature ratio, and decreasing nozzle-to-plate
distance. Furthermore, they found that the better heat transfer performance

was at the surface curvature ratio of 2.6.

Xing et al. [35] carried out a numerical and experimental investigation
of heat transfer of multiple air flow jet impinging on the flat surface and
the micro rib-roughened surface. The impingement target surface was
made of Perspex and with length of 450 mm. The micro-rib roughened
surface dimensions were height, width, and pitch ribs of (1, 1, and 5 mm),
respectively. The effects of jet Reynolds number range of 15,000, 25,000,
and 35,000, crossflow of (maximum, medium, and minimum) schemes,
and jet-to-target surface spacing range of (3, 4, and 5) jet diameters on
heat transfer and pressure loss. For both smooth surface and rib roughened
surface, the highest heat transfer coefficient occurred at the jet-to-surface

spacing of 3 jet diameter and for different crossflow schemes. In a
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downstream part, the heat transfer performance was better than that of an
upstream part. The maximum improvement of heat transfer of the rib
roughened surface area was up to 40% compared to the flat plate at
Reynolds number of 35,000, the distance of jet-to-plate of 3, and a

maximum crossflow case.

Shukla et al. [36] presented a numerical study of the slot-jet impingement
to investigate the influence of the ribbed-rough impinging surface on the
characteristics of flow and heat transfer. The standard (k-€) turbulence
model and Shear Stress Transport (k-w) turbulence model were
introduced. The convective and diffusive terms of governing equations
have been discretized employing the second-order upwind and second-
order central difference schemes, respectively. The SIMPLE method was
utilized for a pressure and velocity coupling. The jet-to-impinging surface
spacing (4, 8, and 9.2) and jet Reynolds number ranging from (5500 to
20,000). The results showed that the highest values of Nusselt number
occurred at the stagnation zone vicinity for jet-to-surface spacing of 8 and
Reynolds number of 5500 on the ribbed surface. It was also observed that
the local Nusselt number prediction was more with a ribbed surface
compared to flat surface. In addition, it found that the prediction of Nusselt
number from (k-g) turbulence model was more accurate than (k-w)

turbulence model.

El-Gabry and Kaminski [37] conducted an experimental study to
investigate the influence of the plate roughness on the heat transfer using
air jet impinging arrays. The diameter of the jet was 1.27 mm, and the
distance between jets was 6.35 mm. The angles of jet were ranged between
(300, 60°, and 90°) which measured an impinging target plate, which was
either a flat plate or a randomly roughened plate. In this work, the

measurements were presented that the Reynolds numbers varied from
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(15,000 to 35,000), and the jet-to-target spacing of (1 and 2) jet diameters.
The results showed that, when jet Reynolds number increased and jet
angle increased, the average Nusselt number increases. As compared with
a smooth plate, the average Nusselt numbers increased with the use of the
roughness plate and produced the distribution of uniform heat transfer. In
addition, the influences of the jets impinging angle of 90° (normal jets
impinging) on both plates have the highest average Nusselt number
occurred at jet-to-target spacing of 2 jet diameters compared to the other

cases.

Zhang et al. [38] introduced an experimental and numerical study of heat
transfer and flow characteristics of impinging a single jet on a dimpled
target plate. They used that the dimpled target surface was the thickness
of 15 mm and with a (660 x 660 mm) square surface and the protrusion
diameter was as large as 44 mm. In this paper, the various effects of air
nozzle Reynolds number of (5000, 10,000, and 23,000), protrusion
relative depth of (0.1, 0.2, and 0.3), and constant distance of jet-to-target
surface of 2 jet diameter on the local, stagnation, and average Nusselt
numbers were studied. The local Nusselt number increased with
increasing nozzle Reynolds number. Furthermore, when a wall nozzle
passes into dimple (protrusion) edge zone, the local Nusselt number
decreased with increasing protrusion relative depth. The stagnation
Nusselt number increased with increasing jet Reynolds number The
stagnation Nusselt number on dimpled target plat was large than of smooth
target plate. The overall heat transfer improvement was obtained by the
performance of heat transfer in the stagnation zone and an increase of

dimple sphere area.

Lafmajani et al. [39] presented an experimental study of heat transfer

characteristics on the convex heated surface using impinging jet. They
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used that the aluminum convex surface with dimensions were; length of
130 mm, width of 40 mm, radius of 200 mm, and the slot jet with length
of 40 mm and width of 1.6 mm. The results presented that the effect of
various Reynolds numbers varying between 1803 and 2782 on the heat
transfer coefficient. They reported that the local and average heat transfer
coefficients increased with increasing Reynolds numbers. Also, they
found that the maximum performance of the average heat transfer

coefficient up to 32.78% happened at Reynolds number of 2037.

Tan et al. [40] studied enhancement of heat transfer on the rib-roughened
plate for closed-one side of a semi-confined channel using air jet
impinging. The impinging target was made from the copper plate with ribs
of 60 mm length, with width of 35 mm, and thickness of 1.5 mm. The
height and width of the ribs were all constant as 1 mm, and the rib-pitch
was constant as 8 mm. Three types of rib configurations were included V-
shaped ribs, inverted V-shaped ribs, and orthogonal ribs. They presented
that the jet-to- surface spacing range of (1-3) jet diameters, different air jet
Reynolds number from 6000 to 30000, and constant heat flux of

(8000 W/mz). The results showed that the convective heat transfer was

stronger at the lower jet-to-surface spacing because of the higher flow
velocity in the channel, and it was observed that the convective heat
transfer performance up to 30% in a ribbed region when compared with a
smooth channel. Also, the convective heat transfer enhancement by using
inverted V-shaped rib appeared to be advantageous. They reported that the
flow coefficient inside a smooth channel was higher than a rib-roughened
channel. However, they found that the flow coefficient of a rib-roughened

was decreased (5-10%) compared with the smooth channel.
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The effects of the plate roughness on an impinging target plate using an
impingement cooling jet array were presented experimentally by Buzzard
et al. [41]. The plate roughness shape was the rectangle in a combination
with the larger rectangular-pin. The small rectangle roughness
combinations and large-pins were studied together with a small
rectangular roughness array only. The experimental tests were presented
with air cooling at nozzle Reynolds numbers of (900-11,000). It showed
that the higher local Nusselt numbers occurred with a small rectangle
roughness, as compared with the surfaces including a large combination
and small rectangle roughness at the low jet Reynolds number. The
surfaces with the small combination and large rectangle roughness,
presented higher local Nusselt numbers than other surfaces at the high jet
Reynolds number. Also, for the all-jet Reynolds number, an increase in
the height of small roughness led to the higher value of local Nusselt

numbers.

2.4 Effect of Jet Impingement on the Entropy Generation

Xu et al. [42] carried out a numerical study of heat transfer and entropy
generation of slot air impinging jet on the rough target surface. The
numerical simulation was two-dimensional a (sinusoidal wave) model on
the target surface with a length of the target surface of 100 mm. Results
were at a different jet-to-plate distance (4-8) and Reynolds numbers of
(2738-10,952). They noted that the heat transfer performance for a rough
surface was significantly increased compared with that for a smooth
surface. It was also conducted that the entropy generation which due to
(viscous and heat transfer) as well as the average Nusselt number were
increased with increasing Reynolds number. In addition, they found that
the average Nusselt number for a rough target plate increased up to 40%
when compared with that for a smooth surface.
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2.5 Summary

This chapter displayed that the previous extensive review of experimental
and numerical investigations related to the characteristics of the heat
transfer and flow field using the single impinging jet. It was noticed that
many experimental and numerical investigations have been conducted on
the convective heat transfer of the impinging jet on the smooth
impingement target plate using traditional fluids based on the above
reviews. There are only a few experimental and numerical studies have
been performed on the influence of the impinging jet on the impinging
target surfaces (severe turbulators such as; roughness and dimples
surfaces) by using traditional fluids. Furthermore, there is no numerical
and experimental study focused on the turbulent confined impinging slot-
jet on the impingement target surface with the various shapes of ribs. In
addition, the influence of the various shapes of the ribs on heat transfer
enhancement as well as the entropy generation of slot-jet impingement has

never been investigated.

2.6 Scope of investigation
The scopes of the present investigation which utilized to obtain these

objectives are:

1) The jet Reynolds number is from 3000 to 8000 as well as the water
is used as the working fluid.

2) Three shapes of the ribs such as (Wing ribs, Flat ribs, and Oval ribs)
as well as smooth target surface (without ribs).

3) Four different ribs heights; 0.5, 1, 1.5, and 2 mm for all ribs shapes.

4) Three different ribs locations (i.e., three different distances from the
stagnation point to the rib) which are 10, 20, and 30 mm for all ribs

shapes.

28



CHAPTER THREE
NUMERICAL SOLUTION

3.1 Overview

This chapter introduces the numerical solution employed in the present
investigation. The first part of this chapter explains the problem
description and assumptions employed to solve the governing equations.
Moreover, the governing equations of the turbulent flow in Cartesian
coordinates are displayed. The low Reynolds number (k-¢) turbulence
model of Launder and Sharma is adopted in the present investigation [43].
The CFD code is developed using the FORTRAN programming language
to simulate turbulent flows. Furthermore, the body-fitted coordinate, the
computational grid, and the governing equations transformation from
Cartesian coordinates into body-fitted coordinates are presented. The
discretization of governing equations is described in this chapter,
employing the Finite Volume Method. Also, the entropy generation
equations and the thermo-physical properties of the working fluid are
introduced. Finally, the numerical calculations of (local and average

Nusselt numbers and the performance evaluation criteria) are included.

3.2 Problem Description and Assumptions

In the current study, the basic geometries of confined single slot-jet

impingement with different ribs shapes, which are wing, flat, and oval

ribs, attached to the impinging target surface, are shown in Figure 3.1. The

length of the impinging target surface (L) equals 110 mm, the distance

between the slot-jet and impinging target surface (H) equals 10 mm, the
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width of the confined slot-jet (W) equals 10 mm, and the ribs length (b)
equals 10 mm. Two identical ribs with a height of (a =0.0, 0.5, 1, 1.5, and
2 mm) attached to the impinging target surface, where the (a=0.0) is a
smooth impinging target surface. The first rib was located left the
stagnation point while the second rib located at right the stagnation point.
The spacing between the stagnation point and the rib (d) is (d=10, 20, and
30 mm). In addition, the flow is two-dimensional, steady state, turbulent,
and incompressible. The constant physical properties of working fluid
(water) are taken into consideration. No-slip condition is assumed on the

adiabatic and heated walls.
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Figure 3.1: Physical domain of the current study: (a) Wing ribs, (b) Flat ribs, (c) Oval
ribs, (d) Smooth impinging target surface, (¢) Dimensions of ribs.
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3.3 Governing Equations
Two dimensional governing equations of continuity, momentum, and

energy in Cartesian coordinates can be defined as follows [44]:

Continuity equation:
d d
a (U) + 5 (17) =0 (31)
u-momentum equation:
dap d [ u

) ) ) ou
a(ﬂuu) +@(puv) =~ 5 T ,ueffa] +@ [Meff@]

+6[ ov

0 ou 2
5y lerr 52|+ 35 |err 55 = 30k (3-2)
where,

Herr = U+ Ug (3.3)

v-momentum equation:

2 2 o) = =2+ 2 [y 2] 4 2 [, 22
ax(puv)-l_ay(pvv)_ 6y+6x ‘ueffax +6y ‘ueffay

d du d ov 2

+- [ﬂeff@] +3, [Heffg—gpkf] (3.4)
Energy equation:
d d ] oT ) oT
a(puT)+£(va)— E[FTa]_I_@[FT@ (3.5)
Where:

—r L A

Iy = -+ Pry (3.6)

32



3.4 Transport Equations of Turbulence Model

In general, there are two equations of (k-&) turbulence model considered
the most utilized to calculate the turbulent dynamic viscosity (u,) based
on a solution of turbulent kinetic energy (k) and dissipation rate (¢). The
(k-¢) turbulence model proposed by Launder-Sharma is one of the most
common turbulence models [43].This model is referred to as a low-
Reynolds number (k-&) model in the present study. Furthermore, it can be

defined as follows:

Turbulent Kinetic energy equation:

d ] ] ok] , 0 ok

pw (puk) + a(pvk) = [Fk a] + 3 [Fk @] + P, —ple+¢,) (3.7)

Where:

Li=u+& (3.8)
Ok

The term P, is the turbulent kinetic energy production rate. It can be

expressed as:

Pe=wleG) + G+ G2 -G s 69
Dissipation rate at wall (e,,):

g, = 2%[(%)2 + (%)2] (3.10)

Turbulent kinetic energy dissipation equation:

5 o o [, 08] , a [o€
a(ﬂu€)+@(,0”€)—a[1}a +5[5

HCfiPe = pCaf38) 7 + O (311)
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(3.13)

The turbulent eddy viscosity in the above equation is indicated by [45]:

2

k
e =Cufup — (3.14)

&

In the above equations, the empirical constants and the turbulent Prandtl

number are defined as [45]:
C, =0.09, C; =144, C; =192 (3.15)

o, =10, 0. =13, Pr, =09 (3.16)

In addition, the wall damping functions are expressed as [46]:

f, =10 (3.17)

f, =1—0.3exp(—Re3) (3.18)
~34

fu = e [ (3.19)

The turbulent Reynolds number is expressed by:

2

Re; = g% (3.20)
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3.5 Body Fitted Coordinates System

The body-fitted coordinate system is utilized due to the irregular geometry
of the present study. The irregular physical domain is converted into a
rectangular (regular) computational domain as shown in Figure 3.2. The
governing equations are transformed from the Cartesian coordinate
system (x,y) to a body-fitted coordinate system ({#) [47]; as shown in
Appendix A.

p—
=

Transforn

ml

0
0 X

VAW
)]

11 P

SN

Figure 3.2: Transformation from Physical domain (left) to computational domain
(right).

3.6 Computational Grid

In general, the computational grid used for CFD problems can be obtained
through different methods, such as algebraic and differential equation
methods. Due to the irregular geometries employed in the present study,
the method of the differential equation (which is suggested by Thompson)
can be employed to develop the computational mesh. Thus, this method is
employed to evolve the computational mesh of the present geometry
depends on Poisson equations. Therefore, the two-dimensional Poisson

equations can be defined as follows [48]:
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627‘Z+227‘Z=P(€,n) (3.21)
Tl = o) (3:22)

Where P(&,n) and Q(&,n ) are the control functions employed for the
clustering of points near the boundaries given. The procedures employed
for calculating the values of these functions are depicted in Appendix A
in detail. The above equations are turned to the computational field by an
interchange of dependent and independent variables, and thereafter

calculated the unknowns (x,y) from the bellow equations.

9%x dx dx

Q1157 — 2%2 %1 ‘|“122a 2+]2 (P¥+Q%) =0 (3.23)
0%y 2(p9y ay\ _

11552 26112 aen > + Clzz +] ( + Q%) =0 (3.24)

The 41, 912, and q,, inequation 3.23 and 3.24 are the geometry

factors can be expressed as:

q11 = B + 3221 (3.25)
q12 = —(B11B12 + B21B22) (3.26)
22 = 5122 + .3222 (3.27)

Equations 3.23 and 3.24 are solved numerically employing the Successive
Line Over-Relaxation algorithm to calculate the values of (x,y) during
each node of computational mesh [49]. Figure 3.3 displays the
computational mesh utilized in the current study. From this figure, the grid
shaped near the top and bottom walls can be noticed to be intense than that
of the channel center. In addition, the mesh can also be shown to be

orthogonal on the surfaces of all ribs.
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Figure 3.3: Computational grid of the current study: (a) Wing ribs, (b) Flat ribs, (c)
Oval ribs, (d) Smooth impinging target surface.

3.7 Transformation of the Governing Equations in the Body-Fitted

Coordinates Systems

The governing equations are converted from Cartesian coordinates to the

body-fitted coordinates as follows [44]:

Continuity equation:

}[a% (pulU°®) + %(vaC)] =0 (3.28)

u-momentum equation:
l c 9 c _ Fu u a_u
7 [af (puU®) + 3 (PUV )] 7 af (CI11 s Q12 677)]
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+ ai [F]_u (CIzz ZZ — 412 ZE)] + 7% [‘ (.3121 g? + B11B12 an)]

Zau

Tuai E (,312ﬂ11 TS + B, 617)] F]u T [ (,321B11 2¢ + B21P12 an)]

NN

+ — |7 (.Bzzﬁn Z—z + B22012 Z_Z)] - %P % [a% (.311kf) + % (,812kf)]

]677

—%[a% (B11p) + :—n(ﬁlzp)] (3.29)

v-momentum equation:

% [af (pvU°) + — (PUVC)] J af = (q“ g; ~ e ZZ)]

+ %% [% (CI22 Z_: —q12 Z_;)] + 76_5 [‘ (,3221 Z; + B21B22 077)]
2 (BoaBr 5t + B 5o)| + e |5 (BusBor 55 + BusBoa 5 )|

+ 2|2 (312321 g_? + B12B22 g_z)] - %P% [a% (Barks) + :_n (ﬂzzkf)]

Jan

_%[a% (B21p) + %(ﬁzzp)] (3.30)

Energy equation:

22 oUTy + 2 (oo = 45 2 (10 - 000 3)

1o frp(, or_ o
+] on |7 (CI22 oy Q12 af)] (3.31)

U¢ and V¢ in above equations are referred to the Contra-variant velocity
components of x and y direction as shown in Figure 3.4, these velocities

can be expressed as [50]:
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U = uy, —vx, (3.32)
V¢ =vx; —uy; (3.33)

Figure 3.4: Contra-variant velocities components.

Turbulent kinetic energy equation is:

12 00+ 2 v0)] = 12 2 (0~ 12

JoE
0 d
+%% [F]K (CI22 al; q12 af)] + P(&m) — .0(5 + &, (&, 77)) (3.34)
where,

P(&,m) = 2 {]iz [;_f (Br1w) + aa—n (,31271)]2 + [iza% (B11uw) +
%(,32217)] + __[af (B21u) to (ﬁzzu) T (ﬁnv) + (ﬁ1217)] }

2 J?

_EP - _([))1171)"‘ (,312u)+ (,32177)"' (32217)] (3.35)

w = LUL[Z (5 VR) + 2 (BVE)] + [ 2 (B1VE) +
2 (5VF)] } (336)
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Turbulent kinetic energy dissipation equation:

19 ye 9 (pye 190 |k 9 _ 0%t
7oz (pU 5)"‘6” (pV 5)] IE (Q11 2% 412 617)]

19 [T, )
+-— [ (CIzz a;_chz af)]+(clf1 Pk —pCyf, 8)£+¢£ (3.37)

Jon

Where:

b= 20t (0 (50 2+ B2+ B s (a2
2 + (2]
2 + 2 L2 (B 2+ b 22)] + [ (B 2+
bt )} 4 002+ B )]+ S (ot 2+
B + B B+ )|+ e (i

B ) + 2 {2 2 (Biabar 22+ Buabr 22)] + 2 [ (Braon 2+

]2

% (.3221 Z_? t B21B22 Z_Z)] + :_n E (.322,321 g_? +

B12B22 Z_:)]}Z} (3.38)

3.8 Discretization of Governing Equations
In the respect of body-fitted coordinate system, the general form of

governing equations and turbulence model can be written as follows[51]:

%[:—f (ppU®) + :_n (P¢VC)] = %a% [1"]_¢ (%1 Z? d12 Zf)]
et st o3

Equation 3.39 is discretized utilizing the Finite Volume Method (FVM)
on the collocated grid as shown in Figure 3.5. The parameters of equation
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3.39 are defined in Table 3.1. The central scheme is utilized to discretize
the diffusion terms while the convection terms can be discretized by using

the second-order upwind scheme.
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Figure 3.5: Control volume employed for the discretization of the governing
equations.

Table 3.1: The parameters of general transport equation (Equation 3.39)

Equations ¢ Ty by b?
continuty 1 0 0 0
X-momentum u U+ U Su by
y-momentum v Sy by
Energy T ki/Cp+ pue/Pry 0 0

Turbulence kinatic
k U+ He/Ok Py — pe 0

energy

Energy dissipation

€ u+ Ut/o-s (Celfelpk - pCerezg)g/k 0

rate

41



The integration of the convective, diffusion, and source terms on a control
volume of around node P are given in Appendix A in detail. So, gathering
all of the transport equation terms for convection, diffusion and source are

as follows:

Appp = Appp + Awdw + Andy + Asps + Sy (3.40)

In the above equation, it can also be written in the following form:

Ap®p = Ynp AnpBnp + S¢ (3.41)
Here, nb refers for the adjacent nodes (E, W, N and S) of a control volume.
In the above equation, the source term S, consisting of the non-orthogonal

grid diffusion terms s® non-pressure terms by, and pressure terms bg’ IS

described as below:
Sp =S$ +bg+b (3.42)

The coefficients (Ag, Ay, Ay, Ag, and Ap) in equation 3.40 include the
conductivity of diffusion (D,, D,,, D,,and D) and the flow rate (F,,

E,, E,, and E,). So, these coefficients can be described as follows:

A = D, + max[—F,, 0] (3.43)
Ay = D, + max|[F,, 0] (3.44)
Ay = D, + max[—F,, 0] (3.45)
Ag = D; + max[—F,, 0] (3.46)
Ap = Ap + Ay + Ay + Ag (3.47)

All source terms of governing equations are given in Appendix A.
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3.9 SIMPLE Algorithms

Generally, if the pressure field is recognized, the velocity field can be
determined by solving discretized momentum equations. So, the produced
velocity field must be achieved both the momentum and continuity
equations. Furthermore, the continuity equation, which does not expressly
include pressure, can be utilized to calculate the pressure field, along with
momentum equations. The pressure field can thus be obtained employing
the SIMPLE algorithm through a coupling of velocity and pressure
equations over organized non-orthogonal grid [53]. To clarify the

algorithm, discretized momentum equations are written as:

1
ty = [ T A2ty + 52+ by + BE e P + CE (P — )
(3.48)

1
Up = [zan A;Jlb Unp + Sgl] + bv] + Bg(pe - pw) + Clg(pn - ps)

(3.49)
Here
BY = —é(Anﬁn)p (3.50)
G = =55 (A2 (351)
By = — o (nB21), (3.52)
g = —ﬁ(AfﬁZZ)p (3.53)

Where nb indicates the adjacent nodes (E, W, N and S) of a control
volume. The initial pressure value p* is estimated in order to begin the
SIMPLE algorithm calculation procedure. In Appendix A, the

components of velocity u* and v* can be calculated through solving above
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equations. The interpolation of velocity is achieved on a collocated non-
orthogonal grid to determine the face velocities for a control volume as
given in Appendix A. Moreover, the under- relaxation is employed to
reduce the dependent variables updating for each iteration. The under-
relaxation factor also can be inserted to the discretized equation as

follows:

a$ 1-a
e = Y Ay Pup +Sp + L ADY (354)

Where, a4 represents that the under-relaxation factor, and thus the

equation 3.54 can be re-written as:

ﬁcp =% A® ¢, +S4T (3.55)
ag P — 4anbpp¥nb 0] .

where,

ST =Sy +—£ 4940 (3.56)
¢ ¢ ag L PPP .

for the equation of pressure correction, the under-relaxation is explicitly

applied as showns:
Pnew — P* _|_ aP P' (357)

where, ap refers to the under-relaxation factor for the pressure correction
equation. So, 0.7 for energy and momentum equations, 0.3 for (k and &)
equations as well as 0.2 for pressure are the under-relaxation factors values

employed in the present investigation.
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3.10 Convergence Criteria

Since iteratively solved discretized transport equations, there is the
residual through two sequential iterations. For all variables, if the residual
Is less than the specified value, the iteration is stopped. Then for all
variables (except pressure), the relative convergence criteria can be

formulated as follows [54]:

R _ Znode|A$¢P_anA$b¢nb_S$|
¢ Znode|A$¢P|

(3.58)

Where Sff indicates that the source term. Considering the continuity
equation, the mass imbalance on the control volume should be checked.
Therefore, the criterion of convergence for a continuity equation is

specified by:
R = YnodelSml (3.59)

So, S, refers that the imbalance of mass which is previously expressed in
equation A.140 in Appendix A. The computation is finished if the sum of
absolute residual (i.e., Rp) is less than (1 X 10™*) for each parameter
across the computational field [55]. Finally, the solution procedure of CFD

code in the current investigation is shown in Figure 3.6.
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Figure 3.6: Solution procedure for CFD program in the present study.
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3.11 Entropy Generation
Generally, entropy generation is one of the parameters directly associated
with the second law of the thermodynamics that must be investigated in a
process with fluid flow and heat transfer in order that the design efficient
systems. The entropy generation rate is utilized to measure irreversibility
attached to flow friction, heat transfer as well as other non-idealities inside
the system due to modern thermodynamics. Furthermore, the entropy
generation in processes can be classified into three main categories which
the heat transfer and momentum are the occurring simultaneously:
v The entropy generation due to (conduction and convection) heat
transfer,
v The entropy generation due to (flow friction) viscous dissipation,
and
v The entropy generation due to (radiation) heat transfer.
The entropy generation is attached to heat transfer and viscous dissipation
influences only. While the entropy generation caused by radiation heat
transfer is conceded due to low fluid and system temperatures [56]. Thus,
the average entropy generations due to the heat transfer (average thermal
entropy generation) and the viscous dissipation (average viscous entropy

generation) for two dimensional can be defined as follows [57]:

S'III — ﬁ (a_T)Z + (6_T)2 (3 60)
gen,th. 12 [\ ox oy .

1) _ ﬂ a_u 2 a_v 2 a_u 6_1] 2

S genvi. = T {2 [(6x) + (6y) ] + (E)y t+ ax) } (3.61)

Where S" jenen. and S gen i in the above equations represent the

averages of thermal and viscous entropy generations, respectively.
Therefore, the averages of the thermal and viscous entropy generations
can be expressed as the dimensionless number by employing slot width
and thermal conductivity as follows:
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W2

(S”,gen,th)w = S”’gen,th. X k_f (3.62)
SIrr S0y w?
(S gen,vi)W = 5" genvi. X T (3.63)

Here (S'”’gen,th)w and (S”’gen,vi)w indicate that the dimensionless

number of the averages of the thermal and viscous entropy generations,
respectively. Thus, the average total entropy generation rate is the sum of
the averages of the thermal and viscous entropy generations can be

described as follows [56]:

Q24 _crn d24
S gen,total =S gen,th.+5 gen,vi. (3-64)

Substituting equations 3.60 and 3.61 in equation 3.64, gives:

A I A I Y AN S
57 gentotal = T2 [(ax) + (ay) ] + T {2 [(6x) + (631) +

u v\ 2

(EJ’&) } (3.65)
Furthermore, the dimensionless number of the average total entropy

generation represents the sum of the dimensionless number of the averages

of the thermal and viscous entropy generations can be given as follows:
(S,,’gen,total)w = (Smgen,th.)w + (Smgen,vi.)w (3-66)

Substituting equations 3.62 and 3.63 in equation 3.66, gives:

. _ kf.W2 AT\ 2 aT\ 2
(S”,gen,total)w — T r2 [(a) +(5) ]

= R RCTE I
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In addition, the previous relationships for equations A.10 and A.11 in
Appendix A are utilized to transform equation 3.67 from the physical
field into the computational field as shown below:

- ke W2 aT T\ 2 aT AT\ 2
(S gen,total)W = fT_z [(.311 %€ + B12 5) + (.321 2 + B22 %) ]

Mf.WZ
T

+ {2 [(’311 ‘;_’; + By Z—Z)Z + (,321 Z_z + B2 Z_:)Z]

(2 822 + (250 2)) } (3:68)

3.12 Thermo-physical Properties of Working Fluid
The properties of water at the temperature of 25 °C can be given in this

investigation as follows [58].

Table 3.2: Thermo-physical Properties of water at 25 °C.
p; (kg/m?®) | ps (kg/m.s) | Cps(J/kg.K) | ky (W/m.K)

997.9 0.001 4144 0.6094
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3.13 Boundary Conditions

Suitable boundary conditions of all relevant variables should be defined
on each of the boundaries for the computational field in an attempt to solve
the discretized governing equations. Although the final form for
governing equations were obtained in term of the body-fitted coordinates
system. In the same converted coordinate, the boundary conditions will be
applied. The boundary conditions of the current investigation are the one
inlet, two outlets, target surface (bottom wall), and the top wall. These

boundary conditions are described in details as shown follows:

+¢ Inlet boundary
In this boundary (Inlet of slot jet region), the distributions of the
uniform temperature and the uniform velocity are usually assumed as

follows:
v=vy,, u=w=0and T =T, =298K (3.69)

Furthermore, the turbulent kinetic energy (k;,) and its dissipation rate
(¢;,) are determined from empirical correlation depending on the
velocity at inlet and the turbulence intensity value (I, ) and hence the

inlet condition can be given as [59]:

2

k=kp = E(IO Vin)? (3.70)
3/4,,3/2

e = G (3.71)

m =" (0.07Dp)

Here (C, = 0.09) is given in equation 3.15. In present investigation,

the turbulence intensity value (I, ) at the inlet of slot jet region is 0.05
[60].
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¢+ Outlet boundary
Two outlets of the channel, the flow leaves the computational field in
the left and right directions. The suitable location of the outlet
boundary at the zone of fully developed occurs in the flow direction.
Moreover, in a direction normal for the outlet boundary, the gradients

for all variables are expressed by:

Ju ov oT ok de
5—0,5—0,5—0,5—0,311(1&—0 (372)

>

,

% Bottom wall and top walls boundaries

The condition of the uniform heat flux is applied only along the target
surface (bottom wall) of the channel. The no-slip condition for
velocities can be applied along the target surface (bottom wall) and top
walls (on the left and right of the slot jet) of the channel. Also, the
turbulent kinetic energy (k) and its dissipation rate (¢) equal to zero

[47, 49], while the top walls are assumed to be adiabatic as follows:

u=0,v=0,k=0,ande=0 (3.73)
oT dw

—| =22,  (along target surface) (3.74)
on w kf

aT

—| =0, (along top walls) (3.75)
on w

Here, w indicates that the normal for the wall. Also, the heat flux (q,,)
equal to 8000 W /m? that applied to target surface in the present
investigation. The normal derivatives for temperature at wall in equations
3.74 and 3.75 can be obtained by:

aT 1 aT aT
an , = Vi [‘hz an q12 %] (3.76)
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Where J, q,,, and g, are given in Appendix A in equations A.9, A.23,
and A.24, respectively. In addition, the pressure value at the outlet
boundary (left and right of the channel) equals zero, while the values of
pressure at the inlet and walls can be found by linear extrapolation of the
interior points for the pressure. Furthermore, the boundary conditions are

shown in Figure 3.7 as follows:

u=0, v=vy,, T=Tin
k =k;, and € = &,

Inlet

Ju —0 flow ou -0
o0& / / 0¢
a_v_ 0 €<—— _ S 6_17: 0
9 23

aT aT
—= Outlet fl Outlet flow —=0
3% 0 utlet flow R

ok 0 S % .
FI < 98

S TP o

u=0, v=0, q=q,

Figure 3.7: The boundary conditions of the present study.

3.14 Numerical Calculations

3.14.1 Local and Average Nusselt Numbers

After solving the discretized governing equations, the fields of the
temperature and flow that are then utilized to compute the local and
average Nusselt number are obtained. Thus, the local Nusselt number can
be given as [61]:

_ % dw
Nug = T @00 (3.77)
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Here, T(¢),, indicates that the temperature distribution only along the
target surface (bottom wall) and T(¢), represents that the bulk fluid

temperature that can be computed as follows [61]:

Il ppucCpTdA

Ty = —orucyan (3.78)

A

The average Nusselt number is obtained by:

1 L
Nua,, = zfo Nug df (379)
Moreover, the percentage of average Nusselt number enhancement can be

expressed as below:

Nugyr—Nugys

Ntionp (%) = [ ] x 100 (3.80)

Uqp,s

3.14.2 Thermal-Hydraulic Performance Factor

It is necessary to show how the enhancement techniques will affect the
thermal-hydraulic performance for jet impingement. Moreover, the
performance evaluation criteria PEC is employed to assess the
enhancement techniques which are utilized in the present investigation. It

can be expressed as follows [59]:

Nuav,r/Nuav,s
pec =1 o/ )3 ! (381)

Where, (f) indicates that the Darcy friction factor in equation 3.81 which
can be given as [62]:

D

— ApDPh_2
f=2p~

psu?

(3.82)

In above equation, Ap is the pressure drop and thus it can be defined as:

Ap = Pin — Pout (3.83)
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CHAPTER FOUR
EXPERIMENTAL SET-UP

4.1 Overview

In this chapter, the experimental set-up and the operational procedure
utilized to perform the experimental work are presented. This chapter
offers the description of the experimental instruments as well as the test
sections utilized in the current investigation. The procedure of the data
collection is described. This is also followed by uncertainties calculation

in the experimental measurements.

4.2 Experimental Set-up

In order to validate the current numerical results, experiments are
conducted to measure convective heat transfer and pressure drop in the jet
impingement employing water, in according to those for a numerical
investigation. The experimental set-up mainly consists of the water tank,
pipes, water pump, control valves, water flow meter, test section,
thermocouples type-K, electrical heater, AC power regulator, digital
multimeter, thermostat, and digital data logger as depicted in Figure 4.1
and Appendix B. in addition, the schematic diagram of the experimental

set-up as illustrated in Figure 4.2.
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Figure 4.1: photograph of the experimental set-up.

. Water tank

. Water Pump
. Control valve
. Bypass

. Flowmeter

. Test section

. Tube manometer
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11.Digital data logger
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14.Digital multimeter
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Figure 4.2: Schematic diagram of the experimental set-up.

4.2.1 Test Sections

In this part, the test section involves the lower and the upper surfaces and
two side walls. The lower (smooth and ribbed) target surfaces for the test
section were designed by using (Soildwork Program) and fabricated from
an aluminum plate with dimensions of 122 mm long (110 mm heated part
and 12 mm flanges thickness), 35 mm depth (30 mm heated part and 5
mm axial groove side walls), and 6 mm thick. Therefore, the ribs were
created by using (CNC) machine as presented in Appendix B. Also, the
dimensions of ribs of 10 mm length (L), 30 mm depth (Z), and 2 mm
height (a). The upper surface and side walls of the test section were made
of acrylic (sheet), 6 mm thick, to minimize the heat losses to the

surrounding. The side walls have two axial grooves with deep of 2.5 mm
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(over the length of the side wall) to avoid leakage of the working fluid
(water) from the test section. The target surface and the upper surface of
the test section were installed in the axial grooves formed in the side walls
employing thermal epoxy. The lower surface was heated utilizing an
electrical heater while the others were unheated (insulated) walls in the
experiments. Three various shapes of ribs such as wing ribs, flat ribs, and
oval ribs as well as the smooth surface were fabricated and tested in the

present investigation, see Figure 4.3.

20 mm

(@)

wk G¢

(b)

(d)

Figure 4.3: Different shapes of ribs for test section, (a) wing ribs (b) flat ribs, (c) oval
ribs, and (d) smooth target surface.
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On the other hand, the fixing method of the impinging target surface in the

axial grooves for the acrylic sheets is shown in Figure 4.4.

Acrylic Flange

Impinging Target Plate

Figure 4.4: Front view of test section after installation.

4.2.2 Inlet Slot and Exit Sections

In order to create suitable conditions of the inlet flow and the outlet flows
for the test section, three straight (inlet slot and two exits) sections have
been used. The inlet slot section was located in the middle of the test
section while the two exits were located at the right and left of the test
section. These sections were made with a thickness of 6 mm from acrylic
sheets. The inlet slot section has a vertical length of 250 mm and a cross-
sectional area of (30 x 10 mm) (Z x W) while the axial length of two exits
sections was 150 mm and the cross-sectional area of two exits was (30 x
10 mm) (Z x H). The two exit sections were fixed at the ends of the test
section using the flanges, which were made of acrylic sheets of 6 mm
thickness and it was installed on these sections utilizing thermal epoxy.
However, exit sections were connected directly to the test section
employing these flanges with fastening equipment; bolts and nuts, as

shown in Figure 4.5 and Appendix B. Therefore, it is easy to change the
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test section with other geometric shapes. Four different shapes including

the smooth surface shape were tested.

Figure 4.5: Front and top views for test section that connected with exit sections.

In order to avoid leakage of the working fluid from these junctions, a thin
layer of clear (EASYSEAL EZ 1200) silicone sealant (gasket) was applied
at the faces of the flanges. Also, all sections (test section, inlet, and exit
sections) were fabricated by CNC machine as presented in Appendix B.

4.2.3 Thermocouples

The thermocouples (type-K) with 1 mm diameter of the probes were
employed, which is considered the most common thermocouple type, in
order to measure the temperatures of the bulk base fluid at the inlet slot
and outlets of the test section and the surface temperatures of the target
surface. Moreover, the temperature of the inlet bulk working fluid (water)
was measured using two thermocouples inserted in the inlet slot-jet
section at a distance of 100 and 200 mm, respectively. While, the other

four thermocouples were that inserted into the two exit sections (two
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thermocouples were inserted in the left exit section and the other two
thermocouples were inserted in the right exit section) at distance between
two thermocouples of 30 mm for two exit sections, to measure the working
fluid outlet temperatures. On the other hand, the five thermocouples were
installed on the back face of the impingement target surface (lower
surface) of the test section to measure the temperature distribution on the
target surface. The thermocouples were inserted into holes that drilled
with a diameter of 2 mm and the depth of holes equal 4 mm on the back
side of the lower surface (on the aluminum plate) and then installed
utilizing an epoxy. The holes were distributed evenly and centered on the
back face of the impingement target surface as depicted in Figure 4.6.
These holes were located at a distance of 8, 30.5, 53, 75.5, and 98 mm.
Furthermore, the points of temperature calibration for a single
thermocouple were identified to be (0, 30, 60, and 90 °C). The single
thermocouple can be considered as the reference thermocouple while the
other thermocouples are calibrated based on the reference thermocouple.

The calibration results were displayed in Figure 4.7.

Thermocouples holes

Side wall

Figure 4.6: Bottom view for test section showing holes of thermocouples.
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Figure 4.7: Calibration of thermocouple.

4.2.4 Electrical Heater and Power Regulator

To heat the impinging target surface of the test section, an electrical heater
plate was attached to the back side of this surface. The electrical heater
dimensions were 26 mm width, 106 mm length, and 4 mm thickness. The
electrical heater was designed on the basis of the required power in the
experimental work, load voltage (0-220 V), and the power (320 Watt). The
electric heater has five holes with a diameter of 2 mm, which were
employed to insert the thermocouples during holes as illustrated in Figure
4.8. However, the heater was jointed to the AC power regulator (Variac
AC) unit which was utilized to control the current and input voltage to the
heater. The Variac AC was connected with the stabilizer to maintain the
constant voltage to be generated by the electrical heater. Also, the test

section was surrounded by three layers of fiber glass insulation with a
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thickness of 30 mm, in order to avoid the heat transfer from the test section

to the outside environment, see Appendix B.

N

. W Z ’ =
e el

Figure 4.8: Installation of test section.

4.2.5 Water Pump, PPR Pipes, and Water Tank

In order to push the working fluid into the test section, a water pump
(15WBX-15), the maximum flow rate of (26 LPM), a maximum head of
15m, and (0.15 PH, 0.6 A, 220-240 V, and 50 HZ) was used. The water
pump was connected to the water tank and the test section by using plastic
hollow pipes made of (Polypropylene Random Copolymer) that do not
allow heat transfer into the environment. The water tank was designed
with dimensions (250 x 250 x 400 mm) and a capacity of 25 liters.
Moreover, three valves were used; after and before the water pump and on
the bypass line, as shown in Figure 4.1. The amount of the water flow is
controlled by the control valve after the pumped as well as the bypass
valve. In experiments, the working fluid temperature was 25 °C at the test

section inlet, as illustrated in Appendix B.
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4.2.6 Heat Exchanger

A heat exchanger with dimensions of (450 x 450 mm) was used to cool
the working fluid. The upper part of the radiator contains an inlet through
which the working fluid exits of the test section and passes to be cooled,
and pushed from the outlet of the lower part connected to the water tank
from the upper side. The fan consists of four blades that draw air from the
surrounding and push it towards the radiator for the purpose of cooling the
working fluid inside the radiator. It has been installed on the radiator using
fastening equipment and separated by dampers to prevent vibration from

the fan, as described in Appendix B.

4.3 Measurement Devices
To evaluate the performance of the jet impingement, various parameters
such as the water flow rate, temperature of (inlet, outlet, and impinging

target surface) for test sections, and pressure drop were measure.

4.3.1 Flowmeter and Flow Sensor

The water flow meter (LZM-15T) was fixed between the water pump and
the inlet of the slot-jet section to determine the water flow rate. The water
flow rate range of (2-18 LPM) with an accuracy of £5.0% FS. To calibrate
the water flow meter, the method of stopwatch and the laboratory glass
beaker for determining the fluid flow rate was employed. In addition, a
digital water flow sensor (YF-S201), the ranged (1-30 LPM), was placed
between the final exit sections resulting from the combination of the two
exit sections with the radiator. The flow meter and flow sensor of the

water used in this study are presented in Appendix B.
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4.3.2 Manometer and Pressure Sensor

The tube manometer was attached to two pressure taps installed on the
inlet and outlet sections in order to measure the pressure drop. Also, the
flow pressure sensor was created and connected to the (LCD) display
screen using the Arduino to read the inlet and exit pressures. The pressure
values resulting from the pressure sensor were not adopted due to the
instability in the results and replaced by the tube manometer method. The

pressure sensor and tube manometer have been displayed in Appendix B.

4.3.3 Data Logger

Generally, all thermocouples mounted on the impinging target surface,
inlet slot section, and two exit sections for the test section were linked to
48-channels digital data logger (KH448G-U-NN Paperless Recorder) to
measure the temperatures of bulk fluid and the target surface. The digital

data logger is illustrated in Appendix B.

4.3.4 Thermostat

The temperature controller (thermostat) was connected with an accuracy
of (0.1 °C) to the fan, and the thermocouple in the thermostat was linked
to the water tank for the purpose of controlling the inlet temperature to the
test section. When the temperature reaches more than 25 °C, the thermostat
will connect the electrical circuit to run the fan. Also, the thermostat was
calibrated with the reference thermocouple. The thermostat is illustrated

in Appendix B.

4.3.5 Multimeter
A digital multimeter (PZEM-061) has been joined to the electrical heater
circuit for measuring voltage and current that delivered to the electrical
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heater. This device operates under a voltage range (AC 80 to 260 V),
current (0 to 100 A), and frequency (50 to 60 Hz). It has been calibrated
in the electrical engineering department. The digital multimeter is

displayed in Appendix B.

4.4 Experimental Procedure
For the purpose of conducting practical experiments, the following steps

were followed:

v The tank container was filled with the primary liquid (water), then
it was pumped by the water pump attached at the bottom of the tank
to the flowmeter.

v The required flow rate was controlled through the control valve
installed under the flowmeter to the test section. Therefore, the
working fluid was discharged through the two exit sections and then
collected in one outlet.

v The working fluid coming out from the test section was discharged
into the radiator for cooling by a fan connected to the thermostat
when the temperature of the water tank reaches higher than (25 °C)
to obtain the required temperature.

v" Also, the cold water was stored in the tank container and returned
pumping to the test section.

v' After the flow was stabilized, the electric heater is turned on, set it
to the desired heat flux using a digital multimeter waited for a time
period (one hour) for the temperature values displayed by the data
logger to stabilize, which displays the temperatures of the

Impingement target surface, inlet jet and exit for the test section.
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v Additionally, the pressure drop values were taken by measuring the
difference between the inlet and exit pressures (head) in the tube
manometer.

v" This process was repeated periodically for a whole range of flow
rates (i.e., jet Reynolds number of 3000, 4000, 5000, 6000, 7000,
and 8000).

v In addition, the experimental work was used different shapes of test

sections such as smooth target surface, wing, oval and flat ribs.

4.5 Data Reduction

The average Nusselt number, friction factor, and performance evaluation
criteria of the ribs shapes can be measured based on collected
experimental data such as the temperature of bulk fluid, target plate
temperatures, flow rate, pressure drop, current, and voltage. On the other

hand, the heat provided to the electrical heater is expressed by:

Qneater =1.V (4.1)

here, (1) and (V) indicate the current and voltage, respectively. Further, the
heat received by the working fluid from the test section is expressed as
follows [63]:

Qr = 11 Cps (Tpo = Tpin) (4.2)

where i is the mass flow rate of working fluid, C, ; is the specific heat
of working fluid and T}, , and T}, ;;,, represent the mean temperatures of

bulk working fluid at outlet and inlet jet for test section, respectively.

However, the average heat transfer coefficient is given as follows [63]:

_ Qs
av As(Tw,av_Tb,av)

(4.3)
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here, A is the area of the impingement target surface, T, 5, is the mean
wall temperature and T), 45, the mean bulk working fluid temperature.

Hence, the average Nusselt number can be determined as follows [63, 64]:

Nug, = ha;f{th (4.4)

where, k; is the thermal conductivity of working fluid, Dy, is the hydraulic
diameter of the slot jet width which can be expressed as follows:

D,=W (4.5)

From equations (4.1) and (4.2), the heat loss out of thermal insulation can

be given as follows:
Qioss = Qneater — Qf (4.6)

Hence, the error of heat balance, which is computed as:

(Ql—) x 100% 4.7)

heater

The friction factor (f) can be calculated as follows [65]:

2Dp A% Ap p
f= # (4.8)

m = ps. Vip. Ac (4.9)
Furthermore, the jet Reynolds number can be expressed as follows:
_ m Dp,

Re = 4.1
€ usAc ( 0)

where, py is the density of working fluid, 7 is the mass flow rate which is
obtained from the flowmeter, and g is the viscosity of working fluid.

A, is the cross-section area of the slot jet which is given as:
A, =W. Z (4.11)

Here, W is the width of slot jet and Z is the depth of channel.
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4.6 Uncertainty Analysis

In the present investigation, the experimental uncertainties of the key
parameters such as jet Reynolds number, friction factor, and average
Nusselt number were calculated according to the Kline and McClintock

method [66]. For example, given the key parameters, R, as follows:
R = R(X1; Xz, X3, ......... an) (412)

Here, X, X,, X5 and X,, are the independent measured parameters. Thus,

the uncertainty of R is computed as below:

Up = i\/(;TRl le)z + (;TRZ UXz)Z + (;—;3 UX3)2 4o + (6671: UXn)Z

(4.13)

Where, Uy ,Uy,, Uy, ,Ux, ~are the independent parameters

uncertainties. Also, the partial derivatives a—R, a—R, a—R,------,a—R are
ax,’ ax,’ 9x, Xy,

computed from equation 4.12

Furthermore, the uncertainty in measurements was computed for the wing
ribs with the highest jet Reynolds number of (Re=8000). The procedure of
sample calculations for the key parameter's uncertainty is illustrated in
Appendix C. It was also found that the uncertainties in jet Reynolds
number (Re) and friction factor (f), as well as average Nusselt number
(Nug,), were within + 5.20%, + 10.808%, and + 8.427%, respectively.

68



CHAPTER FIVE
RESULTS AND DISCUSSION

5.1 Overview

This chapter introduces the experimental and numerical results achieved
in the current investigation. The first section in this chapter focuses on the
grid independence test and then on the validation of the numerical solution
given in chapter three. Furthermore, the comparison of the experimental
data with the numerical results is displayed. Moreover, the influences of
various parameters such as jet Reynolds number, ribs heights, ribs
locations, and ribs shapes on heat transfer and flow characteristics have
been displayed and studied in this chapter. Also, the results of the local
Nusselt number and the contours are displayed in the right half domain

because the physical domain is symmetric around the Y-axis.

5.2 Grid Independence Test

Generally, the grid resolution determines the accuracy of the numerical
results. In order to test the mesh independence for the current
investigation, five various mesh sizes which are 361 x 51, 461 X 61,
561 x 71, 661 x 81, and 761 x 101 have been selected. The average
Nusselt number at the impinging target surface and the average friction
factor for different jet Reynolds number at a = 2 mm and d = 20 mm
using flat ribs are illustrated in Figure 5.1 and 5.2, respectively. It was
found that the mesh size of 661 x 81 (i.e., 661 grid nodes in the X-
direction and 81 grid nodes in the Y-direction) can give the grid

independence results.
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Figure 5.1: Average Nusselt number with jet Reynolds number for various mesh

Reynolds number

sizes at a=2 mm and d=20 mm.
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Figure 5.2: Friction factor with jet Reynolds number for various mesh sizes at a=2

Reynolds number

mm and d=20 mm.
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5.3 Code Validation

Generally, several comparisons with various previous investigations have
been carried out in order to check the accuracy of the CFD code developed
in the present investigation. In this section, a first comparison has been
presented between the current study and the numerical study of Manca et
al. [15]. Figure 5.3 shows the comparison of the average Nusselt number
of a two-dimension confined impinging slot-jet for a previous numerical
investigation with the present results. In their investigation, it has been
assumed that the smooth impinging target surface kept at the jet Reynolds
which; varied between 5000 and 9000 at a constant wall temperature of
343 K, inlet jet temperature of 293 K, slot width of 6.2 mm, channel height
of 24.8 mm and the non-dimensional jet-to-target surface spacing of 4. The
working fluid was water. It was noted that good results have been

achieved. Also, the deviation between these results was 6.5%.
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Figure 5.3: The comparison of the average Nusselt number for present study with
numerical investigation of Manca et al. [15].

Furthermore, the local Nusselt number for the single-slot impinging

nozzle from stagnation point to the channel exit has been presented and
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compared with a numerical investigation of Sharif and Banerjee [20].
Figure 5.4 illustrates the variation of the local Nusselt number at jet
Reynolds number of 5000, channel height of 24.8 mm, slot nozzle width
of 6.2 mm, and nozzle to target spacing of 6. They assumed that the inlet
temperature of nozzle was 373 K, impinging target plate under constant
temperature of 338 K, and utilized air as the working fluid. It is found that
the results are in a good agreement.

Moreover, the average friction factor and average Nusselt number at the
stationary impinging target surface of the impinging confined slot jet have
been calculated and compared with the numerical results of Buonomo et
al. [23]. Figure 5.5 and 5.6 display the friction factor and the average
Nusselt number, respectively at the jet-to-target plate spacing of 6 for jet
Reynolds numbers between 5500 and 8500. They assumed that the target
surface under constant temperature of 338 K and the water as a working

fluid. It found that these results are in a good correspondence.
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Figure 5.4: The comparison of the local Nusselt number for present study with the
numerical investigation of Sharif and Banerjee [20].
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Figure 5.5: The comparison of the friction factor for present study
with the numerical investigation of Buonomo et al. [23].
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Figure 5.6: The comparison of the average Nusselt number for present study with the
numerical investigation of Buonomo et al. [23].

In addition, the average total entropy generation is the two-dimensional
corrugated channel has been displayed and compared with a numerical
investigation of Rashidi et al. [57]. They assumed that the upper and lower

surfaces of the corrugated channel were kept at a constant heat flux of
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(8000 W/mz), and the fluid inlet temperature of 298 K. The results were

obtained at Reynolds number of 5500, non-dimensional wave amplitude
of 0.3, and non-dimensional wavelength range of 1, 2, and 3 as well as the
water was employed as a working fluid. It was found that the comparison
between the present results and the previous results has good consistency
as shown in Figure 5.7. Concerning the average total entropy generation,

there was a good concord between these investigations.
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Figure 5.7: The comparison of the average total entropy generation for
present study with the numerical investigation of Rashidi et al. [57].

Also, the local Nusselt number of the confined air slot-jet impinging from
the impinging point into the end of the target surface was determined and
compared with the experimental results of Cadek [67] as well as Gardon
and Akfirat [68]. Figure 5.8 shows the local Nusselt number with non-
dimensional half domain to slot width at jet Reynolds number of 11,000,
jet-to-target surface spacing of 6, flat target plate temperature of 338 K,
the air fluid inlet slot-jet temperature of 373 K, and jet width of 6.2 mm.
Regarding those comparisons, it was reported that the results have a good

consistency.
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Figure 5.8: The comparison of the local Nusselt number for present study with the
numerical investigation of Cadek [67], and Gardon and Akfirat [68].

5.4 Comparison Between Numerical and Experimental Results

The effect of several parameters such as; average Nusselt number,
pressure drop, average Nusselt number enhancement, and performance
evaluation criteria are investigated for the three different shapes of the ribs
as well as the smooth target surface. The experiments were conducted at
the height of the ribs (a = 2 mm) and the distance from the stagnation
point to the rib (d = 10 mm) over the range of jet Reynolds number
(3000 - 8000). Figure 5.9 compares the average Nusselt number obtained
from the experimental results with that obtained from the numerical
results. Three different geometries of the ribs have been investigated
which are wing, oval, and flat ribs in addition to the smooth target surface.
Generally, it can be noted that the average Nusselt number increases with
jet Reynolds number for all shapes of ribs as well as the smooth target
surface, as expected, for both the numerical and experimental results. This

IS because when jet Reynolds number increases, the temperature drop at
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the target surface increase and hence increase the heat transfer rate.
Furthermore, the wing ribs have the highest average Nusselt number for a
given jet Reynolds number followed by the oval ribs and flat ribs due to
the big size of re-circulation regions that grow in the vicinity between the
upper wall and the lower target surface and hence improve the fluid
mixing. Moreover, the smooth target surface (without ribs) has the lowest
Nusselt number as compared to the using ribs due to the poor fluid mixing.
It is also found that the average deviation between the current numerical

and experimental result is around 9.12%

170
60k - — - - Wing ribs (numerical results)
= o Wing ribs (experimental data)
150 F - - == Oval ribs (numerical results)
140 F 4 Oval ribs (experimental data)
E - == - Flat ribs (numerical results)
v 130 F . .
8 g A Flat ribs (experimental data)
= 120 3 Without ribs (numerical results)
2 110F [ ] Without ribs (experimental data) PY
= 100 ® -
2 0oF ® _2---?
Z = 4 =TT
q.>80£ ’//,/;’,
8’ 70 F e _ - A__.=7
L 60F D U=t .
< 2 Z.ooleT
50 :“ ettt
40
30 Fm
20 F
| I RN N [ T B |

10

Q [TTTT

000 4000 5000 6000 7000 8000
Reynolds number

Figure 5.9: Average Nusselt number versus jet Reynolds number for various shapes
of ribs at a=2 mm and d=10 mm.

Figure 5.10 shows the comparison between the pressure drop obtained
from experimental data with the numerical results. As expected, the
pressure drop obtained numerically and experimentally increases with jet
Reynolds number for all shapes of ribs as well as the smooth target

surface. It was found that the wing ribs have the highest pressure drop
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followed by the oval ribs and flat ribs due to the high velocity gradient at
the impinging target surface particularly in the ribs zones, as well as the
influence of recirculation zones that created at the confined upper surface
and the target surface. The smooth impinging target surface (without ribs)
gives minimum pressure drop, as predicted. Furthermore, the average
deviation between the experimental data and numerical results was about
11.14%.
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Figure 5.10: Pressure drop versus jet Reynolds number for various shapes of ribs at
a=2 mm and d=10 mm.

On the other hand, the average Nusselt number enhancement was
calculated and compared with the experimental results of the current study
for different geometries of ribs as shown in Figure 5.11. It was found that
the wing ribs have the highest average Nusselt number enhancement
followed by the oval and the flat ribs. Also, the average deviation between
numerical results and experimental data for all geometries of ribs was
about 8.24%.
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Figure 5.11: Average Nusselt number enhancement vs. jet Reynolds number for
various shapes of ribs at a=2 mm and d=10 mm.

Figure 5.12 depicts the variation of the performance evaluation criteria
versus jet Reynolds number with various ribs shapes. It is found that the
wing ribs have the best of the performance evaluation criteria (PEC)
followed by oval ribs and flat ribs at jet Reynolds number less than 7500.
In addition, the mean deviation between the experimental data and
numerical results for all shapes of ribs on the impinging target surface was
3.98 %.
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Figure 5.12: Performance evaluation criteria versus jet Reynolds number for various
shapes of ribs at a=2 mm and d=10 mm.

5.5 Numerical Results

5.5.1 Effect of Jet Reynolds Number

In this section, the streamwise velocity, isotherms, and total entropy
generation contours as well as velocity vector for the wing, oval, and flat
ribs at a=2 mm and d=10 mm are displayed and discussed. Figures 5.13
and 5.14 depict the streamwise velocity contours and velocity vector,
respectively, for various rib shapes and jet Reynolds numbers of
(Re=3000, 5000, and 7000). In general, it is clear that the working fluid
flow enters from the slot jet upon the left of the top confined plate and
impinges on the impingement target surface and leaving from the right-
hand side of the geometry field. As the flow of working fluid impinges on
the impingement target plate, an initial counter-clockwise vortex
generates on the top confined plate nearby the slot jet because of the shear

force produced by the high velocity jet on the fluid flow. Moreover, a
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secondary clockwise vortex grows downstream the rib with all shapes
close to the impinging target surface. It is observed that as the jet Reynolds
number rises from 3000 to 7000, the intensity and size of initial and
secondary vortices rise. For different jet Reynolds numbers, the other
counter-clockwise vortex occurs on the impingement target surface near
the stagnation point. The development of these vortices leads to a decrease
in the flow produced by the secondary re-circulation zone creating the

gradient of reverse pressure in the flow domain.

Figure 5.15 illustrates the temperature contours for the slot jet
impingement at various jet Reynolds numbers of (3000, 5000, and 7000)
for the wing, oval, and flat ribs. Furthermore, it can be clearly observed
that the minimum thermal boundary layer thickness occurred at the
stagnation point, and it is also growing along with the impingement target
plate. This is because of the high temperature drop that happened in the
stagnation zone. The results indicated that all ribs have an important
influence on the thermal boundary layer, disrupting these layers and thus
improve heat transfer. Moreover, the appearance of a recirculation region
downstream of all ribs can improve the hot fluid mixing close to the
impingement target plate with the cold fluid in the channel core, resulting
in raising the rates of heat transfer. Especially in the stagnation zone, the
thickness of the thermal boundary layer decrease with increasing jet
Reynolds number from 3000 to 7000.

Figure 5.16 presents the dimensionless total entropy generation contours
(which includes the effect of thermal and viscous) for different jet
Reynolds numbers and different rib shapes. It is found that the highest
entropy generation happens at the stagnation point and progressively
decreases along an impinging target surface because of the rise in the

temperature gradients at a stagnation point. Whereas the total entropy
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generation decreases along streamwise direction due to the thermal
boundary layer thickness increases. Furthermore, all ribs have a significant
effect on the total entropy generation. With increasing jet Reynolds
number from 3000 to 7000, the viscous and heat transfer entropy

generation rise owing to the irreversibility of thermal and viscous

dissipation.

81



u (m/s) e | | I e

-0.91 -0.19-0.04 0.00 0.06 0.09 0.12 0.16 0.19 0.23 0.29 0.36 0.53 0.89
(@)

Re=3000

Re=5000

Re=7000

(b)

Re=3000

Re=5000

Re=7000

(©
Re=3000

Re=5000

Re=7000

Figure 5.13: Streamwise velocity contours for various jet Reynolds number at a=2
mm and d=10 mm for (a) Wing rib, (b) Oval rib, (c) Flat rib.
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Figure 5.14: Velocity vector for various jet Reynolds number at a=2 mm and d=10

mm for (a) Wing rib, (b) Oval rib, (c) Flat rib.
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5.5.2 Effect of Ribs Heights
The effect of ribs height (a=0.0, 0.5, 1, 1.5, and 2 mm) on the flow and
heat transfer characteristics for the wing, oval, and flat ribs of at d=10 mm

has been displayed in this section.

The streamwise velocity contours for various rib heights at jet Re = 5000
with wing, oval, and flat ribs shapes and a smooth impinging target surface
(without ribs) are depicted in Figure 5.17. Generally, the streamwise
velocity has an identical behavior for all rib shapes. The addition of ribs
on the target plate has a high influence on the initial vortex that grows near
the top confined plate, resulting in the reduced intensity and size of the
initial vortex. It should be noted that the initial vortex does not enhance
heat transfer adiabatic (confined surface). But it increases the reverse flow
of the working fluid and hence increases pressure drop. As a result,
decreasing the intensity and size of the initial vortex leads to a reduction
in the pressure drop. Moreover, at the impingement target surface, a
secondary-clockwise vortex was created downstream of ribs with different
shapes. The intensity and size of the secondary vortex increase with
increasing the heights of the rib, resulting in enhanced mixing of working
fluid flow and thus heat transfer improvement. Furthermore, the velocity
of the fluid in the core of the channel increases with increasing the heights
of the rib, due to the decrease in the spacing between the upper and lower
surfaces. However, the rate of heat transfer improvement increases with
an increase in the height of the rib. It has been observed that the highest
intensity and size of the secondary vortex created with wing rib at a=2

mm, and hence can be enhanced the best enhancement in heat transfer.
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Figure 5.17: Streamwise velocity contours for various rib height at jet Re=5000 and
d=10 mm for (a) Wing rib, (b) Oval rib, (c) Flat rib.
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Figure 5.18 presents the temperature contours using wing, oval, and flat
ribs with different heights at jet Re=5000. It can be observed that the
smallest thermal boundary layer thickness occurs at the impingement
point (stagnation point) for a=0.0 (without ribs) and the thickness of the
thermal boundary layer increases along the target surface. As the rib
heights increase, the size of recirculation regions increases and hence
improve the mixing of the hot fluid near the target surface with the cold
fluid in the core of the channel. It was also found that the similar trend has

been seen for all shapes of ribs.

Figure 5.19 shows the total entropy generation contours of the wing, oval,
and flat ribs for different rib heights at jet Re = 5000. For all shapes of
ribs, it can be seen that the peak total entropy generation happens at the
rib surface and a stagnation point and reduced progressively toward
downstream. Therefore, the total entropy generation rises with increasing
the heights of rib due to increasing the effects of irreversibility of viscous

dissipation and heat transfer.

Figure 5.20 displays the local Nusselt number along target surface (from
the stagnation point until the right outlet) with various rib heights (a=0.0,
0.5, 1, 1.5, and 2 mm) at d=10 mm and jet Re=5000. It can be seen that
the influence of rib heights upon the local Nusselt number comparable
behavior for all impingement target surfaces. It is also noted that at the
stagnation point, the highest local Nusselt number will happen and reduce
gradually along the impinging target surface owing to the high
temperature gradient which is generated in that zone (stagnation zone).
This result is consistent with the numerical study of Manca et al. [15].
When the rib height increases from 0.5 to 2 mm, the local Nusselt number
rises notably at location (X=75 mm) and thereafter greatly increases at

(X=90 mm) to the highest values for all rib shapes. In this zone, the rise in
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the local Nusselt number is owing to the decrease cross sectional area in a
convergence zone (at separation point), resulting grow the velocity of
working fluid flow. Hence, the local Nusselt number increases in the
convergence zone. On the other hand, the reduction in the local Nusselt
number towards the downstream rib region is because of the increase in a
cross-sectional area (at reattachment point) as well as the opposite fluid
flow which generates at downstream rib that creates a poor flow zone.
However, the location from (X=95 to 100 mm), the local Nusselt number
increases owing to the enhancement in the mixing of fluid flow. It can be
noted that the local Nusselt number rises as the rib height increases, thus,
a=2 mm has the peak improvement of heat transfer, and the without ribs
(a=0.0) has the lowest.

Figure 5.21 illustrates the average Nusselt number versus jet Reynolds
number with various rib heights. According to this figure, it should be
observed that the jet Reynolds number, as well as rib heights, have a strong
effect on the average Nusselt number. At a given rib height, the average
Nusselt number increase as the jet Reynolds number increases due to the
increasing temperature gradient and at the lower target surface. It is also
found that, at a given jet Reynolds number, the average Nusselt number
increase with the rib height. This due to the fact, the size of re-circulation
zones increases and hence improve fluid mixing and consequently
increase the heat transfer rate. The results were similar to numerical
investigation performed by Xu et al. [42]. In general, the average Nusselt
number for all shapes of ribs has a similar trend.
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Figure 5.18: Temperature contours for various rib height at jet Re=5000 and d=10
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The pressure drop versus jet Reynolds number with various rib heights at
d=10 mm is depicted in Figure 5.22. For all heights rib, the pressure drop
increases with increasing jet Reynolds number due to the velocity
gradients. Moreover, it is noted that the minimum pressure drop occurred
at a=0.0 (without ribs) compared with other rib heights. It is also found
that the pressure drop increase as rib heights increases, due to the increase
of the intensity and size recirculation region which led to increase the

pressure drop.

The dimensionless mean total entropy generation versus jet Reynolds
number with various rib heights utilizing wing, oval, and flat ribs at d=10
mm is illustrated in Figure 5.23. It may be observed that the average total
entropy generation increases as the jet Reynolds number increase for all
heights of rib. With increasing heights of rib, the mean total entropy
generation increase, due to increasing the irreversibility. The result is
consistent with the numerical investigation of Xu et al. [42]. A similar

trend of entropy generation is observed for all shapes of ribs.

The average Nusselt number enhancement for jet impingement for
different rib heights with various rib shapes is shown in Figure 5.24. It
was found that the enhancement of the average Nusselt number increases
with increasing rib height. This because the improve the fluid mixing in
the spacing between the upper and lower surfaces. It is also observed that
the highest enhancement in heat transfer was obtained at a=2 mm with

different rib shapes over jet Reynolds number range.
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Figure 5.24: Average Nusselt number enhancement with jet Reynolds number for
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Figure 5.25 displays the variation of the performance evaluation criteria
(PEC) with jet Reynolds number for various rib shapes and different rib
heights at d=10 mm. It may be noted that the rib heights have a clear
influence on the PEC. Generally, the highest PEC can be obtained at a=2
mm with different rib shapes over jet Reynolds number range (except for
wing ribs at Re=3000). This means that the positive effect of the heat
transfer enhancement is higher than the negative effect of the pressure
drop penalty. It was also found that the PEC at a=0.5 mm has the lowest
value when jet Re < 6000 (except Re < 5000 for wing ribs). While the
lowest value of PEC can be observed at a=1 mm when Re > 6000 for
different rib shapes (except for wing ribs Re > 5000). Further, it was found
that the maximum values of PEC for the wing, oval and flat ribs were
1.682, 1.61, and 1.52, respectively, at Re=3000 and a=2 mm.
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Figure 5.25: Performance evaluation criteria versus jet Reynolds number for various
rib heights at d=10 mm for (a) Wing rib, (b) Oval rib, (c) Flat rib.
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5.5.3 Effect of Ribs Locations

The effect of spacing between the stagnation point and the rib (d=10, 20,
and 30 mm) for the wing, oval, and flat ribs at a=2 mm and jet Re=7000
on the velocity contours is depicted in Figure 5.26. For all rib shapes, it
can be noted that the rib locations have a clear effect on the velocity. When
d=10 mm, the reversal vortex fluid flow that creates downstream the ribs
is very small as well as the ribs influence on the intensity and size of the
initial recirculation at the top surface (confined wall) is higher than its
effects on the secondary vortex. For d=20 mm, it may be observed that the
secondary vortex zones begin increasing behind ribs, while the size of the
initial recirculation significantly increases compared with the case of d=10
mm, which leads to reduce the enhancement of heat transfer. For d=30
mm, it was found that the size of the initial vortex largely increases
compared with other cases. Therefore, the size of the initial vortex grows

with increasing rib locations.

Figure 5.27 demonstrates the temperature contours at a=2 mm and jet
Re=7000 with various rib locations for the wing, oval, and flat ribs. It can
be clearly noted that the thermal boundary layer thickness in the region
above ribs (upstream the rib) was less than that in the region after ribs
(downstream the rib) due to the vortex zone effect that grows behind the
ribs for all rib shapes. At the vortex zone which creates behind the ribs,
the thermal boundary layer thickness increases as the spacing between the
rib and stagnation point increases. Thus, the minimum thermal boundary
layer thickness occurs at the stagnation point for all rib shapes because of
the high-temperature gradient which occurred in this zone.
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Figure 5.26: Velocity contours for various rib locations at jet Re=7000 and a=2 mm
for (a) Wing rib, (b) Oval rib, (c) Flat rib, (d) smooth surface.
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Figure 5.27: Temperature contours for various rib locations at jet Re=7000 and a=2
mm for (a) Wing rib, (b) Oval rib, (c) Flat rib, (d) smooth target.
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The effect of various rib locations of (d=10, 20, and 30 mm) on the total
entropy generation contours employing wing, oval and flat ribs at a=2 mm
and jet Re=7000 is illustrated in Figure 5.28. It can be seen that the spacing
between the stagnation point and the rib has a clear influence on the
entropy generation. The total entropy generation close to the stagnation
zone has the maximum values because of the high-temperature gradient in
this zone. However, it can be observed that at the downstream rib, the total
entropy generation is higher than that upstream the ribs due to the presence
of vortex zones. Moreover, the highest total entropy generation occurs at
the rib location of d=10 mm as well as it reduces when the spacing

between the stagnation point and the rib increases.

Figure 5.29 shows the average Nusselt number with jet Reynolds number
for using wing, oval and flat ribs at a=2 mm with various rib locations. It
may be noted that the rib locations effect on the mean Nusselt number has
a similar trend for all target shapes. With increasing jet Reynolds number,
the average Nusselt number increases for all rib locations. Moreover, the
average Nusselt number increases with decreasing distance (d) between
the rib and the stagnation point. Regarding the velocity contours as
depicted in Figure 5.26, the rib location of (d=10 mm) has the smallest
size of the initial vortex zone at the adiabatic top wall close to slot jet, and
also the intensity of this vortex will highest that leads to improve the
mixing of working fluid and the augmentation in heat transfer compared
to the other rib locations. Obviously, from the velocity contours, it was
found that the weak mixing of working fluid occurred at d=30 mm which
refers to the minimum heat transfer at that location. This due to increasing

the size of the initial vortex compared to its intensity.
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Figure 5.28: Total entropy generation contours for various rib locations at jet
Re=7000 and a=2 mm for (a) Wing rib, (b) Oval rib, (c) Flat rib, (d) smooth target.
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Figure 5.29: Average Nusselt number with jet Reynolds number for various rib
locations at a=2 mm for (a) Wing rib, (b) Oval rib, (c) Flat rib.
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Figure 5.30 gives the variation of the pressure drop versus jet Reynolds
number for the wing, oval and flat ribs with various rib locations at a=2
mm. It can be indicated that the rib locations effect on the pressure drop
has a similar trend for all shapes of ribs. As expected, it should be seen
that the pressure drop increases as jet Reynolds number increases at
presented rib locations. For all rib shapes, it was found that the pressure
drop increases with decreasing the distance between the stagnation point
and the ribs. This is due to the flow becomes more disturbed with
decreasing the distance between the stagnation point and the ribs.
Therefore, from the velocity contours as depicted in Figure 5.26, there is
the influence of rib on the size and intensity of the initial vortex close to
slot jet at the confined surface for d=10 mm which refers to the reverse
working fluid flow in that location is the highest. Moreover, the intensity
of the initial vortex zone at the top surface is the smallest for d=20 mm,
this means that the pressure drop is lowest at this location. At d=30 mm,
the reduce in the intensity of the initial vortex, which happens in this
location, leads to a decrease in the reverse working fluid flow. However,

the pressure drop of d=10 mm is higher than that of d=20 and 30 mm.

Figure 5.31 demonstrates the influence of the different spacing between
the stagnation point and the rib on the average entropy generation using
wing, oval, and flat ribs for various jet Reynolds numbers at a=2 mm. For
all rib locations, with increasing jet Reynolds number, the mean of total
entropy generation increases. It is seen that at jet Re < 4000, the rib
locations influence on the mean of entropy generation has a small
influence, and this influence increases with jet Reynolds number. It was
also found that the total entropy generation increase with decreasing the

spacing between stagnation point and rib. This is due to the effect of initial
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and secondary regions that created near the upper and lower surfaces,

respectively.

Figure 5.32 illustrates the variation of the performance evaluation criteria
(PEC) with jet Reynolds number for various rib locations. It can be noted
that the spacings between the rib and the stagnation point have a sharp
influence on the PEC. With increasing jet Reynolds number, the
performance factor decreases when d=10 and 20 mm. When d=30 mm,
the performance factor increases when jet Re <4000, and then it gradually
decreases when jet Re > 4000 due to decrease the pressure losses
compared to the heat transfer enhancement at that location. From Figure
5.32 (a), at the rib location of (d=10 mm), the peak value of the
performance factor is around 1.68 at jet Re=3000, while, the minimum
value of the PEC is approximately 1.044 at jet Re=8000 at this location.
From Figure 5.32 (b), it may be noted that the highest performance factor
happens at the rib location of (d=10 mm) and jet Re=3000, that equal to
1.61, whereas, the lowest value of the PEC equals 1.101 at d=20 mm and
jet Re=8000. According to Figure 5.32 (c), it can be observed that the
maximum thermal-hydraulic performance factor equals 1.562 which
occurs at Re=3000 and the spacing between the stagnation point and the
rib is (d=20 mm). At this location, the lowest performance factor value is
1.053, which occurs at the highest value of jet Reynolds number.
Moreover, all values of the performance factor are higher than that unity
for all rib shapes. This means that the increase in heat transfer
enhancement is higher than the increase in pressure drop. Just when the
jet Re <5000, while jet Re > 5000 at d=30 mm is the optimum.
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Figure 5.30: Pressure drop with jet Reynolds number for various rib locations at a=2
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Figure 5.31: Average total entropy generation versus jet Reynolds number for
various rib locations at a=2 mm for (a) Wing rib, (b) Oval rib, (c) Flat rib.
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5.5.4 Effect of Ribs Shapes

In this section, the ribs shape effect on the average Nusselt number at rib
location of (10 mm) for various rib height (a=0.5, 1, 1.5, and 2 mm) is
depicted in Figure 5.33. It can be noted that with increasing jet Reynolds
number, the average Nusselt number increases. It was also found that the
average Nusselt number of various ribs shapes on the impinging target
surface is higher than that of the smooth target surface (without ribs) due
to the enhance mixing of working fluid flow. For (a=0.5 and 1 mm), the
flat ribs have the highest Nusselt number compared with other shapes. For
(a=1.5 mm), it can be observed that at jet Re < 6000, the rib shapes have
a weak influence on the Nusselt number, and then it increases. At (a=2
mm), the shapes of ribs have a high influence on the mean Nusselt number.
Moreover, the wing ribs give the maximum values of the mean Nusselt
number followed by oval ribs and flat ribs at jet Reynolds number (Re <
7000). This is due to the wing ribs provide better mixing of working fluid

flow compared to other shapes.

Figure 5.34 illustrates the variation of the pressure drop versus jet
Reynolds number for rib height of a=0.5, 1, 1.5, and 2 mm with various
shapes of ribs at d=10 mm. As expected, with increasing jet Reynolds
number, the pressure drop increases due to increasing the velocity gradient
with jet Reynolds number. For rib height of (d=0.5, 1, and 1.5 mm), it
noted that the flat ribs have the highest pressure drop at jet Re > 4000.
Whereas, the peak values of the pressure drop occur for wing ribs followed
by flat ribs and oval ribs at rib height of (d=2 mm), due to the secondary
vortex zone that generated downstream the ribs. In addition, using a
smooth target surface (without ribs) provides the minimum pressure drop

as compared to various shapes of ribs at d=1.5 and 2 mm.
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Figure 5.34: Pressure drop versus jet Reynolds number for various rib shapes at d=10
mm for (a) a=0.5 mm, (b) a=1 mm, (c) a=1.5 mm, (d) a=2 mm.

The average of the total entropy generation versus jet Reynolds number at

rib location of (d=10 mm) for various ribs shapes and heights of the rib is

displayed in Figure 5.35. It can be noted that the average entropy

generation increase as jet Reynolds number increase for all target shapes.

This is due to increase in the irreversibility of the thermal and viscous

dissipation. As rib height increases, the shapes of ribs have a significant

influence on the total entropy generation. It is found that without ribs give

the lowest values of the mean total entropy generation compared with the
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other shapes. When rib height of (a=2 mm), the average of the total

entropy generation in flat ribs is higher than that of the wing ribs at jet

Re < 7000, but the peak value of the total entropy generation happens at

this height and the highest jet Reynolds number (Re=8000) for wing ribs

compared with the other target shapes.
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Figure 5.36 shows the variation of the average Nusselt number
enhancement with various rib height at d=10 mm for shapes of ribs. It can
be observed that the flat ribs display the best heat transfer enhancement
over jet Reynolds number range at a=0.5 and 1 mm. While the highest
enhancement in heat transfer can be obtained by using wing ribs at a=1.5
and 2 mm over jet Reynolds number range (except Re between 5000 and
6500 at a=1.5 mm). It was also found that the maximum Nusselt number
enhancement is around 90.01% which can be obtained using wing ribs at
a=2 mm and jet Re=4000.

Figure 5.37 presents the performance evaluation criteria versus jet
Reynolds number with various shapes of ribs and rib heights at d=10 mm.
It can be seen that the performance evaluation criteria (PEC) sharply
decrease as jet Reynolds number increases especially at rib height of (a=1,
1.5, and 2 mm), due to an increase in the pressure drop percentage. When
a=0.5 mm, the wing ribs have a minimum value of the performance factor
at jet Reynolds number of (Re=6000). Also, at a=1 mm, the lowest
performance factor occurs at jet Re > 5000 for wing ribs and it happens
at jet Re > 5000 for oval ribs and flat ribs. The reduced values of
performance factor are due to the increase in pressure drop higher than
that the augmentation in heat transfer. However, the wing ribs have the
highest performance factor compared with other shapes. Moreover, it was
found that at a=2 mm the maximum performance factor can occur for wing
ribs followed by oval ribs and flat ribs at jet Re < 7000 and then all values
of performance factor are higher than unity for a whole range of jet
Reynolds number at the same height. The peak values of the PEC are 1.68,
1.61, and 1.52 for wing ribs, oval ribs, and flat ribs, respectively, at jet
Re=3000 and a=2 mm.
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

Generally, experimental and numerical studies have been carried out to
investigate the confined turbulent slot-jet impingement on heat transfer,
fluid characteristics, and entropy generation in ribs shapes of target
surfaces in this research. The numerical simulations have been conducted
of three various ribs shapes; wing, oval, and flat ribs with rib heights of
(a=0.5, 1, 1.5, and 2 mm) and rib locations of (d=10, 20, and 30 mm), as
well as smooth target surface (a=0.0) have been considered in the present
investigation. Also, the CFD code was developed using the FORTRAN
programming language to simulate turbulent flows. The low Reynolds
number (k-¢) turbulence model of Launder and Sharma was utilized to
study the turbulent flow. Furthermore, the numerical results for the present
investigation have been compared with some previous investigations to
check the validity of the CFD code. The experiments have been carried
out for various shapes of ribs; wing, oval, and flat ribs with rib location of
(d=10 mm) and rib height of (a=2 mm) over jet Reynolds number range
of 3000 to 8000. According to the experimental and numerical results
presented in the previous chapter, the following conclusion can be

summarized:

1. The average Nusselt number, pressure drop and average total
entropy generation increase with increasing jet Reynolds number

for all cases.
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2. The performance evaluation criteria decreases as the jet Reynolds
number increases.

3. The average Nusselt number, pressure drop, average total entropy
generation, the enhancement of average Nusselt number, and
performance evaluation criteria increase as height of rib increases.

4. The average Nusselt number and pressure drop as well as the total
entropy generation decrease with increasing the spacing between
the stagnation point and the rib.

5. The wing ribs have the highest values of average Nusselt number,
pressure drop, entropy generation, average Nusselt number
enhancement, and performance evaluation criteria at rib location of
10 mm and rib height of 2 mm compared with other ribs shapes.

6. The maximum values of the average Nusselt number enhancement
are around 90.01, 74.16, and 65.34% for wing ribs, oval ribs and
flat ribs at jet Reynolds number of 4000, 4000, and 3000,
respectively, at rib location 10 mm and rib height of 2 mm.

7. The highest values of the performance factor are 1.68, 1.61, and
1.52 for the wing, oval and flat ribs, respectively, at jet Reynolds of
3000 and rib height of 2 mm.

In general, the flat ribs are recommended when jet Re > 5000, due to
its highest PEC, while the wing ribs are the optimum design when jet
Re < 5000.
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6.2 Suggestions for Future Work
Based on the experimental and numerical results of the present
investigation, the scope for further investigations can be presented as

follows:

1. Numerical and experimental investigations to study the flow and
heat transfer behavior employing multiple slot jets impinging on the
isothermal target surface.

2. Numerical and experimental investigation to study the effect of a
number of ribs on the heat transfer characteristics using the
impinging slot jet.

3. Experimental study to investigate the effects of rib height and rib
location on the flow and thermal field.

4. The effect of slot jet width on heat transfer improvement and
entropy generation should be numerically and experimentally
studied.
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APPENDIX A
NUMERICAL SOLUTION

A.1 Body-Fitted Coordinates System

The governing equations are transformed from the Cartesian coordinate
system (X, y) to a body-fitted coordinate system (¢, #) presented as follows
[47]:

§=¢(xy) (A.1)

n=ny) (A.2)

In the above equations, the chain rule can be applied to express ¢ and

n derivatives in term of x and y as given below:

09 _ 2 0x | 292y

9 9x 9§ = 9y 0% (A.3)
0¢ _ 960x | 090y
an  oxadn 9y an (A.4)
These equations can be given in a matrix form as below:
991 2= o] [9¢
9| _|9§  9¢| |ox
29|~ |ox Q]Fz (A-5)
an on on dy
Using Cramer's rule to invert the above equation as below:
% _1p5 09 =1,2:) =
Fal ﬂl,]afj,wherel—l,Z,]—l,Z (A.6)
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The system is become in matrix form as follow:

29 29
x 9§
06| =7 181 |0s (A7)
dy on
Where
Bi1i B2 _[Wn Ve
61 = B21 ,322] - [—xn xf] (A-8)

Also, J: is the Jacobin of the transformation and is expressed as follows
[51]:

J = B22811 — B21P12 = XeVn — XpYe (A.9)

Hence, in the terms of body-fitted coordinate, the transformation of the

first partial derivatives can be described as follows [47]:

% = [311 + P12 an] (A.10)
% = [321 .322 an (A.11)

With respect to second derivatives, in a term of body-fitted coordinates,

the general format of those derivatives is presented by:

d

=1,2i=121=12k=1,2
ax]<axl> ]afl[] Jji lkaf] l y 45 ] ) ,l ) ,k ,

(A.12)

Therefore, the second partial derivatives transformation for the respect of

X Is presented by:

Z(3) =225 (BuBuFe+ BubF) |
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+12 [_ (( P12 P11 Z_? + P12 Bz z_:) ] (A.13)

J on

Moreover, the second partial derivatives transformation for the respect of

y is expressed as:

i % :1_6[ ﬁz1,321 +321:8226¢ ]
ay( ) Jo

oy

+ 225 ((Boz Bar 5o+ Baz By | (A.14)

Furthermore, the second mixed partial derivative transformation for the

respect of x and y is defined as:

Z(32) =225 (BuBage+ Bu b y) |

ay

|5 ((BrzBor e+ Bro B2 3Y) | (A.14)

1677

In addition, the second mixed partial derivative transformation for the

respect of y and x is given as:
) )
=(52) =25 (Baa Buge + B B |

] 677 [ (( B2z 511 + P22 Bz Z—:)] (A.15)

Where,

¢ : is the general dependent variable, such as (u, v, T,and P).
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A.2 Computational Grid
Two-dimensional Poisson equations described in equation 3.21 and 3.22

in chapter three, can be defined as below:

0%x 2 ox\ _

Q11 5z 26112 2% =+ QZZ +] ( —+ Q%) =0 (A.16)
02y 2 W\

Q11 3¢z 2CI12 o%n 2 + QZZ +] ( =+ 0 an) =0 (A.17)

Now, utilizing Finite Difference Method (FDM), equation A.16 and A.17

are discretized as below.

N Xi41,j=2X;j+Xi_q,j 2 N Xi+1,j+1~Xi+1,j—1—Xi—1,j+1FTXi—1,j—1 +
q11(i,5) Az2 Q12(3i,j) 20Z Ay

Xi,j+17 2%, j X j—1

, , J— 2 Xi+1,j~Xi-1,j Xij+1—Xi,j—1
q22(i.j) [ a2 ] 1w [P(i,j)T + Q(u)—] =0

An
(A.18)
Vi+1,j—2YijtYi-1,j Yi+1,j+17Yi+1,j-1"YVi-1,j+11tYVi-1,j-1
d11(i,j) [ g2 ] 2q12(,5) [ 4AE A ] +
Vi j+1—2Yi,j*tVij-1 2 Yit+1,j~Yi-1,j Yij+17Vij-1
qzza,j)[ A ]+/ @) [P(i,j) Iyl /() ey ] =0
(A.19)
Re-arrangement equation A.18 and A.19 can be given as follow:
AE2+An? ) [ (xi+1,j+xi—1,j) (xi,j—1+xi,j—1)
X = — |+ ) —
W (AUZCI11(U)+AEZQ22(LJ-) M1, Ag? Q22,5 An?
Xit1,j+1~Xi+1,j—1"Xi—1,j+1FtXi—1,j-1 2 Xi+1,j~Xi-1,j
quz(i,j) ( 4AE A7 ) +](i'f)P(i’f)( 208 ) +
Xij+1—Xi,j—1
T Qi (I . )] (A.20)
_ AE?+An? [ (Yi+1,j+J/i—1,j) (yz',j—1+yl',j—1) _
Yij = (Anqul(i,j)+A€2qzz(i,j)> D) Ag? HREE A2
Yi+1,j+1~Xi4+1,j-1"YVi-1,j+11Yi-1,j-1 2 Yi+1,j=Vi-1,j
2q12(; ) ( 408 A7 ) +anPan ( 208 ) +
y Yy
T pQup (P )] (A.21)
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Where:

2 2
) 2 [Xij+1—2xj+Xi 1 Vij+1—2YijtYij-1
Qi) = %y + ¥y = [ e + A (A.22)

— 2 2 [Xij+1—2xj+xi -1 2 YVij+1—2YijtYij-1 2
Qa2(;j) = X¢ T Ve = [ AE? ] + [ AE? ] (A.23)

Qr2(; jy = XeXn + Yedy

_ [xi+1,j—xi—1,j] I:xi,j+1—xi,j—1:| + [Yi+1,j—Yi—1,j] [3’i,j+1—J’i,j—1] (A 24)
BIY; 241 2AE 2An .

Furthermore, equation A.20 and A.21 are resolved iteratively that use
Successive Over-Relaxation algorithm. The control functions P(&,n),
Q(¢mn) in equation A.20 and A.21 for all an interior nodes of

computational space can be expressed as below:
P(&,m) = p(§).e~ " +1(§). e~ % Imax) (A.25)

Q&M = q(&).e™4M + 5(&). e~ *2(max—m) (A.26)

In equation A.25 and A.26, the first terms for control the grid nodes at
south (lower) boundary of computational space (n = 0), while the other
terms for control the nodes at north (upper) boundary of computational
space (M,qax = 0 ), where a, and a, are called the positive constants. So,

the functions p(¢$), r($), q(s), and s(¢) can be given as below:

p(§) =P(§,0) (A.27)
r(§) = P(§, Mmax) (A.28)
q(§) = Q(§,0) (A.29)
s(§) = Q& Mmax) (A.30)
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Two conditions are applied at the boundaries defined in the grid spacing
and orthogonally to determine values of the functions p(¢), r(<), q(<), and

s(¢). Furthermore, if S, is the required grid spacing along the boundaries,

the condition can be displayed as below:

52 =

=3

Ty = Xp + Y (A.31)
While, the other condition (orthogonally) can be expressed as below:
TE . Ty = XgXy + Yeyy =0 (A.32)

Equation A.31 and A.32, the values of x; and y; at the lower boundary
(n=0), and the upper boundary (7,4, = 0) are known. While, x,, and y,

in the above equations are unknown and it can be expressed as below:

Xy = (A.33)
XetVe
-S,x

Vg = (A.34)
XetVe

ﬁzx,,f+y,,f=0 (A.35)

In generalized form, two-dimensional Poisson equations, equation A.16

and A.17, it can be presented by as below:

(-7) (- Pgg) + (75 78) (. 077) — 2(7 )iy =0 (A.36)

Where,

Qi =Ty Ty =x;+ V7 (A.37)
(2 =T .7 = X{ + ¥ (A.38)
Gz =T Ty = XXy + VY (A.39)
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r=xi+ yJ (A.40)

Ty = x€?+y§,]_) (A.41)
= xn?+ynf (A.42)
Teg = Xge L+ y&,f (A.43)
Ty = Xpp L+ ynnj (A.44)
Ten = Xgy L+ yg,n]_) (A.45)

Equation A.32 can be replaced by equation A.36, which gives:

G- 7) (75 Pgg) + (75 79) (o @) Loounaary =0 (A.46)

The control functions at the boundaries are obtained as in below equations,
multiplying equation A.40 by 7" or 7z and utilizing the orthogonally

condition as defined in equation A.32.

—(re7es e Ty
P(gr 77) | boundary — ((7—;?;)6) - ((%%) (A. 47)

Q¢ n) | boundary — _((gg) - ((i,?—f)»%) (A.48)

The functions p(¢), r(¢), q(<), and s(¢) can be obtained after calculating
the values of control functions P and Q on the boundaries. Equation A.15
and A.26 are then used to determine the values of the control functions P
and Q for the interior nodes. Also, in Figure A.1, the solution procedure

for the computational grid of the present study is shown as below:
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A\ 4

Define the boundaries of the computational
mesh

v

Develop initial grid using algebraic grid
method

\4
Input the values of cell spacing at south and
north boundaries (ASg and AS,))

\ 4

Assume the values of p, g, r and s are zero

\ 4

Solve Poisson equations A.20 and A.21 to

A

obtain x (¢, n) and y (¢, n)

Evaluate the functions p, g, r and s using
Equations A.27 - A.30

Calculate control functions P and Q using
equations A.25 and A.26

Check No

convergent

Yes

Develop final grid using Poisson equations
(as shown in Figure 3.3 and Figure A.2)

Y

Figure A.1: Solution procedure for computational grid of present investigation.
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I

T [

(© ik

(d)

Figure A.2: Computational grid of current study; (a) Wing rib, (b) Flat rib, (c) Oval
rib, (d) Smooth target.
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A-3 Discretization of governing equations
In chapter three, the convective terms in equation 3.39 is integrated over

a control volume around node P can be given as:
1[0 d
01, 5|5 0dU) + 5= (pgv )| yagan
ca.1€ n
= [lppucdn]  + [ppVdé]

= (ppUAn), — (ppUAn)y, + (PPVAS), — (pPV A
= Fu, — F,u,, + F,u, — Fu, (A.48)

Here (F,, E,, F,, and E,) are the rates of mass flow for a cross cell faces

that are expressed as follows:

Fe = (pUtAn), (A.49)
E, = (pU°An),, (A.50)
E, = (pV°Ad)y, (A.51)
F; = (pVeAS)s (A.52)

Also, integrating the diffusion terms of equation 3.39 in chapter three, over

control volume can be given as

7|2 (a2 - qug—;f;)]% "% (4202~ s, af)]]dedn

I d¢ 6(]5
= f []¢ (CI11 & —q12 7 677 f[] Q22 677 — 412 05) 5]
[r¢, d11 ZZ: AU] [Fqb CI12 P 77] wt [1"¢ Q22 P f]

g1, 52 08| (A.53)

Re-arrangement the above equation affords:
r P r 09 r'e a¢
( ¢Q11 Y3 ATI) _( ¢Q11 PY; A’?) +( ‘hza AE)
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~(Fangoac) —st
(Z_¢Q11AE) (Pe-dp) — ( Chli?) (¢p-Pw)
+ (2 CIZZM) (Pn- ¢P)_(F¢QZ225) (¢p-¢5)—52)

De¢E + DW¢W + Dn¢N + DS¢S - (De + DW + Dn + Ds)¢P - 53)
(A.54)

Here, (D,, D,, D,, and D,) are the diffusion conductance that can be

awarded by:

D, = (1"74, q11 i_g)e (A.55)
D, = FTqb 11 ig)w (A.56)
D, = (FTqb q22 g)n (A.57)
Dg = (er, q22 g) (A.58)

In equation A.54, the linear interpolation can be used to evaluate the

interface values of (¢, ¢,, ¢, and ¢, ) from nodal point’s values as

shown:

o = 2E0r (A.59)
+

¢y, = Lrtr (A.60)
+

By, = 22r (A.61)

P, = Lster (A.62)

2

Also in equation A.54, the term Sc‘f IS generated from converging the

diffusion terms over a non-orthogonal grid. So, the term Sg’ Is added to a

source term and thus can be discretized as below:
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:([i)q ) (Pre=se) — ( 412 23) (Pnw= Dsw)
+(F7¢q ) (Pre— Pnw) — ( qd12 AE) (Pse= Psw) (A.63)

In the above equation, the simple interpolation can be employed to

determine the values of (¢, Pse. Py, and ¢y, ) as follows:

Pne = 7 [dne + b + 5 + o] (A.64)
bse =7 [b5 + bp + Pz + bs] (A.65)
brw = = [dn + daw + o + ] (A.66)
bow =5 [Bp + du + bs + Psw] (A.67)

Equation A.65 is subtracted from equation A.64 and thus gets:
bne — Bse = 7 [Pne + P + G5 + 6] — - [d5 + dp + bsi + ¢s]
(A.68)

Re-arrangement the above equation and thus provides:

I

GPne — bse = [Png — Psp + Oy — Ps] (A.69)

In the same above method, the following values can be calculated by

brw — Pow = 7 [dn + daw + bp + Sl — 1 [Bp + dw + b5 + dsw]
(A.70)
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= %[‘PN — ¢s + Oyw — Pswl

(A.71)

¢ne_¢nw=%[¢NE+¢N+¢E+¢P]_%[¢N+¢NW+¢P+¢W]

= %[(pNE — yw + P — Pw]

(A.72)
(A.73)

bse = sw = 7 (b5 + Pp + sz + bs] — 7 [Bp + w + bs + bsw]

4

Thus, the term Sg’ can be given in the final form:

1
=—[¢r — dw + dsg — Psw]

(A.74)

(A.75)

Sﬁf = Bg¢p + Bwow + Bydy + Bss + Bypdng + BsgPse + Bnw Pnvw

+Bsw Psw

Here,
By = %[(%‘1’ 012 i—g)n - (Far i—ﬁ)s]

By = — i [(FTqb 412 g)n - (FTqb 412 i_:i)s:

o= adD) -Gt
N 4[ ]quATIe ]quAn .
—_ _11(le An\ _ (Fp Ay
Bs = 4[(JQ12A17) (]Cthn)w]

+ (F7¢ d12 g)n]

e

J e
Buw = =3 |(Lang) +(Fans) |
Bsg = _i[(rTcp 12 i_:];)e T (F7¢ 2 i_:z)s]
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(A.77)

(A.78)

(A.79)

(A.80)

(A.81)

(A.82)

(A.83)



+ (2412 5) ] (A.84)

_1|(le A_")
BSW_4[(]q12AnW I IZAES

Furthermore, the source term of the u-momentum equation is known as

follows:
Sy =S¥ +b,+bp (A.85)

The coefficients b, and S} in above equation can be written as follows:

zau

by = If 5[ (B2 55 + BusBra5o) | + 52 [ (Brabur 55 + B2 5 )]
+ a% [F]_u (.321311 é + B21P12 ﬁ)] * o Tu (.322,311 é + B22P12 g—;)]

N

3

0 d
- <a_€ (B11k) + o (,312k)>] dédn (A.86)

26u

e n
b, = FuAn (,3121 g—? + B11B12 g_z)] [FuA(f (,312,811 2¢ + Biz %)]
S

e
[P (BorBus 57 + BorBu o )] + |22 (Baaba 5 +

n e n

Brbr )| T 2planBisk] =2 p[Agp;,k] (A.87)

w S

b, = [F]u ig 311] (ug-up) — [F]u ig .311] (up-uy) + [F]u iz ,811312] (Une

~Uge) + [F_uﬁﬁu] (uy-up) — [F_uﬁﬁu] (up-us) +

[FuAn[),21[),11] (vg-vp) — [Fum’ﬁuﬂll] (vp-vy) +

] A J A&
Ty An I'y An
[1 A 321311] (vne_vse) [] A ,321.311] (Vw=Vsw)
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[F]uigﬁzzﬁll] (vne_vnw) [F]uigﬁzzﬁnl (vse—vsw)+

'y AS

[F_HA_f,Bzz,Bu] (vy-vp) — [_

] An ] Anﬁzzﬁu] (Vp-vs) — = p[AU,Bu] (k,-k,,) —

§p[A€ﬁ12]P (kn-ks) (A.88)

Also, in the u-momentum equation, the pressure terms by can be assessed

as follows:
b= — [T [(3 Bup) + 5= (Bizp)) | dédn
—[An B11 p1%, — [AE Biz DI

= —(An B11) @e — Pw) — (A& B12) (P — Ds) (A.89)

Here, S} = Sc‘f (Equation A.85). In addition, the pressure at cell faces (p,,

Pw, Pn, @nd p) in above equation can be defined as shown:

. =EEER (A.90)
py = 2EE (A.91)
p = 2B (A.92)
g = 2P (A.93)

Substituting the values of above equations in equation (A.89) gives:

b¥ = =2 (A1 1) (Pe = Pu) — 5 (A8 B12) (P — P5)

_é[(AU B11)p (e — pw) + (A& B12)p (N — Ps)] (A.94)

Identically, the source term of the v-momentum equation is expressed as

follows:
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S, =S¥ +b, + bZ (A.95)

In above equation, Sj = Sg’ and hence the coefficient b,, can be expressed

as follows:

by = [f [ [2 (B3 52+ BusBra 3) | + o

on [] (.Bzzﬂm Z_z + B3 Z_;)]
2 [ (BB 55+ Bubn )| + 50 |

2 (BiaBor 3¢ + BraBaz 5y )|

J

d
on

—§p< (Bark) +5- (ﬁzzk)>] dédn (A.96)

e n
b, [FUM (3221 g; + B21B22 677)] + [FHJ_AE (522,321 Z_z + B3, g_:)]
w s

e
[ (Buba 5 + BubraSe)| [P (BuaBar gy +
w

ProPa Z_;L)] : ‘gp[Anﬁzlk]:’ —%p[Afﬂzzk]: (A.97)
b, = %i—’;ﬁzi] (we-vp) = [ j’;321] (Vp-1) +

o Bosoa| (e vee)+ [ T35 B3| (owmve) =

288 52 ] pmve) + 222 B1afn] )
[ pih] G + [2Erafs] Cnemtse) -

o BuaBoa] o)+ [ 3 BraBon| (e tny) =

e Brabon| (seuan) + [F 30 Brobaa| Guy-up)

[Ffvif,ﬁlzﬁzz] (up- us)—-p[Anﬁzd (ke=ky) —

2 plA&B51p (knks) (A.98)
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Moreover, in the v-momentum equation, the pressure terms by can be

assessed as follows:
by = = If | (55 Ba1p) + 3 (Bozp)) | dén

= —[An Br1 01V, — [AE B2z DI

= —(4n B21) (Pe — Pw) — (AS B22) (P — Ps) (A.99)
Substituting the values in equations (A.90 to A.93) in above equation
gives:

by =~ (A1 B>1) (Pe — Pu) = 5 (A€ B22) (P = )

= —%[(AU B21)p (P — Pw) + (A& B22)p (P — Ds)] (A.100)

In the energy equation, the coefficients value of (b and bY) equal to zero
and therefore, the source terms can be written as follows:

Sr= Sq (A.101)

In the k-equation, the source term is given by:

Sy = S¥+ by + bk (A.102)
Here,

bk =0 (A.103)
b = [[[P(&m) — p(ey (§,m) + )] dédn (A.104)

In the e-equation, the source term is expressed as:

S. = SE+b, + bE (A.105)
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Here,

bE =0 (A.106)

b = [f [efiP &) S = pesfo =+ .| J dédn (A.107)

The integrating (by) and (b,) in equations A.104 and A.107, respectively,

over the control volume are given by:

b= 2 (229 () e (82) o+ () - (52)

oo (5 [ (), ), ot () o= (), o]
oo () [ (), (B2, o (52), o= () ]
2 (4590, (), ve = () o (), o= (59) ]
~goasanste [(52) ue = (5), e+ (52) = (5)
oot () v~ (), w+ (52) v~ (3 ]

ﬁ@M@nG«rwaf
Ba) | -2 (22) [(52) V- (5), Vi +
@ﬁHﬂﬂme’ e

\_/

() e (52)

b, =cf; (Z.Ut M#)P {[(i_lfl)e Ue n
()] +[(8), v~ ) e (), - ), o]

e n S

148



_ 2
(6, e () o+ () - (),

i 2
+HG5) e = (B vt (52) v (52) ] }(i—’;)
—pcy f>2(AEAN)p ( ) + 2(ue)p ( ) (Guir + Guaz + Guop + Gyyg +

Gyiz + Gyzz) (A.109)

So, the terms (G,11, Gui12, Guz2, Gp11, Gy1z, @Nd G,55) Can be evaluated

as follows:

o = (5, [G25), @m0 - () @)
+(52) Do)~ (222) (G- d)
+(5522) Guedun) = (o) (e bo)
+(222) (gy-0p) - (2222) (g-4)] (A.110)

6oz = (571) |(G222) @um90) - (F222) @p-9)

J AEAE J agag /),

+(F58E) Guebs)= (F502) (D= o)
(5, Ore bon)= (F50077), (e )
+Gﬁ§;ff,2)n (@n-bp)— Cﬁj;ff) (¢p- ¢s)] (A.111)

6oz = (57) |(GE2) @um0) - (FE282) (9p-9)

J J A§AE ] AEAE
1 B21PB22 B _ (1B21B22 _
+(7802) bne b= (F202) (Dru= )
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+ (l M)n (¢ne_ ¢nw)_ (l M) (¢se‘ ¢sw)

J ASAn ] A&An
+ (L) (gy- )~ (2222) (99| (A112)

Where, (¢) represents that the (u or v). Finally, the discretized equations
(equation 3.49 in chapter three) are recursively solved employing Tri-
Diagonal Matrix Algorithm (TDMA). So, the specifics of the (TDMA)
steps are not offered here, but it is given in specifics in [52]. The CFD
code based on FORTRAN 90 has also been developed to carry out the
current investigation numerical solution. In addition to, through solving
the equations 3.48 and 3.49 (in chapter three) can be calculated the

components of velocity u* and v* as follows:

* 1 * * * * *
u'p = EanA%b Unp + Stlit + bu + Bg(pe - pw) + Clgt(pn - ps)
(A.113)

* 1 * * * * *
v'p = EanAZD Unb + Sg + bv + B}g(pe - pw) + Cly(pn - ps)
(A.114)

In above equations, can be obtained the velocities u*and v* that will not
content the continuity equation. So, the velocities corrections u and v’
and the pressure correction p' is attached to u*, v* and p* respectively,

are issued as follows:

u=u"+u (A.115)
vV=v"+7v (A.116)
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Both the continuity and momentum equations are satisfied by the
components of correct velocity u and v. By deducting equations A.113
and A.114 from equations 3.48 and 3.49 (in chapter three), respectively,
the velocity corrections u and v’ are coupled with pressure corrections

p as given by:

., 1
Up —Up = ; [Xnb Alrltb Upp + Sg + b,] + Bg(pe —pw) + Cly(pn —Ps)

[Xnb Anp Unp + Sq + byl — BE(pe — po) — Cp(py, — ps)
(A.118)

1
Ap

. 1
Up = Vp = ; [an A;]lb Unp + Sgl] + bv] + Bg(pe - pw) + Clg(pn - ps)

[Xnb Anp Vnp + Sq + by] — Be(ps — pw) — Cp(py, — ps)
(A.119)

1
Ap

Depended on the approximation of the SIMPLE algorithm, the underlined
terms on a right side from above equations are neglected. It is also possible

to re-write the above equations as follows:

Uy, — U, = Bp(pe —0s) — BF (pw — pw) + C¥ (P — ) — Cp (s — ps)

(A.120)
v, — vy = Bp(Pe — i) — Be(Pw — ) + Cp(Pn, — P1) — Cp (ps — Ds)
(A.121)

Substituting equations A.115 to A.117 into equations A.120 and A.121

gives as:
up = BEp, — BEpw + CHpn — CHps (A.122)
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Vp = BEpe — BEpw + CEpn — CEDs (A.123)

The components of correct velocity u and v can be calculated by
substituting equations A.122 and A.123 into equations A.115 and A.116

as follows:

up = up+BE(Pe — Pw) + CH(Pn — Ds) (A.124)

Vp = Vp+BE(De — Dw) + CE(Dn — Ds) (A.125)

The correction of contra-variant velocity components U€ and V¢ can be
determined by substituting equations A.124 and A.125 into equations 3.32

and 3.33 (in chapter three) as follows:

U¢ = [up+BE (pe — Pw) + CF (0 — P) ]|y — [ve+BE(Pe — w) +
CE(Pn — Py (A.126)

Ve = [up+BE e — Pw) + CE(Pn — P)]ye — [up+BE (pe — pw) +
CH (P — Ps)]e (A.127)

Rearranging above equations obtains:

U¢ = U°" + (BEyy, — Bbxy) (pe — Pw)

+ (CByy — CBxy)(Pn — p5) (A.128)

Ve =V + (CExe — C¥ v¢)(pn — ps)

+ (Bpxs — B¥ y¢)(pn — p5) (A.129)

It must be observed that, depended on the approximation of the SIMPLE
algorithm [55]. The last two terms of Equations A.128 and A.129 are
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neglected if the computational grid is almost orthogonal. These equations

can thus be updated as:

U =U°"+B(p. — pw) (A.130)
Ve =V +C(pp —ps) (A.131)
Here;

B = Bf y, — B x, (A.132)

The discretized of continuity equation can be expressed as:

(pANU)e—(pANU )y + (pAS V) —(pASVE)s =0 (A.134)

Replacing the velocities of the correct face contra-variants over to the

above equations affords:

ApPp = APz + Ay Py + AyPy + AgPs + S,y (A.135)
Here;

Ag = (p An B), (A.136)
Ay = (p An B),, (A.137)
Ay = (p &S O)p (A.138)
As = (p AS C); (A.139)

Where S,,, represents the mass imbalance on a control volume and thus it

can be expressed by:

Sm=@AUT)e=(pAnUT),, + (pAE V) — (p AE V),
(A.140)
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The momentum interpolation method (proposed by Rhie and Chow [55])
Is introduced in the present investigation for this purpose and to prevent
unreal pressure oscillation. Therefore, at the nodes P and E, the discretized

u-momentum equation can be updated as.

up (A )P [an Anb Unp + Sd +b ] ( u)P [(Anﬁll)p(pe pw)

+(88B12),@n — 5] (A.141)
Ug = (A [an Anb Unp + Sd + b Au)E [(Anﬁll) (pe pw)
+(88B12),@n — P (A.142)

The velocity on the east face can in a similar way be expressed as:

Ue = @ [an Airib Unp + Sg + bu]e (Au) [(Anﬁll) (pE pP)

;.,,._z

+(Afﬁ12)e(pne - pse)]e (A.143)

The underline-terms in the above equation are interpolated linearly as

shown below:

(A ) (anA nb Unb + Sd + bu)e fe (Au) (an Aub Unp + Sd + bu)E
E

+(1-£.5) @ b Anp Unp +Sg + by)p
P

(A.144)

=t O D (A.145)

Here, f,© indicates that the linear interpolation factor and it is recognized

as:
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+ _ Adp
fo = Toc, (A.146)

After all of the above, it is possible to re-arrange the equations A.141 and
A.142 and thus can be obtained as:

(A [an Anb Unp + Sd +b ] (Au) [(Anﬂll)p(pe pw)
+08p), P —p|  (a147)
Gy oo A s + S + bl = g + o [(Af1)p (e — p)

+(A€ﬁ12)p(Pn - ps)]E (A.148)

Replacing equations A.148 and A.147 into equation A.144, affords as:
@ (an A%b Unp + bu)e = fe+ [uE + @ [(Anﬁll)p(pe - pw)
+(A§[)’12)p(Pn - ps)]E] +(1-f") [up +

@ [(Anﬂll)p(pe - pW) +(A€.812)p(pn B ps)]p]

(A.149)
Replacing equations A.149 in equation A.143, affords as:
e = £ [t + s (181D (e = D) +(BEB12) (B — )]

E

(1= £) [ty + 735 (@B Be = P) +BEB12) B — D]

(4%),p

(A”) [(Anﬂll)(pE pP)'l'(Af.BlZ)(pn - ps)]e (A 150)

Re-arrangement of the above equation, affords:
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U = [fe+uE +(1- fe+)up] [@ [(AnB11) (PE — Pp)+(AEB12) (Pn —

1

ple| 5 |y @08 @e = )+ B8R B — |

0= £ |G [ e = Pu) + (B812) B = ]|

(A.151)

The same procedure is employed to determine u,, , u,, and u, at w, n,

and s faces, respectively.
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APPENDIX B
EXPERIMENTAL SET-UP

Inlet Pressure Tap

Outlet Pressure Tap

Insulation

Figure B.1: (a) Pressure taps, (b) Side view of test section, (c) Insulation of test
section, (d) installation of thermocouples on target surface.

Figure B.2: CNC machine used to fabricate (a) target shapes, (b) acrylic surfaces.

157



Figure B.3: (a) Calibration device, (b) Reference thermocouple, (c) Electrical heater.

(a)

106 mm

l¢
I

26mm | (S

S mm

22.5 mm

22.5 mm 22.5 mm 225 mm S mm

Figure B.4: (a) Schematic diagram of heater, (b) Electrical heater, (c) Hole depth of

(b)

Thermocouples holes

(c)

W Hole depth of 4 mm &

Hole diameter of 2 mm

bottom view for target surface.
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OUTPUT S o
ACV 220 V = %2
INPUT
i 130 - 260 V
n
)

ELEKTRIK SAN. VE TiC.

MIKRO ISLEMCilLi
VOLTAJ REGULATORU

1500 VA

KULLANMA TALIMATI

Figure B.7: The parts of the cooling system (a) Radiator, (b) Fan.
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(b) Digital LCD

Flow
sensor

(c)

J— Hall Sensor

0.0

Figure B.8: (a) Flowmeter, (b) Flow sensor, (c) Method of connecting the flow
sensor to the Arduino and digital LCD screen.
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Digital LCD

Figure B.11: (a) Digital Multimeter, (b) Multimeter Calibration with reference

multimeter.
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Figure B.12: Calibration of current multimeter.
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Figure B.13: Calibration of voltage multimeter.
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APPENDIX C
CALCULATION OF MEASUREMENTS UNCERTAINTY

C.1 Experimental Results for Wing Ribs

The experimental results for different parameters (such as; the averages of
inlet, outlet, and bulk fluid temperatures, heat received, heat transfer
coefficient, Nusselt number, head, and pressure drop) for the case of the
wing ribs shape at d=10 mm and a=2 mm for whole jet Reynolds number

range. These results presented that in the Table C.1.

Table C.1: The experimental results for different parameters.

Average
Re Tin (K) | To(K) | To(K) | Tw(K) Qf h Nu
3000 298 | 298.355 | 298.178 | 309.545 | 120.021 | 3199.47 | 52.4933
4000 | 298.125 | 298.471 | 298.298 | 309.545 | 155.961 | 4202.09 | 68.9432
5000 | 298.25 | 298.589 | 298.419 | 310.22 | 190.831 | 4900.34 | 80.3994
6000 | 298.1 |298.385|298.243 | 309.545 | 192.793 | 5168.95 | 84.8064
7000 | 298.325 | 298.61 | 298.468 | 309.55 | 224.867 | 6148.58 | 100.879
8000 | 298.5 | 298.745 | 298.623 | 308.645 | 220.849 | 6677.37 | 109.555
Average (Ap =ps.g.-H)

Re Head (m) Ap (pa)

3000 0.0006 5.8691

4000 0.001005 9.831

5000 0.001475 14.4282

6000 0.00195 19.0745

7000 0.002575 25.1882

8000 0.0033 32.28
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C.2 Uncertainty of Key Parameters

The uncertainties of key various parameters are presented in follow table.

Table C.2: The primary uncertainties for various parameters.

NO. Variable Accuracy
1 The length of channel, L +1.0 mm
2 The width of channel, Z +0.1 mm
3 The height of channel, H +0.1 mm
4 The width of slot jet, W +0.1 mm
5 Inlet bulk temperature, T} ;;, +1%

6 outlet bulk temperature, T, , +1%
7 Wall temperature, T, +1%
8 Mass flow rate, m +5.0%
9 Pressure drop, Ap 3.25%

C.3 Uncertainty of Hydraulic Diameter

The hydraulic diameter was displayed in equation 4.5 (in chapter four) as
follows:

D,=W (C.1)

The uncertainty of hydraulic diameter is expressed by:

aD 2
Up, = £ (52 Uw) (C.2)
Where,
oDp
e (C.3)

Substitute this value in equation C.2 as follows:
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Up, = v/ (Uw)? (C.4)
Substitute the value of W from Table C.2 in above equation expresses:

Up, = £4/(0.1)%2 = £0.1 mm (C.5)

Furthermore, the relative uncertainty is determined as follows:

Upp, _ 4 01 _
E_ilo_il% (C.6)

C.4 Uncertainty of Cross - Sectional Area
The cross-sectional area was computed in equation 4.11 (in chapter four)

as follows:
A, =W.Z (C.7)

Also, the cross-sectional area uncertainty (A4.) is computed as follows:

94, 2 9A, 2

Uy =+ \/ (Zeuy) +(52uy) (C.8)
Where,

dAc

e — 7 (C.9)
dAc

o= W (C.10)

Substitute the above terms in equation C.8 as follows:

Uy, = £/ (ZUn)? + (WU2)? (C.11)

= +,/(30 % 0.1)2 + (10 = 0.1)? = +3.1623 mm? (C.12)
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The relative uncertainty of A, is obtained as follows:

ac _ 4 31623 _ 410541 9%
A, T 10%30

C.5 Uncertainty of Surface Area

The surface area of the impinging target surfaces is given as:

A, =L.Z

The relative uncertainty of A is evaluated as follows:

Usg _ , 1 (% )2 (% )2
As_iAS aLUL + azUZ

Here,

dAs _ As
oL L
0As _ As
0z  Zz

Substituting the above terms in equation C.15 gives:
Ung U 2 Uz 2
As i\/( L ) + ( Z )

_ i\/(ﬂ)z 4 (E)2 — +0.9683%

110 30
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C.6 Uncertainty of Jet Reynolds Number

Jet Reynolds number can be expressed as follows:

Re = mDp, .2
e vy (C.20)
The jet Reynolds number uncertainty is presented as follows:
Ure = /(52U )2+(aﬁu )2+(aReU )2 c.21
Re — — Im m aDh Dh aAC AC ( . )
Where,
ORe — Dn _ Re (C.22)
o wA.  m .
ORe m Re
%5 = gz = D1 (C.23)
ORe _ mDp _ _Re
oh = T wad = (C.24)

Substituting these terms in equation C.21, thus, the relative uncertainty of

jet Reynolds number is presented as:

=)+ () + () 9
- () () + () =2 29

C.7 Uncertainty of Friction Factor
The friction factor was expressed in equation 4.8 (in chapter four) as

follows:

2
f = 20 praE Dy (C.27)

m2 L
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The friction factor uncertainty is as shown by:

(2Luy) +(Lus) +(Lu,)

Up =t |00 0 (C.28)
vy + (G0

Where,

L= Rl €2

ye tmpino s @

e @

Substituting above terms in equation C.28, thus, the relative uncertainty

of friction factor is expressed by:

f Ap m Ac Dy,

(1.0491)2 + (—2*0.010785)2 + (2*3.1623)2
Ur _ 4+ [\32.28 0.2157 300

L) ()
= +10.80895% (C.35)
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C.8 Uncertainty of Heat Received (Qy)

The heat received by working fluid was displayed in equation 4.2 (in

chapter four) can be given by:
Qs = M Cpg (Tv,0 = Tp,in) (C.36)

The uncertainty of Q is achieved by:

1%y (2% Y

Ug = i\/(am Um) + (aATb UATb) (C.37)
Where,

Q5 __ _ 9

— 1= Cpp AT, = (C.38)

00 _ o o
O0ATy pf ATy

(C.39)

From equations C.38 and C.39 and re-arranging equation C.37, hence the

relative uncertainty of Qy is determined as:

Yor _ U2 Uary\ 2
o i\/ (G2 +(G2) (C. 40)
Here,
Uary _ UT} in 2 UTy o 2
ATp B i\/< Tp,in ) + ( Tho ) (C 41)
0.252\2 0.25445)2
= —— = 0
a i\/( 25.2 ) + ( 25.445 ) = +1.4142% (C.42)

Substitute the above equation in equation C.40 gives:

Ugy _ i\](0.010785)2 + (0.003465)2 — 45.1962% (C.43)

Qf 0.2157 0.245

169



C.9 Uncertainty of Nusselt Number

The average Nusselt number can be expressed as:

Qf Dp
kas(Tw,av_Tb,av)

Nug, =

The uncertainty in Nusselt number is determined as:

2 2
ONugy (E)Nuav ) (aNua,,
< an UQf) + 0Dy, UDh + 0A.

UNuav = 2 2
n (aNuav U ) n ONugy U
V aT,, Tw 0Th av Ty,av
Where,
ONugy _ Dp, __ Nugy

00 kAs(Tw-Thav)  Qf

ONugy Qr _ Nugy
oD, kAs(Tw=Tb,av) Dy,

ONugy —QsDp _ —Nugy
dAs kiAs*(Tw—Th,av) Ag
ONugy —QfDn —Nugy

OTy kiAs(Tw—Tpan).  (Tw=Thav)

ONugy QfDn Nugy

kaS(TW_Tb,av)z B (TW_Tb,av)

0Tp,in

UAS)2

(C.44)

(C.45)

(C.46)

(C.47)

(C.48)

(C.49)

(C.50)

Re-arranging equation C.45, the relative uncertainty of Nusselt number is

given as:

2
(ﬂ) 4 (ﬁ)z 4 (ﬂ)z
UNuav _ Qf Dy Ag

- 2 _ 2
Nugy + < —UTW ) + ( UTb,av )
\J Tw_Tb,av Tw_Tb,av
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Where,

2 2
UTb,av _ UTb,in UTb,o
— ey — _on +
Tb,av Tb,in Tb,o

\/(@)2 + (0.25445)2 — 11.4142% (C.52)

25.2 25.445

-+

Il
I+

Equation C.51 becomes as follows:

5.1962\2 0.1\ 2 ~0.9683\2
” +(=) +
NUay — + 72 10 3300
Nug, — — +( ~0.35645 )2 +( —0.253225 )2
35.645-25.3225 35.645-25.3225

= +8.42776% (C.53)

171



AadAld)
coald IS el 3,1 jaldl J8 G Gaiai] @il Juzadl aal Gl asbiaill & 5 ey
Aabisal) & Ml JSl alasiin) oSy Apanigh Ciliphail) e el G 4eladin) o4 il g

e sl elal Gaadl Aagiual mlaull e aidall

A g s lall Juml g Jilad) 38l day yads Aanae Aul el a) a3 cdadiall Al Al b
& MYl (ge ddliie JISaH O aladiu) & 5 ) peanall ol (63 Gl adliail 5 EY)
ase o ahbaYl Gos dagl e Ly Asdaually 4 gl Zlal) g 3lal Jie
35S, Adads o acliilly (s 5ill) aliall g li ) Jie ddbisad)l Colabaall <l il A8l
@aaill clilee o) pal &5, glsadl s 3l all JU) GiVlas o Silail) jalg ) o8 ) 5 aluall
a8 ga g Lan ol g il yall 3558 giall Aailall il ) ae dgaall il daia (g
G380 i) (3 a5 Ay el il e Apaaedl i) A5 jlie e ¢(s Al Aals (e gl

)

302 ASI (5 Y 2l 55 T i g Jmsacall (ymlddi] g b o8 o g (o ) il e LG
Esas 258l Ak (2ol laliy aliall a5 )] B2l )y il jalgny ) a8 324 ) xie
s gial 55wl () any adiall gl ) BaL ) ae a3 eV andl julee Lty adiall
dadasal 53y a5 Fliadl ¢ MY 7 65.34 | 74.16,90.01 A sn (A il 28 5 auen
3000 , 4000 , 4000 &l 30l sy 5 o8 55 ale [0 wlaall wisa g ala 2 aluall ¢ lis ) xie
&zl g s 1.682 GV Jeai 6l ol julae duamdl o a8 D) e

3000 il 3l o855 ale 2 ehuall g1 )5 pla 10 eoall o 50 e lind)



Al 2l & EPYYPRS
g.dﬂ\ Gl g g.“-d\ ﬁh.ﬁ\ ' SIBY)
duaiglhdte - Ll daala
A ilGal) A —uaigl) o b

1
®log7 1408

UNIVERSITY OF ANBAR

eébam Slballg 5 ioal) JWL) Lallad du) o
Gl g3 aa CALw pda o &ildil)

oalaa () dadia Al
S Aty - duadigl At
iiealall Ay o Ja clllia (ra £ 5 A
LSSl duaigh) agle 8

J& (e
aﬁh&h—n.\&u

(2017 — 4siln At (u g 5LSs)

iyl
saal 4 teaa )]

2021 1442



