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ABSTRACT

Jet impingement cooling has received considerable attention due to its inherent
characteristics of high heat transfer rate. Impinging flow devices allow for short flow
paths and relatively high rate of cooling from comparatively small surface area. Few
industrial processes that employ impinging jets are drying of food products, textiles, films
and papers, processing of some metals and glass, cooling of gas turbine blades and outer
wall of the combustion chamber, cooling of electronic equipment, etc. Air will continue
to be used as the working fluid due to its low cost, easy availability and reliability.

The requirement for increased gas turbine engine performance has led to the use of much
higher turbine entry temperature. The higher gas temperatures require active cooling of
the turbine blade using compressor bleed air. Heat transfer enhancement by jet
impingement has significant potential to increase the local heat transfer coefficient.
Arrays of impinging jets are one of the methodscurrently used to reduce the blade
temperature on the mid-chord and leading-edge regions. The present study focuses on one
of the thermal issues of uniformity of distribution of heat transfer. The influence of
various geometric and flow parameters of the impingement system on the local
distribution of heat transfer coefficients are investigated. The local heat transfer
characteristics are studied experimentally using a thin foil heater and an infrared thermal
imaging technique.

The local heat transfer and fluid flow distribution on smooth flat surface impinged by a
single slot air jet is studied for different jet-to-plate distances (0.5D;-10 D) and Reynolds
numbers (2500-20000). Semi-empirical correlations for local heat transfer coefficients in
the stagnation region are obtained. Further, local heat transfer enhancements on rough flat
surface (detached ribs) impinged by a single slot air jet is examined for different
geometric parameters of ribs at various jet-to-plate distances. The influence of
confinement and inclination angle of the jet with reference to impingement plate on the
fluid and thermal characteristics of the single slot air jet are studied experimentally.
Finally, the combined effect of confinement and surface roughness is evaluated for the

local distribution of the heat transfer and the pressure on the impingement plate.
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CHAPTER 1

1.1Introduction:

Impinging jets have received considerable research attention due to their inherent
characteristics of high rates of heat transfer. Such impinging flow devices allow for short
flow paths on the surface with relatively high heat transfer rates. The jet impingement
heat transfer is one of the well-established high-performance techniques for heating,
cooling and drying of a surface. Applications of the impinging jets include drying of
textiles and film; cooling of gas turbine components and the outer wall of combustors;
and cooling of electronic equipment. Interest and research in this topic continue unabated
and may have even accelerated in recent years because of its high potential of local heat
transfer enhancements. Besides the above applications, impinging jets are also used in
paper industry to enhance drying of paper processes, annealing of metals, tempering of
glass and cooling of moving metal strip. Details of the few of the jet impingement

applications are given below.

1.1.1 Cooling of gas turbine blades:

The objectives of High-Performance Turbine Engine Technology (HPTET) are to
achieve higherengine thrust to weight ratio along with asignificant improvement in fuel
economy. These engines will use a variety of new technologies. Fifty percent of the
improvement will result from advancements in appropriate materials. Even the advanced
alloys will extend the current metal temperature limitations slightly but required levels of
turbine entry temperature for HPTET show the need to improve turbine blade cooling.
Figure 1.1 shows that turbine entry temperatures in advanced gas turbines are far higher
than the melting point of the blade material; hence, the turbine blades need to be cooled

(Han et al., 2000).

Higher engine compression ratios can increase turbine entry temperature and improve
thermal efficiency; greatlyreducing fuelconsumption. Turbine entry temperatures
required for increased performance will cause higherthermal fatigue and higher stress
problems for the designer. A reduction of blade metal temperature of 40°C can improve
blade lifel0-fold(Van Treuren, 1994). Increasing cooling air to lower the blade metal
temperaturereduces the amount of air available to produce thrust and consequently the
cycle efficiency decreases. The use of film cooling on the external surfaces of the turbine

blade also decreases the aerodynamic efficiency of the turbine blades.
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The improvements in the performance of the gas turbine engines may be viewed first
from the material aspect. Monolithic ceramics have a good high temperature strength in
the 1900 K range but, are difficultto fabricate. Another promising material is the
carbon/carbon composite which can operate at the 2480 K environment but are subject to
oxidation as well as fabrication problems. The new nickel super-alloys are promising
material having increased allowable blade temperatures. However, even with these alloys
there is still a need to employ turbine cooling using the relatively cool air bled from the
compressor for improvement in the performance. There are four basic methods of
utilizing cooling air in a turbine which are discussed below and illustrated in Fig. 1.2.

Passage convection cooling- Air flows through internal passages machined or cast into
the turbine bade. Convection is often enhanced with ribs or pedestals cast into the passage
to increase turbulence, wetted surface area and hence, heat transfer.

Impingement cooling - Air flows through small holes in a blade insert. These form
impinging jets on the inside surface of a turbine blade to reduce local blade surface
temperature.

Film-cooling — Air flows through holes to the blade external surface to provide a layer
of cooler air between the combustor exit gases and the blade surface.

Transpiration cooling — A porous material allows air to weep through and provide
protection for the blade. There are considerable problems associated with structure and

deposition.
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Fig. 1.2 Some methods of turbine blade cooling (Colladay, 1975)

Turbine cooling effectiveness (¢) is defined as:
T, -1,

¢_ TG _TC

(1.1)

WhereT),, T¢ and T¢ are the temperatures of the metal, gas and coolant. Figure 1.3
shows the effectiveness of various cooling combinations (Van Treuren, 1994). Film
cooling in combination with crossflow impingement is extremely effective. Increasing the
amount of cooling airflow also improves cooling effectiveness for all cooling methods
and combinations. The challenge facing the turbine blade designer is to choose the
cooling methods to produce a blade that ach4ieves the required permissible turbine entry

temperature and that uses the minimum amount of cooling air.
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1.1.2 Combustion chamber wall cooling:
The jet impingement cooling techniques are applied in cooling the combustor wall. Back
wall impingement cooling and end wall back cooling are shown in Fig 1.4 schematically

for a combustion chamber.
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Fig. 1.4 Combustion chamber wall cooling (Gao, 2001)

The modern Dry Low Emission (DLE) combustor is required to produce a low NOx
emission, especially for on-ground use in power generation plant, more complete burn for
the fuel is required. Previously in the combustor, the film cooling is being deployed. The
spent coolant keeps entering the combustion chamber from film cooling holes on the
chamber wall along with combusting fuel/air mixture moving forward, which lowers the
inside peak combustion temperature. Hence, impingement cooling is introduced in the
newer designs so that the spent coolant after carrying the heat enters the chamber together

with the fuel. This may remove the need for film cooling.



1.1.3 Cooling of electronic components:

The electronic components are becoming more and more powerful day by day. This
causes more ohmic power consumption and thus more heat dissipation. It is expected that
the power dissipation of the future microprocessors will reach about 50-100 W/cm®
(Beitelmal et al., 2000 and Karwa et al., 2007) or even more and electronic industry is
thus seeking more effective ways to overcome the localized heat loads. The use of
cooling system is dependent on two main requirements; the total heat to be removed and
allowable temperature rise above the local ambient conditions. If the heat flux is 0.05
W/em?® and allowable temperature rise is 60°, then radiation and natural convection are
usually sufficient means of heat dissipation. Forced convection can be employed for 1-2
W/cm®. However, for higher heat flux removal impinging jets are the better option.
Impinging jets that are normal to the target surface may have space and size limitations.

Under such situations, inclined jets are mostly preferred.

1.2 Classification of impinging submerged jets:

The flow of fluid with the tangential separation surfaces is known as a jet. A jet is called
submerged jet if the fluid of jet and the surrounding medium is the same. The jets are
classified as axis-symmetric jet, two-dimensional jet and three-dimensional jet based on
the geometry of the nozzle. An axis-symmetric jet is a jet, which emerges from a circular
nozzle or an orifice. Rectangular jets with large length/width ratios (aspect ratio) are two-
dimensional jets and rectangular jets with small length/width ratios (aspect ratio) are
referred to as three-dimensional jets (Suresh et al., 2008). Two-dimensional jets are

mostly referred to as slot jet.

Classification of the jets based on the Reynolds number (based on either diameter or slot
width) is as follows (Viskanta, 1993).

a) The dissipated laminar jet, Re< 300

b) A fully laminar jet, 300 <Re< 1000

¢) A transition or semi turbulent jet, 1000 <Re< 3000

d) A fully turbulent jet, Re > 3000

1.2.1 Structure of free jet:
The structure of free jet is as shown in the Fig. 1.5a. The three zones of the free jet are
a) Potential core zone

b) Developing zone



c¢) Developed zone

The jet immediately leaving the nozzle encounters surrounding stagnant air. The free
shearing between moving jet and stagnant air causes the mixing due to which fluid
particles of the surrounding air are carried with the jet, which causes the sharing of the
momentum of the jet and formation of the shear layer. Within the shear layer there exists
a flow of jet which is still unaffected by mixing and its velocity is same as the nozzle exit

velocity. This zone is potential core of the jet.
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Fig. 1.5 Structure of submerged jet (Viskanta, 1993)

In the potential core zone, the centerline velocity of the jet remains constant and is equal
to the nozzle exit velocity. The end of the potential core is defined as the axial distance
from the nozzle exit up to the point where the jet velocity is 0.95 times the nozzle exit
velocity (Jambunathan et al., 1992). Typical length of the potential core is found to be
6-7 times the nozzle diameter for the axis-symmetric jet and 4.7-7.7 times the slot width
for two dimensional jets (Viskanta, 1993). However, this length depends on nozzle
geometry and turbulent intensity in the nozzle exit and initial velocity profile. In the
developing zone, due to large shear stresses at the jet boundary, axial velocity profile
decays. In the developed zone the velocity profile is fully developed and the jet broadens

linearly along with linear decay of axial velocity.



1.2.2 Structure of impinging jet:

Unconfined jet impingement system is one in which jet after impingement on a surface
is exited without confinement. Figure 1.5b shows the flow field of an impinging jet on to
an orthogonal plate. The flow structures of impinging axi-symmetric jet can be
subdivided into three characteristic regions.

1. The free jet region

2. The stagnation flow region

3. The wall jet region.

The impinging jets travel from the nozzle exit as a free jet to within a distance
approximately 1.2 nozzle diameters from the Target plate surface (Jambunathan et al.,
1992). Here, deceleration of flow starts and static pressure increases due to conversion of
kinetic energy of the jet. Boundary layer of constant thickness is formed at the stagnation
region having a radius of ~1.1 nozzle diameters (Gardon and Akfirat, 1966). In the
stagnation flow region, the axial velocity component decelerates and converts to an
accelerated tangential one. The relative boundary layer thickness varies inversely
proportional to exit Reynolds Number. Due to the exchange of momentum with stagnant
surroundings and wall friction, the accelerated tangential flow transforms to a decelerated
wall jet flow. The velocity fluctuations of free jet are carried along the wall jet region
also (Gardon and Akfirat, 1966). However, increase of turbulence in the wall jet region
depends on turbulence in the jet prior to impingement. The heat transfer rate in the region
of wall jet is found to be higher than stream wise flow over the plate. Following are some
of the parameters influencing local distribution of heat transfer and fluid flow on a surface
due to impinging jets. They are Reynolds number, jet-to-plate distance, radial distance
from the stagnation point, confinement of jets, nozzle geometry, turbulence intensity,

surface roughness, jet-to-jet distance, curvature of target surface, etc.

1.3 Scope of the present work:

The high heat transfer rates associated with impinging air jet is well recognized for many
years. Direct impingement of turbulent jets onto a surface leads to high heat transfer rates.
However, the local distribution of heat transfer coefficients can be highly non-uniform.
The jet impingement heat transfer is the focus of the present study to determine both the

peak and Local heat transfer distribution for various configurations of jets and surfaces.



This report presents the experimental investigations of local heat transfer characteristics
and fluid flow distribution due to impinging slot jet on flat surface. Hence, the objectives
of the present work are:

» Experimental investigation of local heat transfer and fluid flow characteristics
due to
impingement of a single unconfined slot jet is carried out. Analysis of local
distribution of Nusselt numbers based on available flow characteristics due to slot
jet impingement is carried out.

» Experimental investigation is carried out to study the local heat transfer
distribution from a flat surface with detached ribs due to normal impingement of a
single slot air jet. Investigation is aimed at performing a parametric study of the
size of the detached ribs and suggesting a better configuration producing higher

heat transfer augmentation.

» To study the influence of confinement of the slot jet on the distribution of the

wall static pressure and local heat transfer coefficients on a smooth flat plate.

» To study the influence of confinement of the slot jet on the distribution of the
wall static pressure and local heat transfer coefficients on a rough (with detached

rib) flat plate.

» To study the combined effect of confinement of the slot jet and the roughness of
the flat surface on the distribution of wall static pressure and local heat transfer

coefficients

Single jet finds its application mostly where highly localized heating or cooling is
necessary. However, when large surface areas require cooling or heating, multiple jet
impingements are desirable. A promising method for cooling turbine blades is to impinge
cool air on the internal surfaces of the blades so that the gas turbine cycle may be
operated with higher inlet gas temperatures for higher efficiencies. Two critical regions
identified in the gas turbine blade which needs to be cooled are the mid-chord region and
the leading edge. The impingement cooling of the mid-chord region may be identical to
cooling of flat surface due to a two-dimensional array of jets with spent air exiting in
one/two/all directions. The internal passage at the leading edge can be considered to have
a semicircular concave surface and this region may be convectively cooled by a span-

wise row of impinging jets.



1.4 Report organization:

Chapter 1 deals with importance of heat transfer enhancements due to impingement of
jets and the scope of present work. The layout of the report has been included in this
chapter.Chapter 2 provides the literature review about the flow and heat transfer behavior
of single normal impinging jets on a smooth flat plate, ribbed flat plate, confined smooth
flat surface and finally confined and ribbed flat plate in separate topics. The conclusions
drawn from the literature review and the objectives of the present study are also detailed
in this chapter. Chapter 3 deals with the introduction, literature review, experimental
investigation and discussion on the fluid flow and heat transfer characteristics of a single
unconfined slot jet impinging on a smooth flat surface.Chapter 4 delineates the
experimental investigations and analysis of the local heat transfer and fluid flow
distribution between rough flat surface and impinging unconfined slot air jet.A detailed
parametric study to obtain a better configuration of detached rib is discussed in this
chapter. Chapter 5 delineates the experimental investigations and analysis of the local
heat transfer and fluid flow distribution between smooth flat surface and impinging
confined slot air jet. Chapter 6 portrays the experimental investigations on heat transfer
enhancement from a flat surface with detached rib by normal impingement of a confined
slot air jet. Simplified correlations are also presented. Chapter 7 summarizes the
conclusions of the present study of experimental investigations of local heat transfer
characteristics and fluid flow distribution due to an impinging slot air jet on smooth,
rough, confined smooth and confined rough flat surface. Scope for future work is also

suggested in this chapter.
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CHAPTER 2

Literature review on heat transfer and fluid flow distribution of
Impinging air jets

Impinging jets have received considerable research attention due to their inherent
characteristics of high rates of heat transfer. Such impinging flow devices allow for short
flow paths on the surface with relatively high heat transfer rates. The jet impingement
heat transfer is one of the well-established high-performance techniques for heating,
cooling and drying of a surface. Applications of the impinging jets include drying of
textiles and film; cooling of gas turbine components and the outer wall of combustors;
and cooling of electronic equipment. Interest and research in this topic continue unabated
and may have even accelerated in recent years because of its high potential of local heat
transfer enhancements. In addition to above, the impinging jets are also used in paper
industry to enhance drying of paper processes, annealing of metals, tempering of glass
and cooling of moving metal strip.

In the present context, the literature review is organized first with the discussion on heat
transfer and fluid flow characteristics of smooth flat surface due to single jet
impingement. This is followed by the literature on heat transfer and fluid flow
distributions on flat surface with surface roughners due to a single jet impingement. In
addition, the literature on the influence of confinement on heat transfer and fluid flow
characteristics of a flat surface due to impinging jets is reviewed. Finally, the literature
on the combined effect of confinement and surface roughness (rib) on heat transfer and

fluid flow characteristics of a flat surface due to impinging jets is reviewed.

2.1 Heat transfer and fluid flow distribution on smooth flat plate
impinged by an unconfined single jet:
Many earlier studies are available on circular jet impinging over flat and smooth surface.
Review of the experimental work on heat transfer to impinging circular jets are reported
by Livingood and Hrycak [1970], Martin [1977], Jambunathan et al. [1992], Viskanta
[1993]. Gardon and Cobonpue [1962] and Katti and Prabhu [2008] reported the local heat
transfer distribution between circular jet and flat plate.

Similarly, some experimental work is reported on slot jet impinging onto a smooth flat

plate. Gardon and Akfirat [1965] studied the effect of free stream turbulence on the local
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heat transfer distribution between two-dimensional jet and a constant wall temperature
flat plate using a specially designed heat flux gauge. They reported the non-monotonic
variation in the heat transfer along the stream-wise direction. This non-monotonic trend is
marked in the regions where the mixing induced turbulence is not yet fully developed.
They also reported that the stagnation point Nusselt number is highest when jet impinges
the plate near the end of its potential core region.
Gardon and Akfirat [1965] studied the heat transfer characteristics by a rectangular jet
impinging on a smooth flat plate. They concluded that, for lower Reynolds numbers up to
2750 and jet-to-plate spacing (z/b) less than 5, the stagnation point Nusselt number is
fairly independent of nozzle width and jet-to-plate spacing. However, for higher jet-to-
plate spaces (z/b), the stagnation point Nusselt number varies with z/b. Nozzle width
affects the Nu, only for lower jet-to-plate spaces (z/b up to 10) at Reynolds number than
2750. They reported that a secondary peak is observed in the Nusselt number distribution
along the stream-wise direction for jet-to-plate spacing less than 95. Two secondary peaks
are observed at a jet-to-plate spacing of 0.5. The formation of secondary peak in the
stagnation region is because of the increasing velocities in the gap between the nozzle exit
and plate.
Gardon and Akfirat (1966) conducted series of experiments on the heat transfer
characteristics of a 2-dimensional jet and a flat plate and proposed a correlation for
stagnation point heat transfer coefficient. Figure 2.1 shows the results plotted for Nuyv/s
jet to plate distance for various widths of the jet at different Reynolds numbers.
The correlation given by them for the heat transfer coefficient at the stagnation point is,
Nuy = ho*B/k (2.1)
They observed that Nuy depends only on Reynolds number for Re<2000 and at larger
nozzle to plate spaces the Nuy, monotonically decreases with the increase in the jet to
plate distance.
The variation of local heat transfer rates across the slot, with lateral distance from the
stagnation point is shown in figures below. The heat transfer coefficient has a bell shape
for the nozzle to plate distances (Z,/B) above 14 slot widths (fig 2.2) and for (Z,/B)
between 8 to 14 the bell shape abruptly changes its slope around x/B = 4. They reported
secondary peaks in the heat transfer rates at (Z,/B) = 5 and 6. These peaks are attribute to
the jet transition from laminar to turbulent boundary layers

Brahma [1992] worked on impinging slot jet and predicted the Nuy on a flat surface.

They analyzed fluid flow and heat transfer for a slot jet impinging on a flat plate for
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different nozzle-to-plate spacing, the available potential flow solution has been used to
solve the boundary layer and energy equations by using the Blasius-Frossling series
solution method. The friction factor and Nusselt number have been evaluated as a
function of the dimensionless distance from the stagnation point.Correlation for the
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Ichimiya and Hosaka [1994] conducted experimental study of heat transfer
characteristics due to confined impinging two-dimensional jets.Experimental results are
presented for characteristics of impingement heat transfer caused by three slot jets for the
dimensionless distance H = 0.5-3, dimensionless pitch P = 6-16, and Reynolds number Re
= 500 - 8000. For laminar impinging flow, these were compared with numerical results.
For turbulent impinging flow, two peaks of the local Nusselt number were observed
behind the second nozzle. It is reported that the position of the second peak approached
the nozzle as the space between nozzle and impinged surface decreased. The average
Nusselt number between the central and second nozzles was determined from the ratio
P/H and the Reynolds number based on the pitch of the nozzles.

Slayzak et al. [1994] studied the effects of interaction between adjacent free surface
planar jets on local heat transfer from the impingement surface. Experiments were
conducted to obtain single-phase, local convection heat transfer coefficient distributions
along a constant heat flux surface experiencing impingement by two, planar, free surface
jets of water. Nozzle widths and nozzle-to-heater separation distances were fixed at 5.1
and 89.7mm, respectively, while two nozzle-to-nozzles pitches (81 and 51 mm) were
considered. The ratio of impingement velocities for the two nozzles, V'* was varied from
0.47 to 1.0. Interacting wall jets created by the impinging jets yielded a strong upwelling
of spent flow (an interaction fountain), beneath which convection coefficients were
comparable to those associated with the jet impingement regions. With decreasing V'*

impingement heat transfer coefficients beneath the weaker jet were reduced by the
effects of cross flow imposed by the stronger jet.

Lytle and Webb (1994) examined experimentally the impact of air impingement heat
transfer at low nozzle-plate spacing. The local heat transfer characteristics of air jet
impingement at nozzle-plate spicing of less than one nozzle diameter have been examined
experimentally using an infrared thermal imaging technique. Fully-developed nozzles
were used in the study. The flow structure was investigated using laser-Doppler
velocimetry and wall pressure measurements. The stagnation Nusselt number was
correlated for nozzle-plate spacing of less than one diameter. The customary Nusselt
number dependence on Re'/? for impinging jet transport was observed. A power-law

relationship  between Nusselt number and nozzle-plate spacing of the

form Nu, ~(z/d)"* observed experimentally is explored from theoretical

considerations. The effects of accelerating fluid between the nozzle-plate gap as well as a

significant increase in local turbulence leads to substantially increased local heat transfer
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with decreased nozzle-plate spacing. A stagnation point minimum surrounded by an
inner and outer peak in the local heat transfer was observed for nozzle-plate spacing less
than z/d = 0.25. These primary and secondary maxima are explained by accelerated radial
flow at the exit of the jet tube and an observed local maximum in the turbulence,
respectively. These conclusions are drawn from observations made relative to the
turbulent flow structure and wall pressure measurements. The outer peak in local Nusselt
number was found to move radially outward for larger nozzle-plate spicing and higher jet
Reynolds numbers.

Tu and Wood (1996) determined the pressure and shear stress on a surface. Their
experiment was with slot-jets having a width 0.97mm & 6.4mm at a slot width-basedRe;,
in the range of 3040 to 11000. The jet and plate spacing (Z/D;) was varied up to 20. They
identified that the Gaussian profile describes the pressure distribution on the surface. The
experimental results which lead to the conclusions of Tu and Wood are represented in

figure 2.4 below.
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Fig. 2.3 Dependence of wall shear stress on Reynolds number for H/D close to 4.0.
Actual H/D and Re given in figure.
Gao and Sunden [2003], Experimentally investigated the heat transfer characteristics of
confined impinging slot jets and a flat surface. Single and multiple jets with cross flow
effect were considered in the study. They observed that at low nozzle-to-plate spaces such
as H/B = 4 and 8, the multiple-slot array shows no obvious difference from that of the
single-slot jet. However, as H/B increases to 16, the jets of the multiple-slot array start to
interact with each other, and at H/B = 24 this interaction is strong enough to reduce the

stagnation-point Nusselt number of the multiple-slot array by about 15% compared to the
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single jet. On the other hand, the heat transfer at the locations of the exhaust port shows a
flatter distribution. It was found that the narrower slot gives a larger average heat transfer
coefficient for a given value of X/B at the same jet exit velocity. The heat transfer is
proved to be enhanced by exhausting the spent air through symmetric exhaust ports,
compared to those with cross-flow effects.

Narayanan et al. [2004] studied the flow field, surface pressure and heat transfer rates of
slot jet impinging on the smooth flat surface. They experimentally studied the heat
transfer distribution as the jet impinges on the flat plate within potential core region (z/D;,
= 0.5) and transition region (z/D; = 3.0) for jet exit Reynolds number (based on hydraulic
diameter) of 23000. They reported that, the generation of turbulence near the surface prior
to impingement and the presence of span-wise vortices in the stagnation region with an
increase in near wall turbulence is responsible for the enhancement in the heat transfer for
the transitional jet impingement. They observed that there is a good correlation between
the secondary peak in heat transfer and the peak near wall stream-wise turbulence.

Figs. 2.5 presents dimensionless plots of local heat transfer coefficient, Nu,., for Y,/D;, =
3.50 and 0.50, respectively, as a function of stream-wise distance from the impingement
line. For Y,/D, = 3:5, the heat transfer coefficient decreased monotonically with
increasing distance from the jet centerline, with a change (reduction) in negative gradient
at x/Dy, = 1.5. For spaces of Y,/D;< 2.5, a non-monotonic decay in Nuy,. distribution was
observed with a primary peak at the impingement line, followed by a secondary peak that
occurred closer to the nozzle centerline with reduced nozzle-to surface spacing. In
particular, for the Y,/D;, = 0.5 slot jet impingement, a region of low heat transfer was
observed at x/D;, = 1.6, followed by a secondary peak region further downstream at x/D;, =
3.2. They observed the turbulence generated close to the surface earlier to the jet impact
and the formation of vortices in the stagnation region and the increased turbulence
promotes the rise in the heat transfer for the transitional jet. A good correlation between
the secondary peak in heat transfer and near-wall stream-wise turbulence was identified
by them.

Sahoo and Sharif [2004] attempted numerical modeling of slot-jet impingement cooling
of a constant heat flux surface confined by a parallel wall with an objective of studying
the associated heat transfer process in the mixed convection regime It is observed that
for a given domain aspect ratio and Richardson number, the average Nusselt number at
the heat flux surface increases with increasing jet exit Reynolds number. On the other

hand, for a given aspect ratio and Reynolds number the average Nusselt number does not
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change significantly with Richardson number indicating that the buoyancy effects are not
very significant on the overall heat transfer process for the range of jet Reynolds number

considered in the study.
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Fig. 2.4Combined plot of heat transfer coefficient, mean and RMS pressure, and near-
wall fluctuating velocity variance distributions on impingement surface for the Yn=Dh V4
0:5 slot jet nozzle along the minor axis of the nozzle, at centerline, z/D;, = 0:00.

Beitelmal et al. [2006] analyzed two-dimensional impinging jets and correlated the heat
transfer coefficient in the stagnation region and wall jet region with approximate solutions
developed using simplified flow assumptions. They studied for the jet-to-plate spacing
ranging from 4b to 126 with the Reynolds numbers ranging from 4000 to 12000. They
measured the heat transfer for x/b ranging from 1.5 to 7.5 along the streamwise direction.
They observed that the stagnation region Nusselt number is constant and explained it
based on potential theory with constant thermal boundary layer thickness.

Haydar and Celik [2006] conducted experiments to determine the effects of some
parameters that were crucial in the cooling of a heated flat plate by an obliquely
impinging slot jet. The inclination of the jet relative to the surface was varied from 90° to
30° (90°, 60°, 45° and 30°). For Reynolds number of 5860, 8879, and 11606, the
variation of local temperatures with respect to dimensionless length (z/L), were

investigated. They developed new correlations for local temperatures in terms of
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Reynolds number, dimensionless distance (z/L) and oblique angle (sind). Results of
experiments indicated that for a given position this displacement of the position of
maximum heat transfer with reference to the geometrical stagnation position, increases
with increase in the inclination, and the displacement is towards the compression side of
plate.

Zhou and Lee [2007] investigated experimentally the fluid flow and heat transfer
characteristics of a rectangular air jet impinging on a heated flat plate. They reported that
the jet Reynolds number, the nozzle-to-plate spacing and the turbulence intensity have an
important influence on the heat transfer of impinging rectangular jets, especially on the
impingement region.They analyzed the heat transfer mechanics in terms of turbulence
intensity and proposed correlations for both local and average N, with free stream
turbulence intensity.

Suresh et al. [2007] studied experimentally the influence of transition regime of
Reynolds number (250-6250) on the evolution of a plane air jet issuing from a slit. They
observed that the spread rate of a slit jet is significantly lower than contoured nozzle jets.
Based on the axial evolution of turbulence intensities, normalized spectral quantities, and
PDFs, it is concluded that the two-dimensional slot jet becomes self-preserving at about
80 slot widths downstream of nozzle exit. Their work also reveals that Reynolds number
substantially affects mixing, spread rate, and centerline decay during transition.

Gulati et al. [2009] experimental investigated the effects of the shape of the nozzle, J2P
spacing and Reynolds number on the local heat transfer distribution to normally
impinging submerged air jet on smooth and flat surface with three different nozzle cross-
sections, viz. circular, square, and rectangular, each with an equivalent diameter of around
20 mm. They reported that: Average Nusselt numbers are found to be insensitive to the
shape of the nozzle. The effect of Reynolds number on the performance of noncircular
jets is similar to that for the circular jet; with increase of Reynolds number, the heat
transfer rate increases.

The heat transfer characteristics of square and circular jets show much similarity. There
is a distinct difference between distribution of Nusselt numbers along the major and
minor axis for rectangular jet. Up to z/d of 6, the Nusselt number distribution along the
horizontal axis for rectangular jet is higher in the stagnation region than those of circular
and square jets. The average Nusselt number around the stagnation point is almost same
for all the nozzle configurations tested, and Pressure loss coefficient is lowest for the

circular jet and highest for rectangular jet.
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Choo and Kim [2010] compared the thermal characteristics of confined and unconfined
impinging jets for air and water. They observed that the thermal performance of the
confined jet was similar to that of the unconfined jet under a fixed pumping power
condition, while the thermal performance of the confined jet was 20—-30% lower than that
of the unconfined jet under a fixed flow rate condition. They also presented generalized
correlations for the stagnation and average Nusselt numbers of both the confined and
unconfined impinging jets as a function of the dimensionless pumping power and the
Prandtl number.
Nirmalkumar, et al. [2011] conducted an experimental investigation of local heat
transfer distribution and fluid flow characteristics on a smooth flat plate impinged by a
normal slot jet. Reynolds number based on slot width is varied from 4200 to 12,000 and
jet-to-plate spacing (z/b) is varied from 0.5 to 12. They identified three regimes on the
target surface viz. stagnation region (laminar boundary layer associated with favorable
pressure gradient), transition region (associated with increase in turbulence intensities and
heat transfer) and turbulent wall jet region. Semi-empirical correlations for the Nusselt
number in the stagnation region and the wall jet region are proposed.
Shariff [2013] numerically modeled and studied using ANSYS Fluent CFD code, the
effect of inclination of twin slot jets impingement on an isothermally heated flat surface,
with confined flow domain. The flow and geometric parameters are the jet exit Reynolds
number, distance between jet exit and the impingement surface and the inclination of the
jet with the impingement surface. He reported that for an impingement angle around 45°
yielding a peak local Nusselt number of about 5, but the overall heat transfer is reduced
by about 36%. For impingement angles between 60° to 90°, while the overall heat
transfer (average Nusselt number) remains fairly constant (3.2 to 2.8), the localized
cooling is mainly concentrated around the impingement locations on the hot surface with
a peak local Nusselt number of about 10.
Alnak, et al. (2018) numerically analyzed the forced convection drying behavior of moist
surfaces of various geometries impinged by a slot air jet. They considered a 2-D laminar
slot jet and obtained the heat and mass transfer distributions for different jet velocities
keeping the jet to object distance, diameter of the object, and initial jet height as constant.
Calculations were performed for four different Reynolds numbers, namely, Re = 100,
200, 300, and 400 using finite volume method for energy and momentum equations.
The geometry of straight semi-circular moist object had better performance of heat and

mass transfer than that of the reverse moist object geometry. Increasing Reynolds number
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had a positive effect on heat and mass transfer. Jet drying was most effective near the
stagnation point on the leading side of the objects.
Rathore et al. (2019) computationally investigated and modeled the slot jet impinging on
a hot plate at lower Reynolds number. They considered a jet Reynolds number of 9900
and H/w of 7.5 in their study. They analyzed the variations of axial velocity along the
centerline, maximum axial centerline velocity, distribution of local Nusselt number along
the confinement wall and the impingement wall. But in this study the analysis is limited
to low Reynolds number model and practically the turbulent jets with higher Reynolds
number may be applicable. Hence experimental investigations on the turbulent slot jet at
various Reynolds number is essential.
Zhua et al., (2021) analysed the heat transfer characteristics of multi-slot nozzles air jets
with velocity difference between the adjacent jets. They studied the influence of thermal
uniformity and heat transfer capacity owing to the existence of adjacent jets. It is
observed that, the heat transfer uniformity of multi-slot nozzles jet heat transfer was
improved compared with that of a single-nozzle jet heat transfer. It is also noted that the
closer the Reynolds number of the adjacent jets, the better the heat transfer uniformity.
The existence of adjacent jets would relatively inhibit the heat transfer capacity. They
proposed an empirical formula for heat transfer characteristics of a single- nozzle jet
using the experiment data.
From the preliminary literature studies, it is found that prior research on impinging “Slot
jet” is limited to the average HTC on smooth surfaces. The flow structure of a jet at the
exit is found to be very much influential on the rates of “heat transfer”. Correlation for
WSP distribution with “heat transfer” for smooth surface is not available. Earlier
researchers report no exhaustive work on the influence of fluid flow characteristics on the
local HTC.
Hence, it is proposed to study the local H7C and fluid flow behavior of impinging slot air
jets on flat smooth and flat rough surfaces. In addition, it is intended to propose necessary
“heat transfer” correlations for the various configurations studied.
1. Conclusion from literature and objectives of the current work:

It is felt from the preliminary literature studies that prior research on impinging slot jets
is limited to the average heat transfer characteristics on smooth surfaces. The heat transfer
rate on the impingement surface has a close relationship with flow structure at the nozzle

exit. Very little work reported the fluid flow and heat transfer rate of impinging slot jets.
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Correlation of wall static pressure distribution with heat transfer from smooth surfaces is

not available. Use of surface rougheners on the target surface for heat transfer
enhancements is not widely attempted. No exhaustive work on the influence of fluid flow
characteristics on the local distribution of the heat transfer is reported by earlier
researchers.

Hence, it is proposed to study the local heat transfer and fluid flow characteristics of
impinging slot air jets on flat smooth and rough surfaces. Further, the study will be
extended with inclined impingement of slot jet. Influence of confinement will also be
investigated experimentally. Finally, it is intended to propose necessary heat transfer

correlations for the various configurations studied.

2.2 Heat transfer and fluid flow distribution on rough flat plate
impinged by an unconfined single jet:

Jet impingement, itself, is a high-rate heat transfer technique but to further enhance the
heat transfer rates of the impinging jets, the surfaces may be roughened. The surface
roughness creates flow disturbances, which affects the turbulence characteristics of the
flow and thereby increases the heat transfer. It is found from the published literature that
the heat transfer from a smooth flat surface to a jet is influence by the parameters like
Reynolds number, J2P distance and the distance to a major extent. But in most of the real-
life industrial applications the target surface may not be necessarily a flat and smooth
surface and the flow behavior on that case will be naturally different which will definitely
influence the heat transfer characteristics between the jet and the surface. So, it becomes
necessary to study the influence of the surface roughness in the form of ribs, dimples,
projections or protrusions on the surface on both the fluid flow and heat transfer
characteristics. The work done by the various researchers in the past regarding the
roughness effect has been highlighted in the paragraphs below.

Most of the work done by earlier researchers is on the circular air jet impinging over flat
and smooth surface. Livingood and Hrycak (1970), Martin (1977), Jambunathan et al.
(1992) and Viskanta (1993). Gardon and Cobonpue (1962) have experimented and
reported the heat transfer distribution between the circular jet and a flat plate for the
nozzle plate spacing greater than two times the diameter of the jet, with single jet and
array of jets. Gardon and Akfirat (1965) studied the effect of turbulence on the heat
transfer between the two-dimensional jet and flat plate.

The fig. 2.5 below shows the axial variation of the velocity and turbulence along the
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center line of the jet. Immediately on leaving the nozzle, the air in the jet begins to entrain
the surrounding still air. The width of the mixing region increases continuously, and at
some distance from the nozzle it is wide enough to have penetrated to the centerline of the
jet. up to this point the centerline velocity remains practically un affected by mixing and
substantially equal to the nozzle exit velocity. Beyond the potential core region (z/D>5)
the centerline velocity also diminishes as the jet shares its momentum with more and
more entrained fluid. It can be observed that the centerline turbulence is very minimum
close to the jet and as the z/D increase above 1.0, the turbulence gradually increases and

reaches maximum around z/D = 15.
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Fig. 2.5 Variation of velocity and turbulence along the center line of a 2-D jet

They also studied the heat transfer distribution due to impingement of multiple two-
dimensional jets. Gardon and Akfirat (1965), Baughn and Shimizu (1989) and Hrycak
(1983) have conducted experiments of heat transfer to round jet from flat plate employing
different methods of surface temperature measurement.

Lytle and Webb (1994) studied thelocal distribution of heat transfer coefficients of air jet
impingement at jet-to-plate distances of less than one nozzle diameter in the Reynolds
number range 3600 <Re< 27600 using thin foil heater and an infrared thermal imaging
technique. Fully developed nozzles were used in their study. Measurements of wall static
pressures are made. Radial mean velocities and RMS fluctuations are measured using
Laser Doppler velocimetry. Figure 2.6 shows the variation of mean radial velocity and
RMS fluctuating velocity at two different jet-to-plate distances for Re = 11000. Flow
structure measurements show significant increases in both mean velocity and RMS

turbulence fluctuations as the nozzle- plate spacing is decreased.
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Figure 2.7 illustrates the variation in local Nusselt number for z/d ranging from 0.1 to 6.0
for Reynolds numbers of 23000. As the nozzle-to-plate spacing is reduced from 6d to
0.5d, the Nusselt number distribution depends more on the radial flow characteristics. For
z/d of 0.5, the Nusselt number decreases monotonically for some distance and then
increases reaching peak in the vicinity of #/d of 1.75 before decreasing monotonically for

larger radial distances.
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Fig. 2.6 Distributions of mean velocity and RMS velocity fluctuations for Re = 11000
(Lytle and Webb, 1994)

The rise in the Nusselt number in the vicinity of 7/d of 1.75 is called secondary maxima
and is due to the transition from the laminar to turbulent flow. Further decrease in the z/d
from 0.5 to 0.25 shows slightly prominent secondary maxima, which is shifted, toward
the stagnation point as compared to that for z/d of 0.5. The decrease in the nozzle plate
spacing increases the velocity of the flow in the gap. This higher velocity in the gap is
responsible for shifting the zone of the transition from laminar to turbulent flow towards
the stagnation point. Also, the higher velocity in the gap causes more entrainment of the

surrounding air resulting in higher turbulence intensity and causes prominent secondary
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maxima. The location of the outer peak is found to coincide with a local maximum in
turbulence fluctuations, suggesting considerably higher turbulent transport there.

The measured data of stagnation Nusselt number was correlated for nozzle plate distances
of less than one diameter using least-square regression fit. The suggested correlation is

given in Equation (2.2).
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Fig. 2.7 Radial variations of the Nusselt number (Lytle and Webb, 1994)
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Lee et al. (2004) studied the effect of nozzle diameter on heat transfer characteristics for
the jet impinging on a flat plate. Jet Reynolds number of 23000, nozzle diameters of 1.36,
2.16 and 4.40 cm. and nozzle to Target plate spaces from 2 to 14 are considered in this
study. The results are as shown in the Fig 2.8. Larger nozzle diameters for a given
Reynolds number lead to increase in mass flow rate, jet momentum and turbulence
intensity. Hence, it can be seen that stagnation Nusselt number increase with diameters of
nozzle for a given Reynolds number. However, in the wall jet region increase in nozzle
diameter has no influence on Nusselt number because redevelopment of boundary layer
after the jet impingement for different nozzle diameter is same. In addition, it is observed
that stagnation Nusselt numbers are higher when nozzle to Target plate distance is around

7, which is as expected because turbulence intensity of a jet reaches maximum at this

distance. They reported that local Nusselt numbers in the region of 0<r/d<05

increase with larger nozzle diameters.
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Fig. 2.8 Effect of nozzle diameter on stagnation point Nusselt number(Lee et al.,
2004)

Katti and Prabhu (2008) reported experimental investigations and analysis of local heat
transfer distribution on a flat surface due to jet impingement from a long pipe nozzle.
They identified on the target surface three regions namely stagnation region, transition
region, and wall jet region based on heat transfer distribution and have developed Semi-
empirical correlations for local Nusselt numbers separately for each region. Han et al.
(1978) experimentally investigated the effects of rib shape, the angle of attack and pitch
to height ratio on the friction and heat-transfer for parallel plate geometry. They
developed a general correlation for friction factor and heat transfer considering rib shape,
spacing, and angle of attack. They opined that Ribs at a 450 angle of attack have superior
heat transfer performance at a given friction power in comparison with ribs at a 900 angle
of attack or sand-grain roughness.

Some work is also reported on the slot jet impingement on rough surfaces for internal
flows but exhaustive work is not attempted with roughened surfaces particularly with
detached ribs on the surface with external flow, normal and oblique impingement. Gau
and Lee (1984) experimented on flow structure of “slot jets” and “heat transfer” along the
walls with ribs as roughners. They observed that, due to the rib protrusions the air bubbles
are formed which encloses the cavity and stops the jet from interacting with the wall and
thus reduces the “heat transfer”. But a turbulent flow penetrates the air bubble, interacts
with the surface, re-circulates in the cavity formed, and appreciably increases the “heat

transfer” rates.
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Hansen and Webb (1993) have conducted heat transfer experiments with six different
rough surfaces to study the effect of different roughness patterns; one smooth surface is
also studied for the comparison. The roughness elements are in the form of cubes of 1.59
mm size, square prisms with 1.59 mm side and 3.18 mm and 4.76 mm height, pyramid of
1.59 mm height with square base of 3.18 mm side, three concentric rings of 1.59 mm
wide and 1.59 mm height with 1.59 mm spacing and annular ring with width of 3.18 mm
and height of 6.35 mm as shown in Fig. 2.9. Two different nozzles with diameters of 6.91
and 13.3 mm are used. Reynolds number is varied from 4700 to 24000 for the small
nozzle and from 8100 to 33000 for large nozzle with z/d of 5. z/d is also varied from 0.25
to 14 for both the nozzles. The average Nusselt number and absolute heat transfer are
obtained for all the test surfaces. The temperature is measured with thermocouples,

velocity and turbulence intensity are measured by LDV technique.
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The variation in the smooth surface Nu is similar to that seen earlier i.e., increase in Nu as
the z/d is increased up to the end of the potential core and thereafter decrease in Nu with
further increase in z/d due to reduction in both, velocity and the turbulence intensity. The
acceleration effect of increasing Nu in low nozzle plate spacing can also be seen from the
figure. Compared to smooth surface, pyramidal fins yield enhanced Nu over entire range
of z/d for both nozzle diameters except at large z/d for larger nozzle diameter. The short
square fins enhance Nu in all the conditions. The tall square fins enhance Nu with large
nozzle diameter at small z/d and reduce Nu for all other test conditions.

Miyake et al. (1994) studied heat transfer characteristics of an axisymmetric jet from a
converging circular nozzle impinging on a wall with eleven concentric attached square
ribs as roughness elements (0 <r/d< 5.0). Each rib is separated and heated individually so
as to form isothermal surface. Thus, radial distribution of segment averaged heat transfer

coefficients is presented for Reynolds numbers ranging from 24000-72000 for jet to plate
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distances (z/d) of 3.0-8.0. Rib parameters considered are rib height to nozzle diameter
ratio (e /d) of 0.1 and 0.2, rib width to nozzle diameter ratio (w /d) of 0.1 and 0.2 and
pitch to rib height ratio (p /e) of 5.0 and 10. The ribbed surface with p /e = 5.0 and e /d =
0.1 is reported to have higher heat transfer augmentation than other. At lower z/d (3.0),
Nusselt numbers in the stagnation region are lower than the corresponding case of smooth
surface and it was attributed to the formation of dam in the stagnation region by the first
axi-symmetric rib. In the downstream, Nusselt number increase by about 30% at an »/d =
1.0 and decrease further monotonically. But, at z/d = 8.0 Nusselt numbers with the ribbed
surface are reported higher than smooth surface case at all radial locations. Fourth order
polynomial curve fit correlations for radial Nusselt number distribution are reported for
each configuration.

Liou and Wang (1995) studied the temperature distribution in a rectangular duct having
an abruptly contracting inlet and mounted with array of square ribs employing Laser
holographic interferometer. They noted a better “heat transfer” in the detached-ribbed
duct in comparison with the attached ribbed duct.

Chakroun ef al. (1998) have conducted experiments with jets impinging on rough surface
and the results are compared with those of flat smooth case to study the effect of
roughness on the heat transfer characteristics of jets impinging on a flat plate. The
roughness is in the form of cubes of size 1 mm distributed 5 mm apart on a square plate
of 0.3 m side made up of brass as shown in Fig. 2.12 (Chakroun et al., 1998). Reynolds
number is varied from 6500 to 19000. The z/d is varied between 0.05 to 15 for smooth
surface and 0.1 to 15 for rough surface. Surface temperatures are measured by 37

thermocouples evenly spaced along the centerline of the plate.

LEXIGLASS . |
1

Fig. 2.12 Schematic diagram of the rough surface and plate with its heating pad
(Chakroun et al., 1998)
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Figure 2.13(a) and 2.13(b) show the variation of Nusselt number with the lateral distance
for different z/d for smooth and rough surfaces respectively, at a Reynolds number of
6500. Maximum Nu, for both the cases, occurs at the stagnation point for all the nozzle
plate spaces studied and decreases monotonically in the radial direction. The maximum
Nuy is found at z/d of 8 in both the cases. Comparison of these figures shows that the
rough surfaces exhibit higher heat transfer than smooth flat plate case. The increase in

local Nu with roughness elements ranges from 8.3% at z/d of 4 to 10% at z/d of 0.1.
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Fig. 2.13 Distribution of local Nusselt number for Re = 6500 (Chakroun et al., 1998)

Similar variations are seen for higher Reynolds number. The increase in heat transfer is
12 to 15.5 % for Reynolds number of 11500, 18 to 25 % for Reynolds number of 15200
and 21 to 28% for the Reynolds number of 19000. In this study, no secondary peaks in
the heat transfer at the nozzle-plate spacing within the potential core are observed.
Similarly, no acceleration effect for very low nozzle-plate spaces is observed. This may
be due to the large Target plate thickness, which causes lateral conduction and thus, gives
error in calculation of local values of heat transfer coefficients.

Liou and Chen (1998), conducted experiments on spatial distribution of the periodic
turbulent “heat transfer” and friction in a rectangular channel having an aspect ratio 4:1
and mounted with rectangular detached ribs on one wall. They used holographic
interferometer, pressure probes, flow visualization with smoke, and laser-Doppler
velocimetry techniques in their study. ‘They reported that with the attached type ribs the
thermal performance non-variably decreases at constant pumping power when the rib

height is increased but the detached rib type with moderate height of the rib(H/De =
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0.106) perforations performs better (N”P / W.v) at lower Re range and (N”P/ W.v) is
independent of H/De for the higher Re range.The detached solid-type ribs were noted to
be having better “heat transfer” characteristics over the perforated-type detached ribs.
Gau and Lee (2000) experimented on triangular rib-roughened walls impinged by slot air
jet to study the influence of protrusions and “rib pitch-to-height” ratios on the flow and
“heat transfer” characteristics along the wall. Flow visualization was made and local HTC
were measured along the wall with ribs. Triangular rib geometry is found to be highly
active in re-bouncing the wall jet than the rectangular ribs which leads to a noticeable
reduction in the ‘“heat transfer”. Yan et al. (2005) examined in detail the HTC
distributions on a ribbed surface impinged by an array of jets both in-line and staggered
cases. They adopted liquid crystal thermographs for temperature measurements. It was
noted that the “heat transfer” over a ribbed surface is periodic-type variation in nature for
Nu distributions. The “heat transfer” was best with a surface having 450 angled ribs. Katti
and Prabhu (2008) analyzed the “heat transfer” between a circular jet and a flat surface
modified with axis-symmetric detached ribs. “A single jet issued from a nozzle of length-
to-diameter ratio (//d) of 83 is used in their study. A consistent increase in the H7C from
the stagnation point along the stagnation region was observed for the ribbed surface,
which is well attributed to the flow behavior in this region”. The (Nu ribbed + Nu
smooth)/2.0 ratio is found to be a function of Re and increasing with Re

Shukla and Dewan (2018) carried out a computational study using various RANS based
turbulence models for slot jet impinging on flat and ribbed surfaces and compared the
results with the reported experimental data. Two cases of jet impingement were
considered, i.e., on a flat surface and ribbed surface. For the ribbed surface, the jet was
impinged directly at the centerline of cavity between ribs. They considered Re (based on
the slot width) of 5500, 11000, and 20000 and H/B values of 4, 8, 9.2, and 12. For the
ribbed surface, two values of the non-dimensional rib pitch (p/e) = 4 and 5 were
considered, where e (= 3 mm) is the rib thickness. A non-dimensional parameter, namely,
B/e (= 2 and 3) was used to study the effects of slot width on the local heat transfer
distribution. They observed that none of the turbulence models considered predicted the
heat transfer data accurately. However, some models predicted the experimental data with
good trends, e.g., secondary peak and several spikes in Nusselt number for ribbed surface,
with a precise computation of the stagnation point Nusselt number. Further, the effects of

slot width, rib pitch and jet to ribbed surface spacing were investigated for jet
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impingement on a ribbed surface. It was observed that the local Nusselt number increased
with slot width and rib to plate spacing. It was also observed that increasing Reynolds
number had a positive effect on the local heat transfer. With increasing rib pitch the local
Nusselt number increased near the stagnation zone but de-creased downstream.

Alenezi et al. (2018) studied numerically, the flow structure and heat transfer due to jet
impingement on a rib-roughened flat plate. Circular ribs of square cross section placed at
different radii around the stagnation point and the effect of the rougheners was
simulated. An enhancement of 15.6 % in normalized averaged Nusselt number was found
at the rib radial location /D = 2. They observed that the maximum average Nusselt
number for each location was achieved when the rib height was close to the
corresponding boundary layer thickness of the smooth surface at the same rib position.

Brakmann et al. (2019) investigated both experimentally and numerically, the heat
transfer behavior of an array of jets impinging on a flat plate with detached ribs. they
studied the effect of the distance between the jets and the plate (H/D = 3.0 — 5.0) in the jet
Reynolds numbers (15000 — 35000) with rib clearances of 0.3D and .008D. The heat
transfer was investigated using TLC (Transient Liquid Crystal) method. ANSYS CFX
with RANS and SST turbulence model was used for numerical simulation. They reported
that the detached ribs provided a 4% increase in the global Nusselt number with adiabatic
ribs. The detached ribs reduce the relative discharge coefficients by 11% compared to a
smooth target surface.

Farzad & Yagoobi (2020) worked on the Drying of moist cookie dough with innovative
slot jet reattachment (SJR) nozzle as the SJR nozzles are overcome the high flow rate
requirement associated with the traditional slot jet. An IR camera was used to capture the
surface temperature distribution during the drying process. They reported 57% reduction
in the drying time at 2% dry basis in comparison to a slot jet nozzle. The moist cookie
surface can be considered as a surface with minor surface roughness and the results can
be tallied with the slot jet impinging on a rough flat surface rather than slot jet and a
smooth flat surface.

Chen et al. (2020) conducted experimental and numerical investigation of the heat
transfer behavior of a staggered array of jets impinging on a flat plate with detached ribs.
They studied the effect of the distance between the jets and the plate (H/D = 3.0 — 5.0) in
the jet Reynolds numbers (15000 — 35000). The heat transfer was investigated using TLC
(Transient thermo chromic Liquid Crystal) method. ANSYS CFX with a steady state

RANS method and SST turbulence model was used for numerical simulation. They
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reported that the performance of the detached ribs in staggered arrangement is
comparable with inline arrangement results of their earlier work with a 4% increase in the
global Nusselt number with adiabatic ribs. The detached ribs reduce the relative discharge
coefficients compared to a smooth target surface.

Few studies have reported turbulent impinging jet heat transfer over ribbed surfaces.
Two types of arrangements are possible for a rib fitted impingement plate, e.g., ribs may
be fixed on the impingement surface (i.e., attached ribs) or these may be detached with a
small gap from the impingement surface (detached rib). Jet impingement over a rib fitted
target surface interrupts the wall jet. Accordingly, turbulence level raises locally and,
therefore, the rate of heat transfer increases with the ribbed surface. Very few studies
related to slot jet impingement on a ribbed surface have been reported in the literature.
Hence there is an ample scope for the study on the fluid flow and heat transfer behavior
of a single slot air jet normally impinging on a rib roughened flat surface. It is possible to
suggest a best configuration for industrial cooling/heating applications by proper study of
the behavior of the jet with rough surface.

2.3 Heat transfer and fluid flow distribution on smooth flat plate
impinged by a confined single jet:

Most of the cases like cooling of a combustion chamber wall, turbine blade, cooling of
electronic gadgets, cooling of the surfaces happens in an enclosed environment rather
than an open impingement cooling or heating. So, the study of the fluid flow and heat
transfer behavior of these cases and other similar applications may be entirely different
from open impingement on a smooth surface discussed already.

Hence it becomes essential to study the behavior of the jet when confined, to know a
better configuration for design a highly efficient heating or cooling device or system for
actual industrial applications.

In this regard the the studies made by the earlier researchres with reference to the
influence of confinement is reviewed in the following paragraphs

Gardon and Akfirat (1965) studied the effect of turbulence on the heat transfer ct
maximum in a variation of stagnation point heat transfer coefficient with secondary
peaharacteristics of submerged impinging jets. On heat transfer characteristics is notable
thaks and nozzle to plate spacing distribution in the radial direction of local heat transfer

coefficients this phenomenon specifically to slot jets
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Gaunter .ef al. (1970) surveyed flow characteristics of single turbulent jet impinging on
a flat plate. The flow field is divided into four distinct regions. Methods for predicting
velocities and pressures in various regions agree reasonably well with experimental data.
Determine the influence of flow Reynolds number on core length and the large
discrepancy between the theoretical and experimental velocity gradients near the wall.
The axial velocity for a free jet is constant and equal to the nozzle exit velocity over a
distance equal to the potential core length. For a slot jet, the axial velocity downstream of
the potential core is inversely proportional to the root square distance from the jet nozzle
in slot widths.

Vader et al. (1991) examined on a technique for unfaltering of measuring on local heat
exchange of an impinging fluid stream and found as local convection coefficients for heat
exchange to an impinging fluid jet. It is noted that the 5.1mm on opposite side of heater
took intervals to find the heat flux distribution and temperature .

Jambunathan et al. (1992), surveyed on a Single Circular jet of Heat Transfer
information that turbulent jets with spout way out of Reynolds number 5000-124000 and
Nusselt number at radii more noteworthy than of six nozzle diameters from stagnation
point. Jets issuing from square edged orifices openings give higher Jets exchange
contrasted from elliptical and streams to circular jets and noticed that the surrounding
temperature is not equivalent to air temperature at the nozzle exit .

R.K. Brahma (1992) studied the slot jet impinging on a flat surface and predicted fluid
flow and heat transfer characteristics at the stagnation point. A correlation was proposed
for stagnation point heat transfer considering different nozzle to jet placings and
Reynolds number. Results obtained in terms of velocity gradient at stagnation point were
compared with velocity profile at nozzle outlet of a two-dimensional jet.

Ichimiya and Hosaka (1992) observed heat transfer characteristics of confined two-
dimensional jets on a flat surface. For Experiment, they used three slot jets and keeping
a distance of H= 0.5 to 3, dimensional less pitch p=6 to 16 and Reynolds number 500-
8000 for comparing with the unconfined jet. They observed that for laminar flow the heat
transfer increases locally due to the second jet. The values are estimated numerically for
all the jets.

Cooper et al. [1993] worked on flow field characteristics of a turbulent jet impinging
orthogonally on a large surface at two Reynolds numbers of 23000 and 70000.
Turbulence energy of Re 23000 is high rates compared with stream free fluid.
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Lin, et al. [1997] supervised the heat transfer behavior of a confined slot jet
impingement on a flat surface considering various Reynolds number and jet to plate
spaces. They found that the stagnation point, average and local Nusselt number are
influenced by Reynolds number and depends insignificantly on a jet to plate spaces. A
concept of effective cooling length was introduced for evaluating the numerical average
heat transfer performance.

Baydar [1999] studied confinement effects air impinging jet at Reynolds number is to be
lower. Experimented on a single jet with Reynolds number of 500-10000 and double jet
with Reynolds number of 300-10000 at varying z/d in the range of 0.5-4. for greater
Reynolds number of about 2700, the subatmospheric pressure occurred for up to nozzle to
plate spacing of 2.0. It is observed that there is a link between the peak in heat transfer
coefficientand subatmospheric region to some extent.

Carlo Carcasci [1999] experimented on air impinging jets using visualization methods for
air impinging jets. Heat transfer coefficient distribution is found to follow for a row of
jets the flow pattern with subsonic velocity impinges on a flat plate.

Narayanan et al. [2004] experimentally studied on submerged slot jets on a flat plate.
With hydraulic diameters of 0.5 and 3.5 which correspond to potential — core region and
transitional region respectively. It is observed that heat transfer coefficient of
impingement region is peaked at that level and decreases monotonically towards the wall
jet region.

Baydar and Ozmen [2005] conducted experiments on the effect of higher Reynolds
number for confined air impinging jets on a flat plate and numerical investigated
experimental values. They chose Reynolds number of 30000 and 50000 z/d in the range
of 0.2-6.0. Deceleration of the jet occurs due to the presence of impingement plate. At z/d
up to 2, the subatmospheric region is observed. As the nozzle exit to plate distance
increasing the subatmospheric pressure moves radially outward from stagnation point.
Concluded that there is a storng relation between heat transfer coefficient, turbulence
intensity, and sub-atmospheric region.

Danielle et al. [2005] analyzed the behavior of a near to wall impinging jet. For
turbulent impinging jet considered single nozzle to plate spacing that of semi-confined is
2.0 and Reynolds number of 35000 and measured the longitudinal turbulence profile. The
mean temperature is measured using thermocouples. They observed that the minimum

temperature profile occurs away from the wall.



34

Lupton et al. [2008] supervised the effect of variation in confinement levels of miniature
air jets on heat transfer and concluded that confinement effects are more significant on
miniature diameter jets than for larger diameter jets. For miniature jets at large Reynolds
number (Re = 12,700), the local heat transfer decreases with increasing confinement over
both stagnation and wall jet regions and differences as high as 69% in the stagnation
region were seen whilst contrasting the two extreme levels of confinement tested.

Choo and Kim [2010] concentrated on the thermal conductivity of two impinging jets
confined and unconfined with dimensionless pumping force of reach 1.35*1010—4*1013
and nozzle to plate dividing is not as much as single nozzle diameter measurement of z/d
= (0.125-1.0. and result happened as under altered pumping power condition the thermal
execution of confined jet is same as that of the unconfined jet while under fixed flow rate
stream condition for the confined jet is 20%-30% lower than an unconfined jet.
Nirmalkumar et al. [2011] experimented on the “heat transfer behavior of a slot jet in the
stagnation region (0< x/b<2), transition region (2 < x/b < 5) and wall jet region (x/b > 5).
For a given z/b, heat transfer Coefficient increases with the increase in the Reynolds
number in the streamwise direction. In a slot jet, secondary peak is not evident at lower
Reynolds numbers and larger z/b s. and is strongly evident at maximum Reynolds number
of 12,000” and for the z/b<l.

Lee et al. [2012] “experimented on an isothermal flat plate with laminar heat Transfer
Characteristics are determined subject to a miliscale confined impinging slot jet having an
aspect ratio (y/b) of 50.” They found from visualization of slot jet flow of overall
structure with jet columns in lateral distortions of at vortex structures, it is found to be
Nusselt numbers sensitive to the laminar boundary layer, and laminar space jet close
divider temperature gradients will come about consistent surface temperature on thermal
boundary conditions. Cooling is focused close to the impingement area on the surface just
for a solitary ordinary impinging jet.

Patil et al. [2014] experimented on confined impinging circular air jet and measured the
wall static pressure at Re 18000-40000 at the nozzle outlet & J2P spacing in the range of
0.25-4. It is found that the maximum pressure occurs at the stagnation point. Maximum
pressure decreases with a nozzle to plate spacing and with the increase in r/d. The
subatmospheric region also increases with the Reynolds number.

Katti et al. [2014] Experimentally Investigated the local distribution of wall static
pressure coefficient due to impinging slot air jet on the smooth and rough surface. Co-

efficient of wall static pressure is seen to be independent of Reynolds number in the range
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of 5000-20000 for a given jet to plate distance in case of a smooth surface. Wall Static
pressure Coefficient decreases with increases in a jet to plate distances due to entrainment
of surrounding quiescent air and looses effect of impact on the target plate. Wall static
pressure coefficient is maximum at the stagnation point for all the configuration studied
and decreases along the streamwise direction which may be attributed to increase in the

velocity along the plate. It is observed that wall jet region starts around x/Dyof 1.5.

Qiu et al. (2019) studied numerically the effects of surface curvature, jet to target spacing
and jet Reynolds number effects on the heat transfer and fluid flow characteristics of a
slot jet impinging on a confined concave target surface at constant jet to target spacing.
Jet to target spacing, H/B is varied from 1.0 to 2.2, B is the slot width. The jet Reynolds
number, Rej, varied from 8,000 to 40,000, and the surface curvature, R2/B, varied from 4
to 20. They reported that an obvious backflow occurs near the upper wall and the local
and averaged Nusselt numbers considered in the defined region respond positively to the
Rej. They recorded that the surface curvature plays a positive role in increasing the
averaged Nusselt number for smaller surface curvature (4-15) but affects little as the
surface curvature is large enough (> 15). They concluded that the thermal performance is
larger for smaller surface curvature and changes little as the surface curvature is larger
than 15. Also, the jet to target spacing shows a negative effect in heat transfer

enhancement and thermal performance.

2.4 Heat transfer and fluid flow distribution on a rough (ribbed) flat
plate impinged by a confined single jet:

From the studies and experiments it is already confirmed that the roughness on a surface
improves the heat transfer characteristics between a jet and the surface in comparison
with a smooth surface heat transfer particularly in open impingement cases analyzed. The
confinement is also proved advantageous in improving the thermal behavior of the jet in
comparison with unconfined smooth as well as unconfined rough surfaces. This
advantage of roughness and confinement may be applicable in some special case where
the actual environment is truly a rough and confined one. So our study is extended to
explore the combined influence of confinement and roughness on the flow and heat
transfer characteristics of a single slot jet impinging on a confined ribbed surface.

The confined and rough surfaces are very common in most of the applications like

electronic packaging, food industry etc.
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The work done by the researchers in the past is summarized as below.

Gardon and Akfirat [1965] analyzed the influence of velocity and turbulence on “heat
transfer” characteristics of impinging 2-D jets by varying “Reynolds number” from 450 to
22000 and a slot width of 1.58, 3.175 and 6.35 mm. the observed nonmonotonic variation
of “heat transfer” along “streamwise direction”. SP Nu is to be constant for the J2P
spacing less than the potential core length. They reported a non-monotonic variation of
SP Nu with J2Pspacing 1s due to the effect of centerline velocity, arrival velocity,
turbulence and the ratio of arrival velocity to jet width. The occurrence of secondary
peaks in heat transfer due to the transition from laminar to turbulent triggered by the
disappearance of the pressure gradient. They also observed heat transfer of the laminar
boundary layer with a positive pressure gradient is more than the turbulent boundary layer
is observed at a pressure gradient. They reported that SP Nu is higher at the point of jet
impact on “Target plate” at the end of the potential core region.

Beitelmal et al [2000] explored the influence of surface roughness on “average heat
transfer” at on impinging air jet. The temperature was measured for “Reynolds numbers”
from 9600 to 38500 and J2P spacing (z/d) of 1 to 10. They observed an enhancement of
about 6% in the “average Nusselt number” with the roughness on the surface. “The
roughness disturbs the boundary layer and hence promotes the turbulence of wall jet in
turn increasing the rate of heat transfer from the surface. A correlation was proposed for
average Nusselt number considering the Reynolds number and J2P spacing as the
variables”.

Gau and Lee [2000] studied fluid flow and “heat transfer” between a triangular rib
roughened wall and a slot air jet with reference to the effect of rib heights. They varied:
the “Reynolds number” between 2500 and 11000, the ratio of slot width to rib height
from 1.17 to 6.67 and J2P spacing from 2 to 16. “They observed that widely opened
cavity between neighboring ribs makes more intensive exchange of momentum between
the wall jet and the cavity flow that leading to a higher heat transfer rate and in the region
of laminar wall jet that leads to a reduction in heat transfer”. The correlation of stagnation
“Nusselt number” was proposed.

Chirac and Ortega [2002] adopted the numerical FDM to determine the effect of steady
flow and unsteady flow on “heat transfer” between a “slot jet” and an isothermally heated
plate. The jet “Reynolds number” ranging from 250 to 750 of “Prandtl number” 0.7 and
J2P spacing (H/W) of 5 is studied. They reported that at “Reynolds number” 585-610 the

flow become unsteady. In the steady regime stagnation, the Nu is directly proportional to
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the Re and distribution of HTC in the wall jet region was influenced by re-entrainment of
the flow.

Gao and Sunden [2003] determined the “heat transfer” character of a confined single “slot
jet” and multiple “slot jet” experimentally. The liquid thermograph technique was used to
tap the distribution behavior of temperature over the surface. The effects of the J2P
spacing, “Reynolds number” and width of jet and presence of the exhaust port on the
local Nu and average Nu is studied. Comparing the single and multiple jets at two J2P
spacing (H/B) 8 and 24, all the local Nu distribution shows the samebehavior for all
“Reynolds number” from 1150-7550, leading to an opinion that increase in the slot-to-slot
distance in multiple jets prevents the jets interacting with each other. The effects of the
J2P spacing on SP Nu of central jet of the three-slot system and single “slot jet” at
varying Re observed and SP Nu is maximum at H/B=8 and both jets have same value up
to H/B=8, increasing in H/B leads to decrease in Nu, values of multiple jets. The effect of
slot width shows that higher width has a higher local “Nusselt number” and lower width
has a higher “average Nusselt number”, it occurs due to a rise in the intensity of the
turbulence with the increase in slot width.

Narayan et al [2004] experimented on the WSP and heat transfer between a turbulent
slot jet. Two J2P spacing of 3.5D, (transitional jet) and 0.5D, (potential core jets) are
considered for exit Reynolds number at 23000. They reported a high heat transfer rate in
the transitional jet impingement and non-monotonic decay in the HTC. For potential core
jet impingement and generation of turbulence near the surface prior to impingement and
pressure at span-wise vertices in the stagnation region with an increase in near-wall
responsible for increasing heat transfer in transition jet impingement.

Baydar and Ozmen [2005] experimentally and numerically investigated the impinging air
jet at Re ranging from 30000 to 50000. The mean velocity, turbulence and pressure
distribution, were obtained for given Re and a J2P spacing ranging between 0.2-6. They
observed pressure distribution on the “Target plate” was independent of the “Reynolds
number”. Negative pressure region appears on the target surface for the J2P spacing up to
2 and it becomes more prominent with decrease in the J2P spacing. They reported
maximum turbulence intensity and a secondary ‘“Nusselt number” peak was observed in
the negative pressure region.

Lou et al [2005] numerical studied the role of nozzle geometry, nozzle width, “Reynolds
number” and roughness of target surface with confined jet “heat transfer”. The nozzle size

is varied from 0.6 to 2mm. J2P spacing ranges from 0.5 to 10mm and “Reynolds number”
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varied from 26.8 to 1000. Pressure drop for different H/W is plotted. They observed that
“heat transfer” depends on all geometric parameters HTC and the Nu increases with
decreasing of nozzle width and J2P spacing. The surface roughness may cause an increase
in “heat transfer” due to deterioration of laminar impinging jet.

Gao and Ewing [2006] studied the effect of confinement on “heat transfer” characters
circular jet exiting from a long pipe. The Re varied from 17000 to 28000. They observed
that confinement hardly influences on the “heat transfer” for nozzle to placing (H/D)
more than 1 and it reduces “heat transfer” by 50% in the “streamwise direction” of nozzle
to placing (H/D) less than 0.5 due to turbulent fluctuation in “heat transfer” region
reduced and converted more slowly in this region and they also reported a decrease in
“heat transfer” in confined jet shifting outward with increase in the J2P distance.

Zhou and Lee [2007] worked on the “heat transfer” and flow behavior of a rectangular jet
interacting with a heated plate. They experimentally determined the effect of Re and J2P
distance on the local and average Nu. They observed that higher the “Reynolds number”
larger is the turbulence intensity and mean velocity. The mean velocity decreases rapidly
at X/B = 0.4 to 0.6 due to vena contract in orifice jets (“Reynolds number” varied from
2715 to 25005 and J2P spacing was varied up to 30). They also observed that J2P
distance significantly affects the “heat transfer”. A correlation was proposed relating local
and average “Nusselt number” and the turbulence of the free-stream.

Katti and Prabhu [2008] “studied the enhancement of heat transfer on a flat plate surface
using axis symmetrical ribs by normal impingement of circular jet. Effect of ribs width
(w) ribs height (e) pitch between the ribs (p) location of the first rib from stagnation point
and clearance under the rib (c) on local heat transfer distribution is studied J2Pdistance
varying from 0.5 to 0.6. They observed an enhancement in heat transfer due to the
acceleration of fluid in that region created by clearance under the rib and Nusselt number
of stagnation point increases by shifting rib nearer to the stagnation. With increasing in
width of rib major flow impinges on the top surface of rib and may not reach to target
surface it may lead to decrease in heat transfer and increasing rib height flow velocity
along the target surface decaying at a faster rate. They also observed the wall static
pressure gradient of stagnation point is higher for a surface with detached ribs than a
smooth surface”.

Akansu et al [2008] experimented to determine the effect of inclination on the fluid
pressure and heat transfer characters of a slot jet and a flat surface. The effect of angle of

inclination, J2P spacing and Re were studied. They observed that the angle of inclination
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influences significantly on the Maximum heat transfer. As the angle of inclination
increases, the point of maximum heat transfer shifts in the direction of the ascending side
of the plate. At the lowerJ2Pspacing, the value of heat transfer coefficient increases with
inclination.

Gulati et al [2009] studied the effects of the nozzle geometry, J2P spacing and Re on
impinging air jet. “Reynolds number” varied from 5000 to 15000 and J2P spacing from
0.5 to 12 timed the diameter of the nozzle. A suitable //d ratio of 50 is used to get a
developed flow. The local “heat transfer” was determined using IR thermal imaging
technique. They observed that rectangular nozzles show high “heat transfer” rate due to
high turbulence intensity at nozzle exit and it requires more pumping power due to larger
pressure losses. The drop in the pressure drop across the nozzle is measured and the
coefficient of pressure loss is determined for all the configurations of the nozzle.

Chao and Kim [2010] compared the thermal behavior of a confined and an unconfined
impinging jet. The effect of pumping power and flow rate is studied by varying Reynolds
number from 3600 to 17300 and two J2P spacing of 0.125 and 0.25. They observed the
thermal characteristics of the confined jet is similar to an unconfined jet of fixed pumping
power condition while the thermal performance of confined is 20% to 30% lower than
unconfined jet under fixed flow condition. The correlationfor stagnation and average
Nusselt number for both confined and unconfined impinging jet presented.

Ozmen [2011] carried out the experiment to study the fluid flow behavior of confined
twin air jets at Reynolds number of 30000 to 50000, J2P spacing of 0.5 to 4 and jet to jet
spacing varying from 0.5 to 2 were studied. The flow is visualized by smoke wire method
at Re=4800. They observed that sub atmosphere pressure is observed on both target
surface and the confinement plate for J2P spacing up to 1.0 for all Reynolds number and
jets to jet spacing. They also observed that surface pressure distribution on the target
surface and the confinement plate is independent of Reynolds number .

Nirmalkumar et al [2011] experimented on the local “heat transfer” distribution and flow
properties on a smooth plate and an impinging slot air jet. Slot width based Re is varied
from 0.5 to 12. They recognized 03 regimes on the flat surface viz. stagnation region (0
< x < 2), transition region (2 < x/b < 5) and wall jet region (x/b > 5). The semi-empirical
equations were proposed for the Nu in the stagnation region and for the Nu values in the
wall jet region.

Katti, et al [2014] experimentally studied the local WSP distribution over a flat smooth

surface and a flat rough surface interacting with a “circular jet”. They observed that WSP
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is sovereign of “Reynolds number” and its strength diminishes as the J2P spacing
increases, they also observed an enhancement in “heat transfer” rate at the rough surface
using detached ribs compare to smooth surface.

Nevin Celik (2020), studied the effect of style of roughness, the jet geometry, effects of
jet-to-surface distance (H) and radial distance (r) on the heat transfer from target surface
for a constant jet Reynolds number 20,000 adopting the Design of Experiment (DoE) and
Analysis of Variance (ANOVA). The highest effect on Nusselt number is observed to be
the radial distance (88%), while surface roughness has the effect in percentage of 8%. The
contribution of jet geometry and jet-to-surface distance is much lower, as being 3% and
1%, respectively.

From the review of published and available literature it is identified that there is an ample
scope to explore the local distribution of WSP and HTC on a rough surface with

confinement under the interaction of “slot jet”.

2.5 CONCLUSIONS FROM LITERATURE REVIEW

The gas turbine engine performance may be improved by providing higher gas
temperatures at turbine entry which in turn require active cooling of the turbine blade.

Literature review suggests that heat transfer enhancement by jet impingement has
significant potential to increase the local heat transfer coefficient. Impingements from
arrays of jets are one of the methodswidely used to reduce the blade temperature on the
mid-chord and leading-edge regions. Hence, many researchers have shown keen interest
in the topic. The available literature studies reveal that there are still unaddressed issues
like the thermal issue of uniformity of distribution of heat transfer. This issue may be
dealt adequately if local heat transfer characteristics under the influence of various
geometric and flow parameters of the impingement system are investigated. Hence, in the
following section a brief discussion on the major studies missing in the literature in
different aspects of jet impingement cooling is highlighted which has led to the scope of
present work.
2.5.1 The conclusions from literature review on single jet impinging on smooth flat
surface:

Many prior studies are carried out on the heat transfer and fluid flow characteristics due
to single jet impinging normally over a flat smooth surface. Gardon and Cobonpue (1962)
reported the local heat transfer distribution between a circular jet and flat plate using a

specially designed heat flux gage. Hrycak (1983) conducted experiments of heat transfer



41

to round jet from flat plate to study stagnation and average heat transfer characteristics.
Lytle and Webb (1994) studied the effect of very low nozzle-to- plate spacing (z /d < 1)
on the local heat transfer distribution on a flat plate impinged by a circular air jet issued
by long pipe nozzle. The correlations for stagnation point heat transfer are reported for
low jet-to-plate distances (z/d< 1.0). Lee et al. (2004) studied the effect of nozzle
diameter on impinging jet local heat transfer and fluid flow at a Reynolds number of
23000.

Most of the correlations proposed are for average heat transfer coefficients between
circular jets and Target plate and a few correlations for stagnation point Nusselt numbers
available are based on regression analysis from experimental data. It is understood from
the published available literature that there is a need to obtain local distribution of heat
transfer coefficients and generalized correlations for local heat transfer coefficients based
on the flow characteristics on the Target plate due to a slot jet impingement and the

available semi-empirical predictions.

2.5.2 The conclusions from literature review on single jet impinging on flat surface
with surface roughners:

The influence of surface roughness elements on heat transfer enhancements are reported
by a few researchers. Hansen and Webb (1993) and Chakroun et al. (1998) have studied
heat transfer characteristics from an impinging circular jet on the flat “Target plate” with
different surface roughness elements on it. However, their data reflects the average
Nusselt number variation rather than local data because of the large thickness of the target
plate. Miyake et al. (1994) and Gau and Lee (1992, 2000) have reported the heat transfer
augmentation to jet impinging on target surface with attached ribs of thermally active
materials. Thus, the augmentations reported may be due to combined effect of two
factors, namely (a) the enhanced turbulence mixing by distorting the flow fields caused
by the presence of ribs and (b) the extension in heat transfer surfaces i.e., the fin effect
caused by the ribs. Few studies are reported on the heat transfer characteristics due to
detached ribs in the internal flow situation. The work on the influence of roughness on
the fluid flow and heat transfer characteristics of slot jet impingement is not much
attempted by the earlier researchers. In view of the above observation, an attempt is
required to extend the benefits of heat transfer augmentation due to detached ribs seen in
internal flows to impinging jet flows. There is no sufficient information available in the

literature on the heat transfer distribution on the flat plate with detached ribs due to slot
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jet impingement. It is felt that the present study has to focus on the detailed parametric
investigation and identify a configuration which gives higher heat transfer enhancements

relative to corresponding smooth surface case.

2.5.3 The conclusions from literature review on single jet impinging on flat surface
with confined slot jet

The influence of confinement on the thermal behavior was studied by Chao and Kim
[2010] and reported that the thermal performance of confined is 20% to 30% lower than
unconfined jet under fixed flow condition. The correlations proposed are limited to the
stagnation and average Nusselt number for both confined and unconfined impinging jet
presented. Ozmen [2011] carried out the experiment to study the fluid flow behavior of
confined twin air jets at and observed that sub atmosphere pressure is observed on both
target surface and the confinement plate for J2P spacing up to 1.0 for all “Reynolds
number” and jets to jet spacing. They also observed that “surface pressure distribution”
on the target surface and the confinement plate is independent of “Reynolds number”.
The detailed investigation on the local distribution of Cp and Nu is not available and
needs to be focused as part of our experimental studies.

2.5.4 The conclusions from literature review on single jet impinging on flat rough
surface impinged by a confined slot jet

Even though a noticeable work is done by the various researchers on circular jets, non-
circular jets and two-dimensional jets interacting with smooth surface, ribbed surface,
finned surface, etc. and many correlations are also are available on various individual
cases of impingement heat transfer situations, In particular to the combined influence of
surface roughness and confinement of the jet on the fluid flow and heat transfer
characteristics of slot air jet is not found in the published literature. There is a lot of scope
as this type of situation is very common in most of the industrial cooling/ heating

applications and needs to be addressed in detail.
2.6 OBJECTIVES OF THE PRESENT WORK:

There are many unaddressed thermal issues of gas turbine heat transfer. The effective
active cooling of the turbine blades using compressor bleed air is required for higher
efficiency of the gas turbine engines. The jet impingement cooling technique has
significant potential to increase the local heat transfer coefficient. Arrays of impinging
jets are one of the methods currently used to reduce the blade temperature on the mid-

chord and leading-edge regions.
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The primary objective of the present study is to address one of the thermal issues of
uniformity of distribution of heat transfer of gas turbine blades. This requires knowledge
of local distribution of heat transfer coefficients, particularly for impingement cooling.
Based on the review of available literature of impingement cooling, it is felt that the
systematic experimental investigations to study the influence of various geometric and
flow parameters of the impingement system on the local heat transfer characteristics is
essential. Prior to investigating the configurations simulating the impingement cooling of
internal passages of typical gas turbine blade, the present study focuses,first, on the local
heat transfer distribution due to single jet impingement on flat surface.Thus, the

objectives of the present study are explained as in the following paragraphs.

To study the fluid flow and heat transfer characteristicsof a single slot jet impinging on:

1) A smooth flat surface impinged by a single unconfined slotair jet for various J2P
spaces and at different Re to assess the best possible combination of flow rate and jet to
plate distance for optimum heat transfer attainment as necessitated in open impingement

cooling/heating applications.

2) A rough flat surface impinged by a single unconfined slot airjet for various J2P
distances and at different Re to make it possible to enhance the heat exchange between
the jet and target in comparison to the smooth open impingement cases. this is highly
needed as in real life applications the surfaces are not exactly smooth and bound to have
some roughness and irregularities on the surface, may be due to wear and tear, scratches
etc. so the knowledge of the jet behavior over the rough surface is very essential to design

a suitable cooling/heating device for industrial or real-life applications.

3) A smooth flat surface impinged by a single confined slot air jet for various
J2Pdistances and at different Reynolds numbers. In many applications it is necessary to
provide some cowling or air dams as a feature in working aspects and it becomes similar
to a smooth confined surface or confined jet and a smooth surface situation where the
heat transfer behavior may be entirely different from an unconfined or open impingement
case. To optimize the heat transfer in such situations the information about the flow
behavior of the confined jet is very much desirable and hence it forms one of the
important objectives of our work.

4) A rough flat surface impinged by a single confined slot air jet for various

J2Pdistances and at different Reynolds numbers. In some applications the roughness may
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be a part of construction of a device to provide strength and stability. This surface is if
provided with some flow confinement it needs a special consideration of designing a
heating or cooling apparatus to enhance the heat transfer behavior of the system with
reference to a smooth, unconfined surface particularly where the high rate of heat transfer
is a primary criteria requirement.

5) To propose the correlations for the flow behavior and heat transfer characteristics for
the possible configurations

So, our work begins with the smooth surface heat transfer behavior, adds ribs to enhance
the local heat transfer and gets confined to match the industry need in an application and
finally combines the roughness and confinement to suggest a best possible configuration

of jet and the surface parameters to suit any real-life heating/cooling applications.

CHAPTER 003

Local distribution of “heat transfer” on a smooth flat surface due to an

Impinging slot air jet

3.1 INTRODUCTION:

The impingement cooling is the oldest and popular technique, particularly for
applications like the gas turbine blade cooling where heat flux is very high. Impingement
cooling is highly appreciated because of its high heat exchange characteristics. This kind
of impinging device leads to enhancement of cooling rate for relatively small surface
areas. Impinging jets are adopted for the processes requiring heat exchange rate as in:
textile industry, papers and films, glass and metal industry, reducing the temperature of
combustion chamber wall, turbine blades and electronic equipment, etc. owing to the
availability, low cost, and reliability, air may be invariably used as a cooling fluid.
Parameters like “Reynolds number” (Re), J2P spacing (Z/D;), distance from “stagnation
point” (x/D;) along the “streamwise direction”, inclination of target plate, geometry of
target surface, nozzle geometry, turbulence level at the jet exit & roughness of the target
surface, confinement of the jet influences the heat exchange rates of the impinging jets.
The current study aims on the effect of Re and J2P spacing (Z/D;) on the Local
distribution of CWSP and HTC due to the interaction of slot air jet and the smooth & flat
target plate. A fully developed flow is attained for Re varying from 2500 to 20000 with
J2P spacing (Z/Dy) varied from 0.25 to 10, using a “slot jet” having (I/b) =22 and an

aspect ratio (h/b) = 11. The images obtained form the thermal IR camera are used to
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determine the heat exchangecoefficents at local points. The CWSP are determined for the
specified parameters using Differential Pressure Transducer (DPT). The results of the
experiment are analyzed in the light of flow physics governing the given situation. The
heat exchange characters are related to the flow characteristics for various configurations
attempted in the study and are well compared.

Many of the earlier works aimed on interaction between circular jet &flat-smooth surface.
Researchers Bietelmaler al. (2006), Bramha R K (1992), Choo & Kim (2010), Sahoo
&Sharif (2004), Gao& Sunden and Gordan & Cobonpue (1962) have worked on the local
heat exchange between a flat surface and circular jets.

The work done by Gardon and Akfirat (1965), Gardon and Akfirat (1966), Narayan et al.
(2004) on the non-circular jets has been discussed already in the chapter 2.0,

Beitelmal et al. (2006) analyzed the 2-D jets and proposed a correlation for the HTC in
the wall jet and stagnation regions with simplified flow assumptions. They considered
“Reynolds number” from 4000 to 12000 and J2P spacing from 4b to 12b. They explained
the constant stagnation region Nu based on a potential theory and the thickness of the
temperature boundary layer.

Zhou and Lee (2007) studied the heat exchange and fluid flow behavior of a rectangular
nozzle with sharp edges, for slot width based Re varied from 2715 to 25005 and the J2P
spacing was varied up to 30. The outcome of variations in the Re, turbulent intensity, and
J2P spacing, was studied and proved the significance of these variableson the “heat
transfer” behavior. Also, correlation was proposed relating the SPNu and Nugyerage and
turbulence as variables.

Tu and Wood (1996) determined the pressure and shear stress on a surface. Their
experiment was with slot-jets having a width 0.97mm & 6.4mm at a slot width-basedRe;,
in the range of 3040 to 11000. The jet and plate spacing (Z/D;) was varied up to 20. They
identified that the Gaussian profile describes the pressure distribution on the surface.
From the preliminary literature studies, it is found that prior research on impinging “Slot
jet” is limited to the average HTC on smooth surfaces. The flow structure of a jet at the
exit is found to be very much influential on the rates of “heat transfer”. Correlation for
WSP distribution with “heat transfer” for smooth surface is not available. Earlier
researchers report no exhaustive work on the influence of fluid flow characteristics on the

local HTC.
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Hence, it is proposed to study the local H7C and fluid flow behavior of impinging slot air
jets on flat smooth and flat rough surfaces. In addition, it is intended to propose necessary

“heat transfer” correlations for the various configurations studied.

3.2 Experimental Setup

The test set-up used to study the local disribution of WSP and local HTC on smooth
“Target plate” are depicted in Figure 3.1(a) and 1(b) respectively. Air is supplied by a
blower and metered using an orifice meter, venturimeter and needle valve to attain the
required flow rates. Wire meshes are provided in the plenum chamber to achieve a
uniform and completely developed flow at the jet exit. The velocity profile remains
uniform because of the diffuser provided upstream of the plenum chamber. An acrylic
sheet is used to fabricate the nozzle. The dimensions of the nozzle are h x I x b as 45 x 90
X 4 in mm.

The effect of nozzle height is neglected as a high aspect ratio around 22 is maintained for
the nozzle. The temperature on the surface are measured using IR thermometry using a
‘FLUKE Ti 55’ IR thermal camera having a good resolution 3.3 pixles/mm can be
obtained for the temperature data compared to thermocouple technique. A regulated AC

power source is used to heat the target surface. The power supplied is measured to the
“Target plate” is metered using a ‘Meco’ digital meters having range of 0 to 400t 0.5%

and an accuracy of 0 to 20% 0.5% Vv respectively. Voltage taps are located at suitable
positions on the surface to measure actual voltage supplied. The air jet temperature is
measured by a combination of a thermocouple installed at the inlet of the nozzle and a
digital milli voltmeter. the “Target plate” is positioned at different J2Pdistances usind 2-D
traverse table.

The experiment set up used to measure free jet velocities is shown in the figure 3.2. A
pitot tube/ static probe mounted on a 2-D travesing table is aligned to the center line of
the jet emerging out of the slot nozzle. The pitot tube is connected a digital pressure
transmittter and the pressure values are recorded along the center line of the jet at various
distances between the nozzle exit and the probe tip. The procedure is repeated at different
Reynolds numbers maintaining a steady state flow at the nozzle exit. this study helps in
identifying the potential core region for the jet where the centerline velocity of the jet
remains almost constant in the region. This helps in identifying an optimal jet to plate

distance for better heating or cooling application design for any application.
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The thermal IR camera can read the temperature of any object based on the emissivity
of the object. Hence the surface emissivity is calibrated as per the procedure explained in
Appendix-Al. The emissivity is estimated experimentally at 0.92. The uncertainties in the
thermometry are less than *0.5°C. The power loss due to the radiation natural
convection is experimentally estimated and the corrections are used in the determination
of the local HTC. The experimental procedure of power loss estimation is discussed in
Appendix-A2.

The IR camera is positioned at the backside of the “Target plate” cum heater facing the
nozzle to capture the thermal images. The thickness of the “Target plate” is only 30
microns and lateral conduction is negligible. So, the local temperature on both sides of the
surface is considered equal. The backside of the “Target plate” is painted black with

Asian color paint having an emissivity (0.92).

Computer
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Fig.3.1(a) Experimental setup for measuring the “heat transfer” coefficients
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Fig. 3.1(b) Experimental setup for measuring the “wall static pressure”
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Fig.3.2 Experimental set up for Free jet characteristics study
The WSPs are measured by fitting a “Target plate” made of acrylic sheet in place of the

SS target plate. The arrangement is shown in Fig. 3.1(b). A static pressure tap having a
diameter of 0.5 mm is drilled in a 10 mm thickness acrylic plate up to 3 mm depth from
the surface and the remaining depth are counter-bored to 3 mm diameter. The pressure tap
is communicating with ‘Furness Control” digital ‘Differential Pressure Transmitter’ with
a range and resolution of + 1.5kpa and +1.0 Pa. The 2-D traverse table is moved along
and across the jet axis to record WSP distribution. The details of the positions of the jet,

target plate, IR camera and pressure taps are shown in the figures 3.3(a) and 3.3(b).

Fluid flow studies are conducted to relate the HTC distribution characteristicswith the
WSP distribution over the target surface. It is found that the heat exchange coefficients
are larger in the regions where the WSPs are high. Figure (3.4) shows the influence of Re
on the WSP coefficient distribution on a flat plate hit by a normal slot-jet. The figure
reveals that for the Re ranging from 5000 to 15000 the plots of C, v/s x/D, overlaps
indicating that the coefficient of WSP is independent of Re but depends on the lateral
position from the SP on the impingement plate. The value of C, is observed sufficiently
high at the SP for an entire range of Re investigated. The decrease in the WSP coefficient
is very steep up-to J2P spacing of x/D;, =1.0 for the “Reynolds number” 5000 to 15000.

The stagnation region extends up to x/Dj, of around 1.5 and is a function of Z/D,.
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3) Traversing table 4) Static wall pressure tap
5) U-Tube manometer

Fig. 3.3(a) “Target plate” arrangement for  Fig. 3.3(b) “Target plate” arrangement for
“Heat transfer” experiment “wall static pressure” measurement

Figure (3.5) shows WSP distribution on the “Target plate” for the J2P spacing (Z/D;= 0.5
to 10) studied at Re = 5000. The WSP at the “stagnation point” and in the “streamwise
direction” decrease with the increase in the J2P spacing as revealed in the figure. The
spread of the Cp value varies with Z/D;, and increases with it, whereas the peak value of
Cp decreases with an increase in Z/D;. Cp value drops to zero around x/D;, of 1.0 for Z/D;

=(.5 and around the 3.0 for Z/D;, =10.
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Fig. 3.4 Influence of R.on Cpat various Fig. 3.5 WSP variation along with the

lateral positions from SP for Z/D,= 4.0  plate for the various J2P spacing (Z/D,,) at
R,=5000

3.3 Data reduction:
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The “Nusselt number” for the surface can be computed using the equation (1) and the

“heat transfer” coefficient will be calculated as per equation (2)

Nu = E
k 3.1)
b= 4.

T-T, (3.2)
Heat exchange rate between the “ slot jet” and target plate, g, is calculated as given
below:
q9.=9; = 4, (3.3)
G =9%nt9w T 49 (3.4)

VI 3.5)
q; = 7
4, =49,/ * 4.4 + q, = Experimentally estimated (3.6)

Discharge from a calibrated venturi meter is calculated using the equation,

0 Cd[alxazx (ZgH)} (3.7)

\/ ("12 - azz)
Hydraulic diameter based “Reynolds number” for the jet is obtained from,
pv,;D 3.8
Re,, = L (3.8)
yri

Co-efficient of “wall static pressure” at any point on the “Target plate” is given by the

equation,
c - 2hp (3.9)
pa V]

The velocity of the jet at any point can be estimated using the equation:

U =./2gh (3.10)
The average velocity of the jet leaving the nozzle is given by,

Un=Q/A (3.11)
Uncertainties are measured as prescribed by Moffat [24]. The uncertainties of “heat
transfer” coefficients are around 4.2 % at “Reynolds number” of 5000 and 2.9 % at

“Reynolds number” of 20000. Uncertainty in the Cp measurement is 3.4% at Re = 5000
and 2.8% at Re =20000.

3.4 Results and Discussion
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3.4.1 Validation of the experiment set up

The experiment setup used in the present study is similar to that of Nirmal ef al. [16] used
in their work.

Figure 3.6(a) shows the variation of normalized pressure along the width on the “Target
plate” at a “Reynolds number” 11000 for the J2P spacing 1.0. “The current experimental
results are compared with the published work of Nirmal et al. [16]”. The results compare
well thus the setup is validated for pressure measurements.

Figure 3.6(b) shows the lateral variation of “Nusselt number” (Nu) at slot width based
“Reynolds number” 5200 for the J2Pspacing of 2.0. “The results are compared with the
experimental results of similar published work from Nirmal ef al. [16]” and they compare
extremely well and hence the set up for “heat transfer” measurements is validated for

further work.

3.4.2 Free jet characteristics of unconfined Single “slot jet”:
Structure of the free jet issued by a “slot jet”:

The structure of the free jet issued by a fully developed “slot jet” is as shown in Fig.
3.7(a) The three zones identified for the free jet are “a) Potential core zone b) developing
zone c¢) Developed zone. The jet immediately leaving the nozzle comes in contact with
surrounding stagnant air. The free shearing between moving jet and stagnant air causes
the mixing due to which fluid particles of the surrounding air are carried with the jet,
which causes the sharing of the momentum of the jet and formation of the shear layer.
Within the shear layer, there exists a flow of jet which is still unaffected by mixing and its

velocity is the same as the nozzle exit velocity”. This zone is the potential core of the jet.
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Fig. 3.6 (a) comparison of results with  Fig. 3.6(b) comparison of results with the
the published work on pressure published work on “Nusselt number”
distribution distribution
In the potential core zone, the centerline velocity of the jet remains constant and is equal

to the nozzle exit velocity. The end of the potential core is defined as the axial distance
from the nozzle exit up to the point where the jet velocity is 0.95 times the nozzle exit
velocity (Jambunathan et al., 1992). The typical length of the potential core is found to be
6-7 times the nozzle diameter for the axis-symmetric jet and 4.7 -7.7 times the slot width
for two-dimensional jets (Viskanta, 1993). However, this length depends on nozzle
geometry and turbulent intensity in the nozzle exit and initial velocity profile. In the
developing zone, due to large shear stresses at the jet boundary, axial velocity profile
decays. In the developed zone the velocity profile is fully developed and the jet broadens

linearly along with the linear decay of axial velocity.

3.4.3 Structure details of the jet when impinges on a target surface:

Figure 3.7(b) shows the flow regions of a jet normally impinging on a flat plate. The
flow structures of an axis-symmetric jet can be divided into three major regions viz. Free-
jet region, Stagnation region, and the wall jet regions.

“The impinging jet travels as a free jet from the nozzle approximately for a distance of
1.2 nozzle diameters from the “Target plate” (Jambunathan et al., 1992). The deceleration
of flow starts here and the increase in the static pressure happens as the kinetic energy of
the jet converts into the static pressure on the target plate. A constant thickness boundary
layer with a radius around 1.1 times the diameter of the nozzle is formed at the stagnation
region” (Gardon and Akfirat, 1966). “The axial velocity of the flow decreases and the
tangential velocity component increases in the stagnation region of the flow. The
boundary layer thickness is inversely proportional to jet exit Reynolds number. Due to the
loss of momentum with stagnant surroundings and wall friction, the accelerated tangential
flow converts into a reduced speed wall jet. The velocity fluctuations of the free jet are
carried along the wall jet region also (Gardon and Akfirat, 1966)”. The turbulence in the
jet before the impingement influences the turbulence in the wall jet region. The “heat
transfer” rate in the region of wall jet is found to be higher than stream-wise flow over the
plate. Following is some of the parameters influencing the local distribution of “heat
transfer” and fluid flow on a surface due to impinging jets. They are “Reynolds number”,

J2P distance, the radial distance from the “stagnation point”, nozzle geometry, turbulence
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intensity, surface roughness”, jet-to-jet distance, the curvature of the target surface,

confinement of jets, etc.

3.4.4 Centerline velocity profiles of a turbulent “slot jet”

An experiment is conducted to know the influence of “Reynolds number” on flow
characteristics of free jet ejected from a slot type nozzle. The centerline velocity profiles
of the jet are plotted for different “Reynolds number” 5000 to 15000 from nozzle exit at 0
to10 Hydraulic diameters of the nozzle, as shown in Figure 3.8. The velocity profiles for
the “Reynolds number” studied overlaps on each other, indicating non-dimensional
velocity profiles are independent of “Reynolds number”. Maximum Velocity is observed
at the nozzle exit for all the “Reynolds number” studied and increase in the J2P distance
decreases the velocity.

The velocity remains almost same as at the nozzle exit or within 5% variation up to a
nozzle to probe distance of around 2.0 Dh and this region of the flow field can be
considered as potential core length for the given “slot jet”. Potential core length is
independent of the “Reynolds number”. The results of the Gordon and Akfirat [7] show
that the potential core region for a “slot jet” extends up to a distance of around four
nozzle widths equivalent to 2 Hydraulic diameters from the slot exit and the results

obtained from current work are comparable.
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Fig. 3.7 Structure of submerged jet (Viskanta, 1993)
Beyond the PCR, the velocity of the jet decreases rapidly, which may be attributed to the

developing jet and entrainment of atmospheric air into the jet. This trend continues up to



54

Y/D; of 6.0. Later the velocity of the jet decreases very drastically showing a fully

developed region and a diffused jet.
1.4
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Fig. 3.8 Normalized centerline velocity profiles of a free jet at various “Reynolds
number”

Figure.3.9 shows the change in the normalized velocity profiles of the free jet in the
“stream wise direction” of the “Target plate” at “Reynolds number” of 10000 for the
different nozzle to probe distances(Y/Dp).

For the laminar jet issued from a “slot jet”, the maximum velocity is observed for the
lower nozzle to probe spacing and the velocity of the jet centerline decreases as the
nozzle to probe distances(Y/D;) increases.

3.4.5 Local distributions of “wall static pressure” coefficients due to unconfined jet
impingement:

Fluid flow studies are done to relate the “heat transfer” distribution characteristics with
the distribution of WSP over the target surface. It is found that the HTC values are larger
in the regions where the WSP values relatively are high. Figure.3.10 shows the influence
of Re on the WSP coefficient on a flat plate interacting with a normal jet. The figure
reveals that for a “Reynolds number” range of 5000 to 15000 the plots of Cp v/s x/D
overlaps indicating that the Cp is independent of Re but depends on the lateral position
from the “stagnation point” on the impingement plate. The value of Cp is observed
sufficiently high at the “stagnation point” for the whole range of Re investigated. The
decrease in the WSP coefficient is very steep up-to J2P spacing of x/D; =1.0 for the
“Reynolds number” 5000 to 15000. The stagnation region extends up to x/D; of around
1.5 and is a function of Z/D,,.

Figure 3.11 shows WSP distribution on the “Target plate” for the J2P spacing (Z/D;, = 0.5
to 10) studied at Re = 5000. The WSP at the SP and in the stream wise direction is
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inversely proportional to the J2P distance as revealed in the figure. The spread of the Cp
value varies with Z/Dj, and increases with it, whereas the peak value of Cp decreases with
an increase in Z/Dj. Cp value drops to zero around x/D;, of 1.0 for Z/D; =0.5 and around
the 3.0 for Z/D;, =10.

Figures 3.12(a) and 3.12(b) show the variation of SPWSP coefficient (Cpy) on the plate
for various “Reynolds number” ranging from 5000 to 15000 and Z/D;, =0.5 to 10. For a
given Re the Cpyvalue decreases as the J2P distance Z/D;, increases because as the plate
moves away from the jet the entrainment of atmospheric air into jet begins and if the
target is much beyond the PCR, the jet starts diffusing and spreads wide with reduction in

the pressure on the plate. Cpy value is found independent of Re for the range investigated.
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Fig. 3.9 Variation in the velocity profiles of an unconfined single turbulent *“slot jet”
with a nozzle to probe spacing at Re=10000
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Fig.3.10 Influence of R.on Cpat various lateral positions from ““stagnation point” for
th: 4.0

It is observed that the stagnation pressures are almost the same for the Re 7500 to 15000
showing the completely developed turbulent jet hitting the plate. There is a little drop in
pressure from Z/D;, 0. 5 to 2.0 which can be attributed to the velocity of the jet which will
remain almost constant in the potential core region which extends up to two hydraulic
diameters from the nozzle exit as confirmed by the free jet analysis for the jet used in the
experiment. The Cpy value decreases monotonically for the remaining J2P distances

studied which may be due to the reduction in the velocity of the jet in this region.
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0 1 2 3 4
x/Dh
Fig. 3.11 “wall static pressure” distribution along the width of the plate for the
various J2P spacing (Z/Dy) at R,=5000
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Fig. 3.12(b) Influence ofZ/D, on Cpyat the various J2P spacing distances

3.4.6 “Heat transfer” characteristics of an unconfined single “slot jet” orthogonally

impinging over a smooth flat surface:

The experiment is conducted to know the local distribution of HTC along the “stream
wise direction” of the plate. Figure 3.13 reveals the influence of the Re on the Nu for a
given Z/D;, = 0.5. Nu is a function of and directly proportional to Re as revealed by figure
3.13. The reason may be the increasing mass flow with the Re, reduction in the thickness
of the thermal boundary layer, wall jet and increase in the velocity of the jet air with the

“Reynolds number”. A secondary peak is observed at Re above 7500 and the peak
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increases with the Re which may be attributed to the strong recirculation of the jet leading
to a conversion of laminar flow to turbulent flow gradually in the transition region beyond
the stagnation region on the “Target plate” at higher Re.

Figures 3.14 and 3.16 show the distribution of the Normalized Nu in the stagnation region
for Z/D;=0.5 and Z/D;=1.0 respectively at different “Reynolds number”. In the stagnation
region which extends up to one x/Dj, around the SP, the normalized Nu is independent of
the Re. The variation in the normalized “Nusselt number” (Nu/Nuy) value is parabolic in
nature. The reason for this may be the laminar nature of the jet as it slowly and gradually
picks up the speed in this region before it translates into the wall jet where it is turbulent
in nature.

A correlation is developed for the Normalized Nu as a function of x/Dj, in the stagnation
region for Z/D; below 2.0(potential core region) independent of Re. The values of the
Nu/Nuy obtained from the experiment and the data from the correlation are plotted against
x/Dy, at various “Reynolds number” as shown in Figures 3.15 and 3.17. The data
compares well and fits in the acceptable range of 2% deviation.

The Normalized value of Nu can be estimated using the equation given below.

Nu/Nug= 1-0.36*(x/Dy) *2
This correlation holds good for any J2P distance in the PCR of the jet irrespective of the

“Reynolds number”.
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Fig. 3.13 lateral Variation of the Nu for Z/D,= 0.5 at various “Reynolds number”



06 1 | 1

ZD, =05
Re=2500
Re=5000
Re="7500
Re=10000
Re=12500
Re=15000

59

Fig. 3.14 Distribution of Normalized Nu in the stagnation region for Z/D,= 0.5 at

different Re
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Fig. 3.15 Comparison of the Normalized “Nusselt number” data from the expt. and

from the correlation developed
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Fig. 3.16 Distribution of Normalized “Nusselt number” (Nu/Nu,)in the *“stagnation
region” for Z/D,=1.0 at different Re
3.5 Conclusions:
The distribution of HTC between a slot air jet interacting with a flat smooth surface are
studied experimentally. A Re based on the D, (hydraulic diameter of the jet) is altered
between 2500 and 15000 and the J2P spacing Z/Djis varied between 0.25 and 10. The
WSP are measured and distribution behaviour on the target surface is studied from the SP

to anx/Djy, up to 10.
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Fig. 3.17 Comparison of the Normalized “Nusselt number” (Nu/Nu,) from the expt.
and the from the correlation developed for Z/Dh=1.0

The conclusions derived from the study can be summarized as below:
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e HTC are highest at the SP for all J2P distances and “Reynolds numbers”
considered.

e At smaller J2P distances and higher Re, the secondary HTC peaks are noted. The
fluid changing from laminar to turbulent on the surface may a reason for the
appearance of the secondary peaks in the H7TC. The secondary peaks are not
prominent at lower Re.

e JWSP coefficients are observed behaving independent of “Reynolds numbers”
between 5000 and 15000 for any J2P distance. This may indicate the self-similar
behavior of the turbulent submerged jet.

e The subatmospheric pressure region is identified for the Z/D; of 0.25 for all the
“Reynolds numbers” investigated. However, the Subatmospheric pressure region
vanishes at a higher J2Pdistance.

e The correlation for estimation of normalized value of Nu for stagnation region is:
Nu/Nug= 1-0.36*(x/Dp) 2
The correlation is independent of the Re and holds good for any J2P distance in

the potential core region.

CHAPTER 004

Local distribution of “wall static pressure” and “heat transfer” on a

rough surface interacting with an orthogonally impinging slot air jet

4.0 Introduction

Jet impingement is popular for cooling applications and considered highly efficient due to
its basic nature of high “heat transfer” rates. Also, this kind of impinging jet flows
provides shorter flow paths of cooling from the relatively small surface areas
comparatively. Impinging jets are invariably used in various applications like: drying
food products, films, paper, textiles, processing of several metals and glass. The gas
turbine blades, electronic components, and combustion chamber walls etc. are also cooled
using the air jets of various configurations. The use of air for cooling applications will be
continued due to availability, low cost, and reliability in future also.

Most of the work done by earlier researchers is on the circular air jet impinging over flat
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and smooth surface. “Livingood and Hrycak (1970), Martin (1977), Jambunathan et al.
(1992) and Viskanta (1993). Gardon and Cobonpue (1962) have experimented and
reported the “heat transfer distribution between the circular jet and a flat plate for the
nozzle plate spacing greater than two times the diameter of the jet, with single jet and
array of jets. Gardon and Akfirat (1965) studied the effect of turbulence on the heat
transfer between the two-dimensional jet and flat plate. They also studied the heat transfer
distribution due to impingement of multiple two-dimensional jets”. Gardon and Akfirat
(1966), “Baughn and Shimizu [1988] and Hrycak (1983) have conducted experiments of
heat transfer to round jet from flat plate employing different methods of surface
temperature measurement. Lytle and Webb (1994) have studied the effect of very low
nozzle-to-plate spacing (z/d < 1) on the local heat transfer distribution on a flat plate
impinged by a circular air jet issued by long pipe nozzle which allows for fully developed
flow at the nozzle exit. They observed that for lower nozzle-to-plate spacing (z/d < 0.25),
maximum Nusselt number shifts from the stagnation point to the point of the secondary
peak and is more pronounced at higher Reynolds number. Lee et al. (2004) have studied

the influence of nozzle diameter on impinging jet heat transfer and fluid flow. They

reported that local Nusselt numbers in the region of 0<r/d<0.5 increase with larger
nozzle diameters. Katti and Prabhu (2008) reported experimental investigations and
analysis of local heat transfer distribution on a flat surface due to jet impingement from a
long pipe nozzle. They identified on the target surface three regions namely stagnation
region, transition region, and wall jet region based on heat transfer distribution and have
developed Semi-empirical correlations for local Nusselt numbers separately for each
region. Han et al. (1978) experimentally investigated the effects of rib shape, the angle of
attack and pitch to height ratio on the friction and heat-transfer for parallel plate
geometry. They developed a general correlation for friction factor and heat transfer
considering rib shape, spacing, and angle of attack. They opined that Ribs at a 450 angle
of attack have superior heat transfer performance at a given friction power in comparison
with ribs at a 900 angle of attack or sand-grain roughness.”

Some work is also reported on the slot air jet impingement on rough surfaces for internal
flows but exhaustive work is not attempted with roughened surfaces particularly with
detached ribs on the surface with external flow, normal and oblique impingement. Gau
and Lee [14] experimented on flow structure of “slot jets” and “heat transfer” along the
walls with ribs as roughners. They observed that, due to the rib protrusions the air bubbles

are formed which encloses the cavity and stops the jet from interacting with the wall and
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thus reduces the “heat transfer”. But a turbulent flow penetrates the air bubble, interacts
with the surface, recirculates in the cavity formed, and appreciably increases the “heat
transfer” rates. Hansen and Webb [15] conducted studies on the “heat transfer” between
the surface with extended fin like modifications and an orthogonal air jet. They observed
that the enhancement of the system effectiveness is significantly affected by the fin-type
and the “Reynolds number” whereas, slightly influenced by both z/d and R/d. They also
reported that the average Nu decreases non-variably with the increase of z/d for the
modified surfaces. Liou and Wang [16] studied the temperature distribution in a
rectangular duct having an abruptly contracting inlet and mounted with array of square
ribs employing Laser holographic interferometer. They noted a better “heat transfer” in
the detached-ribbed duct in comparison with the attached ribbed duct. Chakroun et al.
(1998) experimentally explored the effect of roughness on both the “heat transfer” and the
flow character of a circular air jet focused normally onto a hot square plate. The surface
roughness was provided in the form uniformly spaced cubes of 1 mm, over the target
surface. They recorded an enhancement of about 8.9% to 28% in the local Nu and average
Nu values respectively for the rough plate in comparison to a smooth plate. It was also
observed that roughness has a strong effect on the mean velocity and the intensity of
turbulence of the flow. Liou and Chen (1998), conducted experiments on spatial
distribution of the periodic turbulent “heat transfer” and friction in a rectangular channel
having an aspect ratio 4:1 and mounted with rectangular detached ribs on one wall. They
used holographic interferometer, pressure probes, flow visualization with smoke, and
laser-Doppler velocimetry techniques in their study. ‘They reported that with the attached
type ribs the thermal performance non-variably decreases at constant pumping power

when the rib height is increased but the detached rib type with moderate height of the
rib(H/De = 0.106) perforations performs better (N Up ) Nus ) at lower Re range and (N Upy

N Us) is independent of H/De for the higher Re range.” The detached solid-type ribs were
noted to be having better “heat transfer” characteristics over the perforated-type detached
ribs. Gau & Lee (2000) experimented on triangular rib-roughened walls impinged by slot
air jet to study the influence of protrusions and “rib pitch-to-height” ratios on the flow
and “heat transfer” characteristics along the wall. Flow visualization was made and local
HTC were measured along the wall with ribs. Triangular rib geometry is found to be
highly active in re-bouncing the wall jet than the rectangular ribs which leads to a

noticeable reduction in the “heat transfer”. Yan et al. (2005) examined in detail the HTC
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distributions on a ribbed surface impinged by an array of jets both in-line and staggered
cases. They adopted liquid crystal thermographs for temperature measurements. It was
noted that the “heat transfer” over a ribbed surface is periodic-type variation in nature for
Nu distributions. The “heat transfer” was best with a surface having 450 angled ribs. Katti
and Prabhu (2008) analyzed the “heat transfer” between a circular jet and a flat surface
modified with axis-symmetric detached ribs. “A single jet issued from a nozzle of length-
to-diameter ratio (1/d) of 83 is used in their study. A consistent increase in the HTC from
the stagnation point along the stagnation region was observed for the ribbed surface,
which is well attributed to the flow behavior in this region”. The (Nu ribbed + Nu
smooth)/2.0 ratio is found to be a function of Re and increasing with Re

From the available published literature, it is observed that there is an ample scope to
explore the influence of roughness on the local distribution of WSP and HTC over a flat
roughened surface interacted with a single fully developed slot air jet. Hence the current
work is intended to explore the influence of “Reynolds number” (Re), roughness, and J2P
spacing (Z/D;) on the Local distribution of WSP coefficient and HTC due to the
impinging slot air jet. A single “slot jet” with a length to width ratio (I/b) of about 24 is
used to achieve a fully developed jet at the nozzle outlet. “The Re based on hydraulic
diameter (D) of the jet is varied from 2500 to 20,000 and J2P spacing (Z/D;,) is varied for
smooth surface from 0.25 to 10 and for rough surface 0.5 to 10.” The local HTC are
estimated from the thermal images obtained from an IR Thermal camera. The WSPs are
measured for various J2P spaces at “Reynolds number” varying from 2500 to 20,000. The
results of the experiment are analyzed in the light of flow physics governing the given
situation. The “heat transfer” characters are related to the flow characteristics for various
configurations attempted in this study and are well compared.

4.1 Experiment set up and methodology

The experimental set-up used for WSP distribution and “heat transfer” studies used for
the experimentation on smooth surface is discussed already in the chapter 3.0 is used in
this experiment also.

The target surface is modified by mounting the detached ribs to provide the roughness.
The influence of the detached ribs on the distribution of local WSP and the HTC is
studied. Figure 4.1 reveals the construction of a rectangular rib made of an acrylic sheet
of 2mm thickness. The slot width of the rib is 4mm whereas the height is 45 mm and the
rim width is 2mm. four different ribs of widths 4, 6, 8 and 12 mm are used in the study.

Figure 4.2 shows the rib and the target surface. The center of the rib mounted over the
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target surface is aligned with the center of the “slot jet” to assure uniform impingement
on the rib. Spacers made of nonconductive material with a thickness of lmm, width 2mm
are provided at the ends to support the rib firmly and to maintain 1 mm uniform gap
between the rib and target surface. The same rib is used with the target surface for flow
study and the “heat transfer” studies. The measurement of temperature and pressures are
made first with the smooth plate with pre-defined parameters and next for the rough
surface. All parameters of jet to plate distance, Reynolds numbers etc. are same as used
for the smooth surface studies. The results are compared and analyzed to identify the
better arrangement for heat exchange enhancement.
4.2 Results and discussions

The results of the investigation to determine the local WSP and HTC distribution of
“slot air jet” orthogonally impinging on a flat rough surface at “Reynolds number” range
of 2500 to 20000 are discussed here. WSP and HTC distribution are estimated for the J2P
spacing (Z/Dh) of 0.5 to 10. Temperatures on the surface are measured using IR thermal
imaging camera and the “pressure distribution over the target surface” is measured using

Differential Pressure (DP) transducer.

4 N\
Target plate
Rib e
a5 19
i:lv\
Pressure Tap
PEFENEN
2

Spacer

(All dimensions are in mm, not to scale)
Fig. 4.1 Details of the detached rib Fig. 4.2 Details of the “Target plate”
(representative) with detached rib mounted

4.2.1 Wall static pressure distribution over the target surface mounted with a
4mm detached rib for J2P spacing (Z/D;) at Re=2500 to 20000.
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Fig. 4.3(a) to fig. 4.3(h) shows the distribution of WSP on the “Target plate” for the
J2Pspacing (Z/D;=0.5 to 10) studied at “Reynolds number” 2500 to 10000 for the rib of
4mm width. The “wall static pressure” (Cp) peaks at the “stagnation point” and decreases
in the “streamwise direction” on the target plate. Cp reduces non-variably with an
increase in the J2P distance invariably for the various Re studied. Subatmospheric regions
are identified for the entire range of “Reynolds number” studied for the J2P spaces 0.5,
1.0 and 2.0 hydraulic diameters. The subatmospheric region is dominant at higher
“Reynolds number” which may be accredited to the higher mass flow rate and
acceleration of the jet under the rib due to adverse pressure gradients. Secondary peaks
can be observed for all the J2P spaces at the position under the rib, in the stream-wise
direction, unlike smooth surface. The Cp value drops to zero around x/D; of 2.0, which
may be an indication of the start of the wall jet region where the pressure gradient is zero.
Maximum “wall static pressure” is observed at the J2P spacing (Z/D;) =0.5 at various
“Reynolds number” considered in the study.
4.2.2 “Wall static pressure distribution over the target surface” mounted with a 6
mm detached rib for J2P spacing (Z/Dh) at Re=2500 to 20000.
Figures 4.4 (a) to (h) show the distribution of “wall static pressure” on the “Target plate”
for the J2P spacing (Z/Dh =0.5 to 10) at “Reynolds number” 2500 to 10000 for rib size of
6mm width. The WSP at the “stagnation point” in the “stream-wise direction” is inversely
related to the J2P distance. Sub-atmospheric pressure region is identified for the Z/Dh of
0.25. For all the J2P spacing, the Cp value drops to zero around x/Dh of 1.5 which
indicates the start of the wall jet region. At this point the pressure gradient is zero. By
observing the fig.4.5 we can identify that there will be a second peak and again they
decreases monotonically and reaches atmospheric pressure along the wall of Target
plate due to a decrease in the jet impingement effect.
The combined influence of the increase in turbulence intensity and reduction in the
centreline velocity of the “slot jet”, instantly after leaving the nozzle the air in the jet
begins to include the surrounding atmospheric air. “The width of the mixing region
increasescontinuously and at same time distance from the nozzle exit, it is wide enough to
have penetrated o the centreline of the jet. Up to this point, the centreline velocity is
practically unaffected by mixing and subsequently equal to the jet velocity.” Beyond the
PCR, the centreline velocity also decreases due to mixing of more and more atmospheric
air with the jet. Hence along the wall of the plate coefficient of pressure (Cp) decreases

gradually and reaches atmospheric pressure.
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Fig. 4.3 “wall static pressure” variation along the plate for the various J2Pspacing
(Z/Dy ) at Re=2500 to 20000 for Rib size=4mm
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Fig. 4.4 “wall static pressure” variation on the plate at various J2P spacing(Z/D,) at
Re=2500 to 20000 for Rib size=6mm

4.2.3 “Wall static pressure” distribution over the target surface mounted with a 8
mm detached rib for J2P spacing (Z/D;) at Re=2500 to 20000.

Figure 4.5(a) to figure 4.5(h) shows the variation of the local “wall static pressure” along
the plate for the various J2P spacing (Z/D;) at “Reynolds number” varying from 2500 to
20000 are studied. The coefficient of “wall static pressure” peaks at the “stagnation point”
and diminishes along the wall of the plate and reaches the atmospheric pressure. At the
end of the stagnation region, the wall jet region starts in this region and the jet shares
some of its momentum to the atmospheric air hence the strength of the jet core decreases.
In the wall jet region due to the low velocity of the jet the boundary layer thickness

increases, the velocity of the jet decreases hence pressure gradients are converted to zero.
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The coefficient of “wall static pressure” is higher for a rough surface in comparison to the

smooth surface which can be accredited to the speeding up of fluid under the rib and the

viscous effects.
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Fig. 4.5 “wall static pressure” variation along the plate for the various J2P spacing
(Z/Dy) at Re=2500 to 20000 for Rib size=8mm

4.2.4 “Wall static pressure” distribution on the “Target plate” mounted with a 12
mm detached rib for J2P spacing (Z/D;) at Re=2500 to 20000.

Figure 4.6(a) to figure 4.6(h) shows that local “wall static pressure” variation along the
width of the “Target plate” for the various J2P spacing (Z/D;) at “Reynolds number”
varying from 2500 to 20000 are studied. Figures 4.7 reveals that local WSP is a function
of the J2P spacing and it is independent of “Reynolds number”. C, value decreases along

the wall of the “Target plate” and equals the atmospheric pressure around x/Dj, of 2.5.
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Fig. 4.6 “Wall static pressure” variation along the plate for the various J2Pspacing(Z/D;)
at Re=2500 to 20000 for Rib size=12mm
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4.2.5 Variation of “stagnation point wall static pressure” distribution on the “Target
plate” mounted with detached rib for J2P spacing(Z/D,) 0.5 to 10, atRe=2500 to
20000.

Figures 4.7(a) to (d) shows the variation of ‘“stagnation point” wall static pressure
coefficient (Cpy) for the J2P distances (Z/Dh, 0.5 to 10) at various “Reynolds numbers”
2500 to 20000 for Rib sizes 4, 6, 8, and 12 mm respectively. It is observed in general, that
WSP at the “stagnation point” decreases with an increase in the J2P distance. This trend
continues to the Z/Dh =6. There is a drastic drop in the Cpy value from Z/Dh =0.5 to Z/Dh
=1 and Cpy value decreases monotonically for the remaining J2P distances. For all the
ribs considered in the study, the Cpy value is higher at Re=2500, the reason may be the
laminar nature of the jet. This domination is maintained up to J2P spacing of 4.0 for all
the ribs. Beyond Z/Dh =6, the ribs and also the Re does not influence the Cpy
significantly.

Figure 4.8(a) to fig 4. 8(g) show the lateral distribution of Cp at Re =2500 for J2P
spacing’s 0.5, 1.0, 2.0, 4.0, 6.0 and 8.0 respectively. It can be observed that the Cp values
are greater for the ribbed surface in comparison to the smooth surface. Light secondary
peaks are observed for all Z/Dj,. The jet spreads wider as the distance of the jet from the

nozzle increases. The reason may be the mixing of atmospheric air with the jet.
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Fig.4.7 Variation of Cp, for the different J2P spacing at various Reynolds number for
different Rib configuration

Ribs of width 4mm and 6mm give better distribution of pressure on the plate in

comparison with other ribs and smooth surfaces as well. Because of the detached rib, the

jet accelerates under the rib, creating adverse pressure gradients and helps in the heat

exchange enhancement in that region. The decrease in WSP coefficient is very steep up to

J2P spacing of x/D;, =1.0 for all the ribs and reaches atmospheric pressure around x/Dj

=1.6.

For the whole range of “Reynolds numbers”, all the ribbed configurations are shows

maximum WSP than the smooth surface for a given J2P spacing and “Reynolds number”.

The coefficient of wall static pressure inversely related to the J2P distance. The trends are

shown in figures 4.9 through 4.15 at various “Reynolds numbers” 5000, 7500, 10000,

12500, 15000, 17500 and 20000 respectively
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Fig.4.8 “Wall static pressure” variation along the plate for the various J2Pspacing(Z/D;)
at Re=2500 for different rib size
A general observation that can be made from the graphs is that for any given J2P distance
and the “Reynolds number” the height of the secondary peak decreases gradually with the
increase in the width of the rib whereas the spread of the jet before the value of the wall
static pressure coefficient reaches zero increases with the width of the rib in all the cases.
This trend may be due to the major part of the jet missing to hit the surface for the wider
ribs. The overall the value of the wall static pressure coefficients at any point for ribbed
surface are higher than the Cp values for the smooth surface. This clearly indicates the
change in the fluid flow behavior which may be useful in the “heat transfer” from surface

to fluid and can be studied experimentally.
| L 3

T l T
Re =5000 |

Re=5000 |
'- ZD, =05 | ZD,=10 |
.',: % smooth 2 % smooth |

4 4 mm rib

< 4 mmrib

4 6 mmrib & 1 - & Gmmxib

& 8 mm rib |
¥ 12 mm rib_

& 8 mmrib
% 12 mmrib




I T | T 3 T I I T I T
Re=5000 | | Re =5000 |
Z/D,=2.0 _| Z/D;, =4.0

= smooth | 2 & smooth —
éﬁlmmrib_ <4 4 mm rib |
< 6 mmrib A £ 6 mm rib
- D 1 —
EBSmmrib_ & 8 mm rib
¥ 12 mm rib | % 12 mm rib |
| | | |
1 B L g 5
2 3 4 0 1 2 3 4
x/D, /D,
() (d)
| T | T 3 T | | T | T
Re=35000 | | Re=5000 |
Z/D, =6.0 Z/D, =8.0
& smooth — 2~ £ smooth —
= 4mm rib i < 4 mm rib |
@6mmrib_ R:.:)'" 1@ @6mmrib_
& 8mm rib & 8 mm rib

¥ 12 mm rib |

¥ 12 mm rib |

0
l ; I L _1 | I I | I |
2 3 4 0 1 2 3 4
x/D, XD,
(e) (f)
3 T I T I T
| Re=5000 |
Z/D,=10.0
2 B &+ smooth —
L < 4 mm rib
& 1 ¢ 6 mm rib |
& 8 mm rib
% 12 mm rib ]|
0 i
1 | | |
0 1 2 3 4
x/D,
(9)

spacing(Z/D;) at Re=5000 for different rib size
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71



Re=| 750
Z/D, =0.5
= smooth —
< 4 mm rib |
¢ 6 mmrib |
& 8 mmrib

¥ 12 mm rib |

T l T
Re =750
Z/D, =2.0

smooth —

4 mm rib
6 mm rib _

8 mm rib
12 mm rib |

f « 0 o A o

78

| Re =| 7500

Z/D,=1.0
%= smooth —
< 4 mm rib |
< 6 mm rib |
& 8 mm rib

¥ 12 mm rib ]

T I T

Re =7500

Z/D, =4.0
& smooth —

< 4 mmrib |
© Gmmrib_
¢ 8 mm rib

% 12 mmrib |

Re =| 7500
Z/D, =6.0
smooth —
4 mm rib |

6 mm rib
8 mm rib
12 mm rib |

F« @ 0 & %

(€)

_1 1 | 1 I 1 I
0 1 2 3 4
xD,
(d)
3 T | T T I 1
Re=7500 |
Z/D, =8.0
2 - = smooth —
< 4 mm rib
& 6 ib
& 1 e rf =
& 8 mm rib
% 12 mm rib ]|
_1 1 I 1 l 1 l 1

(f)
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A similar trend is observed at the Re =10000 as shown by figures 4.11 (a) to 4.11(f). WSP
was found to be higher for the ribbed surface, for the entire range of Re and the Rib sizes
investigated.

Fig. 4.16(a) to (h) shows the variation of SPWSP coefficient (Cpy) for the various J2P
distances (Z/Dj, of 0.5 to 10) at various Re from 2500 to 20000 and for different Rib sizes
studied. It can be observed that SPWSP decreases as the J2P distance increases. The
effect will be observed up to the Z/D, =4. There is a drastic drop in the SPWSP
coefficient from J2P distance Z/D;, =0.5 to Z/D, =1 at the whole set of “Reynolds
numbers”. The Cpy values are found decreasing monotonically for the remaining
J2Pdistance. From the figure.4.16 we can conclude that for all the rib sizes “stagnation
point” wall static pressure decreases as the distance of the point from the jet increases.
The Cp value for any J2P distance remains almost same at varying “Reynolds numbers”
and hence Cp is not a dependent of the “Reynolds number”.

The Rib of width 4mm gives the maximum value for SPWSP in comparison with other
ribs. The 6mm Rib also shows better pressure distribution, but 8mm and 12mm Ribs are
not much effective they show similar behaviour like smooth surface but at the lower J2P

distance (Z/Dy,) of 0.5 and 1 there is a little influence of the rib.
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and different Rib configurations
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4.3 “heat transfer”” between a rough surface and a “slot jet”

“Heat transfer” characteristic of an impinging jet can be understood better if the various
regions on the target the plate are identified suitably like stagnation region and wall jet
region. The centreline velocity of the impinging jet will be at its peak and suddenly
reduces to zero at the “stagnation point” which is nothing but the point of jet impact. The
WSP is hgh at the “stagnation point”. “It leads to a favourable pressure gradient in the
direction parallel to the target surface in the stagnation region. Finally, the flow over the
target surface forms the wall jet region where the jet adheres to the surface and flows over
the plate interacting with the surrounding air. The flow from stagnation to wall jet region
occurs through the transition region where the boundary layer changes from laminar to
turbulent.
In this study, rectangular detached ribs having a of 45mm height in common and varying
slot widths of 4mm, 6mm, 8mm, and 12mm were used. The ribs were made of 2mm thick
non thermal conductive flexi-glass sheet. The width of the rib frame is constant at
2mmfor all the ribs. The roughness is introduced by mounting the ribs in the flat surface.
Roughness strongly influences on the flow characteristics, the mean velocity of the jet
and the turbulence intensity of the flow as observed in this study. “The flow over the plate
at low Reynolds number will be aerodynamically smooth and the influence of roughness
very small and the flow behaves similar to on a smooth wall, whereas at higher Reynolds
number the flow changes from laminar to turbulent and the roughness so dominates the
momentum transport to the wall that viscous effects are negligible. Roughness increases
the swirl (superposition of the tangential velocity component onto axial flow) which can
markedly affect the flow and turbulence characteristic of the flow”.
Figure.4.17(a) to (h) indicates the change in the local “Nusselt number” along the length
of the plate for the J2P distance (Z/D;) of 0.5 to 10 for the set of “Reynolds number”
studied. By observing fig.4.21 it can be noted that at all the “Reynolds number” the Nu
value peaks at the “stagnation point” and diminishes non-variably along the length of the
plate. The flow from the stagnation region passes through a transition region before it
enters the wall jet region and the flow transits into turbulent from laminar. The transition
region is sensitive to J2P spacing. The Nu value increases with the “Reynolds number”
and peaks at Z/D;=0.5. For the J2P distance at various “Reynolds number” the stagnation

region is identified at x/Djof around 0.5 after that secondary peak is observed around x/D;,

of 1.0.
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From the figure.4.17 we can conclude that the local Nu valueis maximum for a higherRe
and is recorded at Re = 20000. It is accredited to the turbulent nature of the fluid flow
reducing the thickness of the stagnant thermal margin layer and making the interactions
between the surface and the jet more prominent. Roughness increases the swirl; the swirl
widens the jet spread, the mixing rate of the quiescent air and jet velocity decays faster

and all the favorable situations increases “heat transfer” rates.
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Fig.4.17 Variation of the Nusselt number along the length of the plate for the different
J2P spaces (Z/Dy)at Re =2500 to 20000 for Rib size=4mm

Figure.4.18 (a) to fig.4.18 (f) shows the distribution of the localNVualong with the length
of the plate at various “Reynolds number” for the different J2P spacing studied.

By observing figures 4.22 it can be identified that local is maximum at higher Re and
lower J2P spacing (Z/D;) of 0.5. The local Nu decreases as the J2P distance increased due
to the reduction in the strength of the jet core and increase in the thickness of the thermal
boundary layer. “The thickness of the boundary layer depends on both Z/Djand x/Dj.
Turbulence intensity decreases as we move away from the stagnation point. Roughness
causes higher turbulence intensity. The increase in turbulence intensity depends on both
Z/Dy, and x/Dy. 1t is observed that for all the J2P spaces local Nusselt number decreases

non-variably and equals atmospheric pressure around x/D;, of 2.0.
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Fig.4.18 Variation of Nualong with the length of the plate at different “Reynolds
number” s for Z/D,=0.5 to 10for Rib size=4mm

Figures 4.19 (a) to fig. 4.19(h) show the variation of the localNu along the length of the
plate for the J2P distance (Z/Dy) of 0.5 to 10 for the “Reynolds number” studied with the
rib of width 6 mm. From the fig.4.19 it can be noted that at all the “Reynolds number” s
studied the value of the maximum Nu is identified at “stagnation point” and decreases
non-variably along plate. The flow from the stagnation region passes through a transition
region before it enters the wall jet region and the flow transits into turbulent from laminar.
The transition region is sensitive to J2P spacing. The Nu value increases with the rise in
the “Reynolds number” and peaks at Z/D;=0.5. For the J2P distance at various “Reynolds
number” the stagnation region is identified at x/Djof around 0.5 after that secondary peak

1s observed around x/D;, of 1.5.
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Fig.4.19 “Variation of the Nu along the length of the plate for the different”J2P
spacing (Z/Dy)at Re =2500 to 20000 for Rib size=6mm
Figures 4.20 (a) to fig.4.20 (f) represents the variation of the localNualong with the length
of the plate at various “Reynolds number” and J2P spacing studied. It is observed that
local Nu is high at “Reynolds number” of 20000 and varies proportionately with the
“Reynolds number” and inversely related to the J2Pdistance. As compared to the rib with
4mm width the rib with 6mm width has a lower value for the Nu at the “stagnation point”.
It may be due to larger width of the rib and a major portion of the jet missing to hit in the
stagnation region. Nu value is higher for Z/Dh of 0.5 and decreases as the plate moves
away from the jet. For remaining J2P spacing, there are no much significant variations in

the Nu values.
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Fig.4.20 Variation of Nusselt number along with the length of the plate at different
“Reynolds number” for Z/Dy=0.5 to 8.0for Rib size=6mm
Figures 4.21 (a) to 4.21(h) shows the variation of the “localNu” along the length of the

plate for the J2P distance (Z/Dy) of 0.5 to 10 for the “Reynolds number” studied for Rib
of width 8mm. It can be experiential from figure 4.21 that the local Nu is high at
“Reynolds number” of 20000 and varies proportionately with the Re and inversely varies
with the J2P distance. As compared to the rib with 4mm width the rib with 8mm width
has a lower value for the Nu at the “stagnation point”. It may be due to more width of the
rib and a major portion of the jet missing to hit in the stagnation region. Nu value is
higher for Z/Dh of 0.5 and decreases as the plate moves away from the jet. Here we can
identify that a secondary peak which is much influenced by higher “Reynolds number”
due to the turbulent nature of the fluid. At lower “Reynolds number” of 2500 secondary
peak is not much prominent. The secondary peak is observed due to the acceleration of
the fluid under the rib. At “Reynolds number” 5000 to 20000 the secondary peak is
observed at a distance of x/D; around 1.5 and later there is a sudden decrease in the Nu

value and reaches its minimum.
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Fig.4.21 “Variation of the Nu along the length of the plate for the different” J2P
spacing (Z/Dj,)at Re =2500 to 20000 for Rib size=8mm

From figure.4.22 (a) to (f) shows a variation of the localNVualong with the length of the
plate at various “Reynolds number” for the different J2Pspacing is studied. We can
observe that the local Nu is at its peak at “Reynolds number” 20000 and decreases with
lower “Reynolds number” and higher J2Pdistance. Compared to 4mm and 6mm rib width
the 8mm width rib giving the lower value of the localNVu in the “stagnation region”. It
decreases monotonically along “stream wise direction” of the plate invariably for all J2P
spacing.
Figures 4.23 (a) to 4.23(h) show the variation of “localNu” along the length of the plate
for the J2P distance (Z/Dy) of 0.5 to 10 for the range of “Reynolds number” is studied for
Rib size of 12mm. It can be noted that the local Nu is maximum in the stagnation region
at higher “Reynolds number” of 20000. For the higher “Reynolds number” 12500 to
20000, Z/Dh of 6 and 8 shows the maximum value of local Nu compared to Z/D), of 2 and
4. The secondary peak is observed around an x/Dh of 1.5 at low “Reynolds number” and

x/Dy, of 2.0 at higher “Reynolds number” of 12500 to 20000.
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Fig.4.23 “Variation of the Nu along the length of the plate for the different”J2P
spacing (Z/Dy)at Re =2500 to 20000 for Rib size=12mm
Figures 4.24 (a) to (f) show a variation of the localNVualong with the length of the plate at
various “Reynolds number” for the different J2P spacing for rib size of 12mm. It shows
that the local Nu is at its high at the “stagnation point” and non-variably diminishes along
the wall up to the end of the stagnation region. The Nu drops monotonically in the “wall
jet region” invariably for all Z/D,. For all Z/D), considered for the study the Nu
distribution curves overlap for in the “wall jet region” for any given “Reynolds number”.
The reason for the decrease in the value of Nu can be ascribed to the loss in the fluid
velocities over the surface because of a large exchange of momentum between the

surrounding atmosphere and the jet.
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Fig.4.24 Variation of Nusselt number along with the length of the plate at different
“Reynolds number” for Z/Dy=0.5 to 10for Rib size=12mm

Figures 4.25(a) to (d) shows the difference of SP Nu i.e. (Nuy) for J2Pdistances (Z/D;
of 0.5 to 4), various “Reynolds number” 2500 to 20000 and for various rib sizes
investigated. It is observed that SPNU is high for the lower J2Pspacing (Z/Dj) of 0.5 and
for higher “Reynolds number” of 20000 irrespective of the rib size. Nuy gradually
decreases in the “streamwise direction” for any Z/D; and Re and this trend is similar for
all the rib sizes studied. The figure shows that 4mm rib outperforms all other ribs with
better SPNU and hence better “heat transfer” coefficient.

At a given “Reynolds number” SPNU is maximum for the J2Pdistance (Z/Dj) of 0.5
decreases suddenly from Z/D;, 0.5 to 1.0. This is maybe attributed to the dispersion of the
jet with an increase in the J2P distance, particularly beyond the PCR for the “slot jet”
(Z/Dy> 2.0). It is only when the surface is outside the PCR that strong effects of Z/Dj, are
observed. The secondary peak in the Nu can be observed at lower Z/D; and it gets

dominated by the increase in the “Reynolds number”.
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Fig.4.25 Variation of “stagnation point” “Nusselt number” for the different J2Pspacing
at various “Reynolds number” for different Rib sizes

4.4 Comparison of “heat transfer” behavior of the jet on smooth and
rough surfaces
Figures 4.26 (a) to 4.26 (g) show the change in the localVualong with the wall of the plate
compared for the smooth surface and the rough surfaces at Re = 2500 for the different J2P
spacing studied. It is observed that rough surface gives the maximum local Nu than that of
the smooth surface. In the study, we identified that the ribs with a width of 4mm and
6mm provides better values for the HTC in comparison with the smooth surface. Overall
performance of the 4mm width rib is better than other ribs and that of a smooth surface.
The flow visualization study of Liou et al. reveals the presence of recirculation flow
instantly behind the detached rib they observed an asymmetric wake behind the rib
because of asymmetric flow area across the rib. The vortex shedding promotes the mixing

of the fluid and hence leads to a higher level of heat transfer distribution. This provides
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better HT augmentation immediate behind the rib and depends on the clearance under the
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Fig.4.26 Variation of the Nusselt number along with the length of the plate for

the different J2Pspacing (Z/D,)at Re =2500 for different sizes

Figures 4.27(a) to 4.27 (g) show the distribution of the localNVualong with the length of

the plate, at “Reynolds number” =5000 for the smooth and rough surfaces. It shows that

local Nu is maximum at the “stagnation point” and gradually diminishes along the wall of

the plate because of more mixing of the atmospheric air with the jet and weakening the

core. From the figures it is identified that the ribs of width 4mm and 6mm shows the peak

values for the “Nusselt number” and for other ribs Nu values are almost similar to that of

a smooth surface. But compared to smooth surface 4mm rib gives a better effect. It is due

to the turbulence intensity of rough surface.
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The trends available with figures 4.28, through 4.33 show that the “Nusselt number” is

increasing with “Reynolds num