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COLD ZONE EXPLORATION USING POSITION OF MAXIMUM
NUSSELT NUMBER FOR INCLINED AIR JET COOLING

Inclined jet air cooling can be effectively used for cooling of electronics or other
such applications. The non-confined air jet is impinged and experimentally investigated
on the hot target surface to be cooled, which is placed horizontally. Analysis and
evaluations are made by introduction of a jet on the leading edge and investigated for
downhill side cooling to identify cold spots. The jet Reynolds number in the range of
2000 < Re < 20000 is examined with a circular jet for inclination () of 15 < 6 < 75
degree. Also, the consequence of a jet to target distance (H) is explored in the range
0.5 < H/D < 6.8. For 45 degree jet impingement, the maximum Nusselt number is
widely spread. Location of maximum Nusselt number is studied, which indicates cold
spots identification. At a higher angle ratio, the angle is the dominating parameter
compared to the Reynolds Number. Whereas at a lower angle ratio, the inclined jet
with a higher Reynolds number is giving the cooling point away from leading edge.
It is observed that for a particular angle of incident location of maximum Nusselt
Number, measured from leading edge of target, is ahead than that of stagnation point
in stated conditions.

1. Introduction

The challenge is to remove heat from hot objects that may not be easily cooled
due to the limitations of cooling techniques. The heat transfer convection limits
are specified for various applications [1]. The methods, including passive heat
sinks and active heat sinks, are useful as they will typically not have leakage and
pipeline issues as compared with liquid cooling. Also they do not need extra energy,
called passive techniques [2]. To improve effectiveness, a foam heat sink [3] is also
preferred during fluid flow conditions. A conventional vapour compression cycle
of refrigerator cooling has high effective cooling, but it is expensive and requires
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more space for the system. Forced air cooling methods have their own applications
and are normally used because of their reduced cost, consistency and technical
improvements. Air cooling techniques like piezo fans (solid state devices), synthetic
jets (periodic micro jets), and nano-lightning (micro scale ion driven, using a very
high electric field) are found during various cooling applications. Air cooling
systems are deployed in combination with a heat sink. Air touches a heat sink at a
significantly high temperature, and it will reduce its capacity to transfer heat. Jet
cooling might be the option for the same [4]. Hence, hybrid thermal management
solutions are becoming more popular in cases of thermal management problems
[2]. The examples can be listed: air — water, sink — air jet, sink — fan, sink — liquid jet,
sink — thermoelectric, sink — spreaders, etc. [5]. Also, cross flow systems of similar
fluid gives different flow conditions and heat transfer characteristics. Tabulators or
inserts are also used in systems with twisted tapes, coil inserts, swirls generators,
etc. Liquid cooling, especially with water, may be the most common solution. But
even it has good thermal conductivity and a higher heat of evaporation, its dielectric
constant is the parameter that prevents it from day to day use. In micro channel
cooling, higher heat densities are to be removed [6]. Liquid metal cooling is also
used which remains liquid and also has a low coeflicient of thermal expansion
and can be used for cooling systems up to 200 W per square cm [1]. Use of a
thermo-siphon and thermoelectric system like a heat pipe is costly. The boiling and
liquid forced convection has the highest heat transfer rates, and air cooling is also
widely used in many applications due to its availability of fluid, simple systems,
and cost effectiveness.

Materials (for making electronics components) and heat distributers (like TIMs
and thermal paste) heat spreaders, use of nano-technology [7] are frequently iden-
tified. This can be considered as a separate area of research, specially related to
material science in electronics cooling. The challenges in thermal management
are to design lower volume systems with high heat dissipation at low cost, which
may work with a lesser chance of failure. Also, there is a challenge to develop
low cost high-conductive adhesive materials, spreaders, use of techniques like heat
pipe, vapour chambers, thermoelectric cooling, in combination as hybrid system.
Also, the application of direct liquid cooling, spot cooling to cool hot spots in the
system, developing high performance air cooling/air movers are the challenges.
The component generating heat is generally taken care of by spot cooling systems.
Normally, heat can be removed by convective mode, but the issue of hot spot cool-
ing should be tackled properly for any electronics or such systems. Jet cooling can
be one of the best solutions for this.

2. Jet impingement review

Jet cooling can be well-defined as the impingement of high velocity fluid on
the target surface to be cooled through an opening/pipe/nozzle. Jet impingement
fluids mostly used are air or high heat transfer coefficient liquids. The jets can be
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classified as per different criterion viz. based on fluid flow [8], based on inclination
of jet and based on orientation of jet. Air jets have the capability to dissipate high
heat flux, and they can also cool hot spots. The jet cooling can have advantages,
as they can cool up to 90 to 180 W/m?. The fluids, as air and water, are easily
available at low cost.

They are useful for hot spots to be cooled on the target. Even and uniform
cooling can be achieved, and these can be installed on an available entire system
directly. The disadvantages are that it needs pump/micro pump/blower/compressor
with extra power. Also blocking/chocking can be a problem for micro jets with
manufacturing difficulty. The noise level of fluid impingement and difficulty in
installing for portable electronics devices can be major issues.

It is possible to use various physical structures for jet cooling. Varieties of
combinations are found in the experimentations by changing design of flow channel,
swirl generation, exit vent provisions, vibrations, etc. [9-11]. Different fluids can be
used for carrying away heat from a hot source. The type of fluid depends on different
features of the system to be designed for cooling, such as the specific application,
type of component to be cooled, size, system temperature range, cooling needs,
heat generation parameters, space available for cooling system; additional energy
needed and permitted for cooling system, etc. [12, 13].

Comparison of heat transfer to single, axisymmetric, submerged and confined
air and water jets is found and can be used directly [14]. Instead of a single fluid,
the use of mist fluid on heated metal surfaces, such as water-air mist, can be done
to get other characteristics [15]. If fluid is also one of the important selection
constraints for the jet, for economic considerations, the method of generating jets
is also considered to be significant. Synthetic jets are used classically for saving
space, but have some restrictions. Normally, jets are established by pressurizing the
fluid. Air jet produced by compressed air, water jet produced by water pump, but
synthetic jets uses electromagnetic principle (by which micro-jets are produced)
[16, 17]. The structural exit cross-section of the jet gives varied flow patterns
of the jet, which has an effect on cooling ability. It is also true that its practi-
cal use is dependent on ease in manufacturing of the jet [18-20]. It is observed
that slot jet and circular jets are used regularly due to their simplicity in manu-
facturing and applications. The frequency of the jet designates the magnitude of
the pulsation of the jet. Pulsating flow increases mixing, which increases turbu-
lence and then heat transfer. Such jets are efficient with saving energy, and for
their special flow patterns generated which create turbulence and enhance heat
transfer [21, 22].

It is also observed that different types of jets have their own advantages and
fluid flow patterns, but flow currents, eddies and ultimately heat transfer also
depend on the surface on which the jet is to be impinged. The target surface
also directs and controls enhancement of heat transfer [23, 24]. To make cooling
systems squeezed, the cooling jets can be inclined [25]. The cooling effectiveness
is a function of the Reynolds number, characteristic length of plate to be cooled,
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point of jet impingement, and the oblique angle of the inclination of the jet. Cooling
using sprays [26] and micro-jets, using nozzles for droplet sprays, orifice plates
to create arrays of micro jets, can also be used. By changing various parameters,
efforts are made to know the physics of the flow, and variations in heat transfer
using jets can be listed as follows: velocity of jet, diameter of jet, angle of impact,
number of jets, and jet to target spacing, jet to jet spacing in the case of a greater
number of jets, turbulence levels, jet cross section, jet length, confinement of jet,
target surface, and fluid properties.

In aninclined jet also, the cross section area of the jet is an important parameter,
and variations in heat transfer characteristics are seen [27]. The maximum heat
transfer coefficient decreases with the increasing of the jet angle and its position
changes towards the upstream direction. Two jets with different geometry and at
different Reynolds Numbers may lead to acquire more turbulent intensity. This
shifts stagnation point back and forth and lead to increase effective cooling area
[28]. Cross flow impingement [29], spray cooling [30] downward facing inclined
wall [31] are also investigated. The hot object which is to be cooled is placed in a
moving position rather than stationary [32], and it is impinged with the inclined jet
[33, 34].

The objective of the current study is to examine and recognize the consequence
of offset jet impingement cooling by using an inclined air jet at Reynolds numbers of
2000 to 20 000, and also to incorporate and propose correlations for the position of
maximum Nusselt Number using inclined air jet for offset cooling and to investigate
the effect of “target to jet distance” with different angles for designing cooling
systems with cold spot positioning.

The scope is limited to the range of the experiment for the diameter of jet
(D), angle of impingement (6), target to jet distance (H) and velocity of fluid
impingement (V).

3. Terminology of inclined jet

A two dimensional jet (X and Y directions) can be considered to know the
terminology used. The jets are impinged through the pipe of diameter D on a
hot target surface to be cooled. The ambient air is used as fluid in this case. If
Vo is the velocity of fluid flow at the exit of the jet (whereas, Vj, is maximum
velocity of jet during travel), it mixes aggressively with the nearby fluid which
generates turbulence, and the size of the jet increases by making it thicker. The
terms like potential core, maximum velocity achieved at the centre are well known
and shown in Fig. 1. Jet spreading generates a larger lateral velocity gradient by
which the velocity increases. Near the jet opening, a mixing region develops a
potential core, and turbulent exchange of heat and mass takes place. In the potential
core, properties of fluid are relatively constant. At the end, the core is dissolved
because of the mixing action. The length of potential core during jet impingement
is 5 times the width of the slot jet [35, 36].
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Fig. 1. Terminology of jet impingement

The next zone is of fully developed flow region and is developed due to a
large penetration of turbulence to the axis of the jet, by which the potential core
dissolves, called a “free jet”. The mean velocity on the axis starts to decline with
development. The added dragging of fluid in the jet increases its mass flow. During
the inclined impingement of the jet, the point where the jet axis intersects with the
target surface is called the impingement point/geometrical stagnation point. The
distance along the X axis at which the geometrical point lies is defined as Xp. In
the geometry of Fig. 1, H is the height from the lowest opening edge of the jet
to the target plate. It is specifically defined, as it is easy to measure it physically
[36]. The impingement zone is the zone shown between two vertical lines, which
is asymmetric. After impingement, it will be turned in a positive and negative
direction where the flow is accelerated again. The conservation of momentum
principle will increase the velocity of the wall jet after the flow diverges by turning
and growth of the boundary layer.

The diverted flow is decelerated again drastically, which is termed as a downhill
wall jet. The wall jet has a minimum thickness of 0.75 to 3D for the perpendicular
jet, and then it gets wider as it progresses away from the jet.

In the case of an inclined jet, the influencing parameters can be expressed as
follows: In case of an inclined jet, the influencing parameters can be expressed
as follows: hydraulic diameter of jet (D), target to jet height (H), convective heat
transfer coefficient (%), thermal conductivity of fluid (k), velocity of fluid coming
out of jet (V), kinematic viscosity (u), density of fluid (p), specific heat (C,,) , tem-
perature difference (AT), geometrical stagnation distance measured from leading
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edge (Xp). Hence, it can be written as [37]:
f(D,H,hk,V,u,p,Cp, AT, Xp) = 0. (1)

If the parameters are studied, they can be reduced to non-dimensional terms
with Nusselt number (Nu), Reynolds number (Re) and Prandtl number (Pr) as:

H X,
Nu=f (B,Re,Pr, 30) 2)

4. Methodology and Experimental Setup

In the view of analysis of the parameters decided for investigation, experimen-
tation is proposed. The experiment consists of a jet arrangement with air as the
fluid. The target plate is to be heated by supplying electrical energy that is recorded
by measuring voltage and current. This energy is supplied to the target plate for
heating, which is to be carried out by fluid flow of the impinged jet [36]. The heat
energy can be passed out through heat transfer from the bottom and top of the plate
majority by convection, and also by conduction and radiation. The heat transfer
through conduction by thin target is very small and hence can be neglected. The ra-
diation heat loss by the thin foiled target from the bottom and top side is calculated
by using conventional methods. Correction factor is applied during analysis.

The energy coming out of plate is written as:

E, = Qconv.j + Qconv.b + Orad.t.b + Qcond 3)

where, E, —total energy coming out, Qcony.j — heat transfer due to convection by air
jet, Oconv.b — heat transfer by convection from bottom side of plate, Q.q.t.p — heat
radiated by top and bottom surfaces, and Q.ong — heat conducted through plate. The
Reynolds number is calculated on the basis of the diameter of the jet that indicates

pVD
J7

Rep = “4)

By using these parameters, the local Nusselt number and average Nusselt
number are calculated at every location of the plate. The experimental setup is as
shown in Fig. 2.

The arrangement for production of the air jet and its impingement on the target
are made. The target surface is positioned as horizontal. The test target is a hot,
plane and smooth plate, made up of a thin foil of stainless steel with a thickness
of 0.050 mm and heated by the Joule effect and one provided arrangement for
tightening the foil using housing of target plate, as in Fig. 3 [38].

The housing is made with the intention of placing the target plate in the
required position. Two copper bus bars are used with the heater plate foil. The
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Fig. 2. Block diagram of experimental setup: 1 — blower for air supply, 2 — hose pipe, 3 — air cooler,
4 —inclined replaceable jet, 5 — target plate, 6 — infrared camera, 7 — electrical cables,
8- transformer, 9 — base housing, 10 — hand wheel for changing height, 11 — vertical support,
12 — tightening bolts, 13 — bus bars

Fig. 3. Housing of a target plate: 1 — bus bars, 2 — target surface, 3 — base, 4 — support, 5 — foil fixing
bolts, 6 — expansion correction bolts

supply of 230V, 5 A is given to a transformer and converted to the required ratings
of 3 Volt and 50 Ampere AC. This heated target plate is cooled by impinging
air through a circular cross-section jet. The width of the target plate (shorter
side) is considered as the reference Y axis for locating the jet position. The jet is
placed at the centre position along the width of target surface. The longer side of
the target plate (length) is considered as the X reference axis [36]. This is also
satisfying requirements of air at Reynolds number varying from 2000 to 20 000.
To understand the effect of a change in height H, it is varied from 10 mm to
55 mm. The axis of the jet can make an angle of 0 to 90 degree with the horizontal
target. An infrared thermometer is used to take temperature readings of the target
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plate. The velocity of the air jet is measured in m/s by using an anemometer. All
readings are taken at steady state conditions. The jet diameter is considered as the
characteristics dimension, which is comparatively simpler and widely accepted way
of study.

5. Results and discussions

Analysis of the inclined jet is performed by considering various criteria of the
investigation. The parameters selected for analysis are: Nusselt number distribution
along X direction and location of maximum Nusselt number.

5.1. Nusselt number distribution — effect of variation in Re and H/D

As stated and explained in earlier sections, readings are taken at various
Reynolds numbers with the aim of calculating the Nusselt number along X di-
rection of the target plate. The local Nusselt number is a function of temperature,
indicating temperature as an important parameter. Average temperatures along the
dividing lines on the target plate are calculated and plotted along X axis to un-
derstand variation in Nusselt number. The local Nu distribution along Y axis is
following symmetry about the centreline of the plate. The symmetry is seen to be
unaffected to change in jet inclination [39]. Hence, the analysis is performed by
the same claim. It is a clear fact that the Nusselt number increases as per Reynolds
number in agreement with [25]. The analytical solution can be worked out for
laminar jets. However, given the fact that it gives a lower range of heat transfer, a
turbulent range of Reynolds number is selected for this study. Some sample cases
are shown in this section in Fig. 4. Similar trend lines are observed for a typical
combination of parameters. But there is not much more change in pattern of heat
transfer distribution with Reynolds number along the X axis.

The effect of variations of H/D in relation with the average Nu along X axis of
target plate is shown (sample case — for a jet diameter of 8 mm and jet inclination
of 45 degree) in Fig. 4. As the inclination angle decreases, the coolest points with
heat transfer shift to the downhill side of the target plate. At a higher H/D, the jet
delays itself to reach the target because of the higher value of H. Due to time lag,
the size of the vortex increases, but at the same time its energy decreases. As a
result, the vortices produced in the jet collapse as and when they reach the potential
core, before the jet reaches the target plate. This in turn shifts the Nu,y, profile,
showing a decreasing trend with an increase in H/D. The highest Nu is observed
for (X/D) of 8, 11, 12 and 12 for (H/D) of 1.25, 3.13,5 and 6.88 respectively.
Whereas, the jet jump is seen in an uphill side typically for (H/D) of higher than 5
giving hot spot at (X /D) of 7 in the present case. All Nu lines will merge as (X/D)
increases, and it depends on Re.
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Fig. 4. Average Nu w.r.t. Reynolds number for various H/D (D = 8 mm, 6 = 45°)

5.2. Nusselt number distribution — effect of variation of inclination

To study the effect of variation of the inclination of a jet on a target surface,
plots are drawn by keeping all other parameters constant, like the jet diameter of
8 mm and (H/D) as 5, as shown in Fig. 5. The highest heat transfer occurs at X /D
of 5,7, 12 and 22 for jet inclinations of 75, 60, 45 and 30 degree, respectively. As
the Reynolds number decreases, the Nusselt number also decreases along the X
direction. A jet inclination angle decreases, at around 60 degrees, the upstream and
downstream flow Nusselt number spreading becomes approximately symmetrical
[35]. However, in the present case it is not showing symmetrical patterns.

On the contrary, the downward side is giving variations according to the
Reynolds number, and the uphill side profiles remain nearly constant giving a
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Fig. 5. X direction Nusselt number for D = 8, H/D = 5 with variations jet inclinations

lower Nusselt number. In these plots, also the hydraulic jump is seen in the uphill
side, as stated in an earlier section. This happens due to the pressure variation
in the jet flow and will effect on turn in direction of the jet flow, by variation in
shear layer. The flow is decelerated and generates normal stress and strains which
supports turbulence in jets [40]. The turbulent flow in a jet has large vortices,
which may divert themselves into the boundary layer of the flow and exchange fluid
of dissimilar thermodynamic properties. The capability of these basic vortices to
brush away the boundary layer as the jet flows against the wall increases the local
Nusselt number. The lines of Nu are collapsed and form one line in the uphill side
of the jet below (X/D) of 12 for a 30 degree jet inclination in the present case

giving uniform cooling for all Reynolds number.
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5.3. Position of maximum Nusselt number - inclination wise

The average Nusselt number and maximum Nusselt number are analyzed. At
the same time, it is important to know the location of this maximum Nusselt number
on the target plate. It will be of interest to know the position of this number along
the X axis in the direction of flow. The symmetry along the centreline on the target
permits this. Hence the next parameter to be examined is the position of maximum
Nusselt number. It is defined along the X axis which gives a maximum Nu and
is indicated as (Xnu.max)- The analysis is performed by understanding the aim of
analyzing the entire plate for comprehensive cooling. The position of the coolest
point indicates maximum Nusselt number for that configuration of the inclined jet.
Fig. 6 shows variation of position of maximum Nusselt number against Re(H /D).
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Fig. 6. XNu.max positions for different jet inclinations
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For a 75 degree inclined jet, the Numax location i.e. XNy max is varying from 30
to 60 mm starting from the leading edge, and it increases up to 250 mm as Re
and/or H/D rises. To normalize data for all diameters, the ratio of the distance of
the maximum Nusselt number (Xnu.max) and jet diameter (D) is plotted on the Y
axis. For the jet inclination of 75 degrees it goes to a maximum 7, whereas for a
45 degree jet inclination it increases to 15.

However, for a 30 and 15 degree inclination, it drastically increases to a highest
of 25-30. The physics of the flow can tend towards a geometrical intersection point
of the inclined jet axis to the target plate (Xp). The angle ratio (AR) is defined
as the ratio of actual jet inclination angle (8 or 8,) in degree to perpendicular jet
inclination angle (6,,) in degree (i.e. 90 degree), mathematically (6/6,, or 6,/6),).
At a higher angle ratio (AR), the angle is the dominating parameter, particularly
for the analysis of the location of the maximum cooling position. However, at
a lower angle ratio, the effect of the target to jet height, Reynolds number and
inclinations are dominating each other; hence it will be difficult to get exact position
of maximum Nusselt number. At a lower angle ratio, the inclined jet with a higher
Reynolds number is giving the cold point away from the leading edge. The same
configuration with a lesser Reynolds number gives a smaller Xy max, Which is
nearer to the leading edge. For comparison of jet inclinations of 30 degree and 15
degree, trends of variation are shown, which indicates shift and agrees with [41].
Also, the Nusselt number increases with the Reynolds number, but the maximum
Nusselt number position remains unchanged for a specific angle and target to jet
height [35].

5.4. Location of maximum Nusselt number w.r.t. Reynolds number, angle
ratio and target to jet height

The three important parameters which affect the maximum Nusselt number
location are Reynolds number (Re), target to jet height (H), inclination of jet
(8). These three parameters are correlated using regression analysis. Fig. 7 shows
variation between the three parameters.

The correlation suggested is:

Xmax

-0.919
= (.2957Re?- 1883 (ei) (5)
P

Temperatures on the target plate are measured after every fixed location on
the surface (X = 15 mm, 30 mm, 45 mm ...) with the aim of a comprehensive
cooling solution to the problem. This will not give an exact location of maximum
Nusselt number or higher heat transfer. Also, the exact location is difficult to obtain
without micro analysis. However, by looking towards the cooling of the entire plate,
predictions are made [41].
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5.5. Overall position of maximum Nusselt number

To understand the position of the maximum Nusselt Number in relation to the
variation of the jet inclination, 6 is plotted against (Xxu.max/H). In this Xny.max 1S
the average of all the set of experiments in the range for a particular angle. Almost
100 experimental points are plotted in Fig. 8a). This also clearly proves that, as
the angle of inclination increases, the slope to the curve decreases indicating that
XNu.max shifts closer toward the leading edge. Fig. 8b) shows the variation of the
results of (Xmax/H) by comparison using experimental data and data obtained by
the equation in this section.

The geometrical stagnation point (Xp) is calculated using simple geometry
construction and compared with the location of the maximum Nusselt number. It is
observed that the location of cold spots (maximum Nusselt number) for a particular
angle of impingement, measured from the leading edge of the target, is advancing
than that of geometrical stagnation point, as shown in Fig. 9. The conclusions
drawn by [40] agree with the observation that maximum Nusselt number is found
at downstream of meeting of jet axis and target surface.

When micro analysis is performed, it is observed that for the water jet, the
stagnation point is shifting to an upstream direction from the geometric centre of
the jet (Xp). For example, in a 2 mm wide slot jet, the stagnation point shifts by
about 1.5 mm to the upstream side for the water jet at a 60 degree inclination. These
observations are made by numerical analysis [33]. This may happen due to the use
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of water as jet fluid, being of high density and viscosity, also as jet with dissimilar
fluid (liquid + air) and higher adhesive forces between their molecules.

For an air jet specifically, this pattern is observed. For a liquid jet, the en-
trainment effect is smaller, but for an “air” jet the entertainment causes more jet
spreading, as it is a submerged jet in alike fluid. Due to additional fluid consump-
tion during entrainment, the average velocity of the jet landing decreases. This also
causes an increase in the jet surface area which is called an impingement area,
typically in the downside flow. The same reason may effect on the move in location
of maximum Nusselt number to the downhill side of target plate.
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6. Conclusion

The position of the maximum Nusselt number analysis has been presented
with reference to an area-based average. The local Nu distribution along the Y axis
follows symmetry, and symmetry is seen to be unaffected by the changes in jet
inclination. As the inclination angle decreases, the coolest points with maximum
heat transfer shift to the downhill side of the target plate. The inclination of 45 and
60 degree show better cooling compared to other jet inclinations. Also, the Nusselt
number increases with the Reynolds number, but the maximum Nusselt number
position remains unchanged for a specific angle, and target-to-jet height. For the
position of the maximum Nusselt number, the summary of the conclusion shows
that at a higher angle ratio, the angle is the dominating parameter compared with
the Reynolds number. At a lower angle ratio, the inclined jet with a higher Reynolds
number gives the cooling point away from the leading edge. The cold spot position
remains almost unchanged for a specific angle and target-to-jet height. Also, it is
observed that for a particular angle of incident, the location of cold spot/maximum
Nusselt number, measured from leading edge of target, is ahead of that of stagnation
point in the stated condition.

Manuscript received by Editorial Board, August 30, 2017;
final version, November 17, 2017.
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