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Abstract: Impingement cooling jet is widely used in differéntlustrial applications due to high rate
heat removal on the surface being subje to impinging. Ribs are used to enhance convecteat
transfer by the promotion of higher turbulence lsv8he aim of present work is to perform
experimental verification of the using modified fawe with ribs on heat transfer enhancem
Experiments were performed to characterize heat transfar normally impinging air jet on uniform
heated surfaces modified with ribs from a singldiae of different diameters D of (5, 12, 20 mm).
centrifugal blower is used for air impinging witbtjveocity in the range (18.86 m/s). Local hee
transfer distribution on the impingement surfacamigestigated for orific-to-plate spacing ratio (Z/D) ¢
(4, 6, 8, 10) using thermal infrared imaging tecjuai. Different configurations of modified surfacdn
form of ribs surface are studied in the presentkwshich are: rectangular ribs, and circular ribghv
different sizes spaced at different pitch on tmgetribbed surface. Heat transfer enhancemeriiviorib
geometries is evaluated by compar with results for a smooth flat surface. The enharer@ ratio of
heat transfer, as compared to the smooth flat seiigademonstrated by a factor ranging from 1.2. tdt
is observed that the different shape of the rihseaifferent effects on hetransfer coefficient betwee
the impinging air jet and the target plate. Als@sifound that the orifice diameter, orifice totelapacing
ratio and jet velocity are the most effective valtawhich characterizes the heat removal

K eywords. Impingement jet cooling, Rib roughened wall, Heat transfer enhancement.
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1. Introduction

Impingement cooling heat transfer has been stuetgensively in the past due to
its wide application in cooling the walls of highmperature thermal systems. The air-
jet impinging normally on the wall can remove aglamount of heat over a relatively
small surface area. It has been frequently usedowmling the hottest section of a
combustion chamber or a turbine blade. Heat tramafes in case of impinging jets are
affected by various parameters like Reynolds numbeafice plate spacing, radial
distance from stagnation point, and target plawination confinement of the jet,
nozzle geometry, and roughness of the target pléwe of work is carried out related to
impingement on a flat plate or Surface. Hofmannalet[1], (2007). Experimentally
investigated the flow structure and heat transfemfa single round jet impinging
orthogonally on a flat plate. Heat transfer hasbsadied by means of thermography.

The influence of Z/D and Reynolds number on |duedt transfer coefficient has
been investigated. Flow structure in a free jetdlas been examined, also correlation
for heat transfer coefficients have been develop&tliraj and prabho, [2], (2008),
performed an experimental investigation to study effect of jet to plate spacing Z/D
and Reynolds number Re on the local heat trans$ébition to normally impinging
submerged circular air jet on a smooth flat surf&&ynolds number was varied in the
range of 12000-28000 and Z/D in the range of 0.B-8orrelation for the local Nusselt
number was developed from the experimental dataworranges of Z/B<3 and For
Z/D> 4. Tadhg and Darina, [3], (2007), investigatedtikat transfer distribution from a
heated flat plate under impinging air jet with Relgs number from 10000 to 30000
and Z/D =0.5 to 8. Results shows that at low notalenpingement surface spacing,
Z/D <2, mean heat transfer distribution in the aadirection exhibits secondary peaks.
The peak value of Nusselt number was influencederbgrvelocity fluctuations normal
to the surface than by fluctuations parallel witle surface; this is consistent with the
direction of the maximum temperature gradient.

Attalla and Salem,20134], studied experimentally the effect of nozzle geosnetr
on local and average heat transfer distributionnoonfined air jet impingement on a
flat plate, the experiments had been conductek aifferent of exit Reynolds number.
Re was in the range of 60€Re<40000 and plate surface spacing to nozzle diameter,
Z/D, in the range ofdH/D<6. An infrared thermography camera was used tardette
temperature distribution from isotherms on a umifigr heated impingement surface.
With impinging jets, some scientists have used fredlisurfaces to increase the heat
transfer; they have used surface roughness, attatbhe and detached ribs. It can be
concluded that in all such situations, these tepies enhance heat transfer. Hence the
following review is conducted:

Gau and Lee, 2000, [5], applied rectangular arahgpular ribs on the impingement
wall. They reported that a higher heat transferffeent could be obtained using
triangular ribs encouraged the jet to flow smoottdythe wall and generate vortexes
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behind the ribs. Also, they varied the ratio of theheight and nozzle width and varied
the rib pitch. It was demonstrated that a loweroraf rib height to nozzle width

provided higher heat transfer. Hansen and Webb3,1f8) performed experiments to
characterize heat transfer to a normally impingangjet from surfaces modified with

arrays of fin-type extension. Heat transfer enharesd for six fin geometries was
evaluated by comparison with results for a smoiftdih,surface. Two nozzle sizes with
variable Reynolds numbers and nozzle to plate sgacesults are reported. The
enhancement of heat transfer is measured by catayldne effectiveness for each fin
plate, compared to flat surface.

The fin type dependence of Nu as a function of Re Wund to be as a result of
variations in the turbulence level, fluid velocitgnd percentage of total surface area
exposed to normal, oblique and parallel flow. Foodified surfaces the system
effectiveness decreases monotonically with increpsiozzle to plate distance in
contrast to the smooth surface behavior. Nakod, §f]japerformed experiments for the
effect of the finned (rough) surface on the locahthtransfer coefficients between the
impinging circular air jet and flat plate. Reynolgismber was varied between 6500 and
28000 based on the nozzle exit condition and jpldte spacing between 0.5 to 7 times
that of the nozzle diameter. Thermal infrared imggitechnique was used for
measurement of local temperature distribution enflat plate. The fins used were in
the form of cubes of Znm size spaced at a pitch ofrBm on the target plate and
hexagonal prism of side 2.04mm and height of 2maceg at pitch of 7.5mm. The
finned surface had an increased heat transfericeeff from the target plate, by about
24 to 77% at the base surface depending on theestfajin, nozzle plate spacing and
Reynolds number, in the range studied. The increafiee heat transfer coefficient for
finned surface is because of the increase in thd sa. superposition of tangential
velocity component into the axial flow, which affeéle turbulence characteristics of the
flow and decrease the heat transfer coefficiethatop of fin because of the increase in
the heat transfer area.

Vadiraj and Prabhu [8], carried experimental inigadton is carried out to study
the heat transfer enhancement from a flat surfaitk axisymmetric detached rib-
roughness due to normal impingement of circularjetir A single jet from nozzle of
length-to-diameter ratio (I/d) of 83 was choserfe&if of rib width (w), rib height (e),
pitch between the ribs (p), location of the firgh from the stagnation point and
clearance under the rib (c) on the local heat feardistribution was studied. Local heat
transfer distribution on the impingement surfaces wavestigated for jet-to-plate
distances (z/d) varying from 0.5 to 6 using thernmvdrared camera. Turbulence
intensity using hot-wire anemometer and wall stgiressure measurements were
reported for the rib configuration in which maximuneat transfer was observed.
Contrary to the results of smooth surface, thers sv&ontinuous increase in the heat
transfer coefficient from the stagnation pointhie stagnation region. This trend is well
substantiated by the flow distribution in this @gi The ratio of average Nusselt
numbers of ribbed and smooth surface was seemrttease with Reynolds number.

The foregoing studies done mainly on slot nozzlgetyndicate that significant
enhancement in jet impingement heat transfer magdheeved with ribbed surfaces.
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The present study serves to further investigate plotential and the mechanisms of
enhancement. An experimental investigation is regoof heat transfer to axisymmetric
impinging air jet from a round orifice for heatedrfaces modified with ribs. Heat

transfer enhancement is evaluated by comparingnibaified surface results to those
obtained for smooth, flat surface.

2. Experimental Apparatus

An experimental rig is build and used to study tharacterize heat transfer to a
normally impinging air jet from surfaces modifiedthivribs. Air impinge velocity is to
be varied in the range 18.4-36 m/s from round egibf different diameters of (5, 12, 20
mm) with different distances (Z/D) in the range4el0 between the orifice and the
target plate. Different configurations of modifidt surfaces in form of ribs are
studied. Used shapes are rectangular ribs andaningos.

The test setup which was used in this work is bultin the workshop of the
engineering college at the University of Al-Mustaiayah. The experiments were
conducted in the post-graduate laboratory of thadeent of mechanical engineering.
Fig.1 is a photo picture of the experimental rigl ats components. The test rig is
designed and manufactured to fulfil the requiremm@fithe test system for a smooth flat
surface and modified surface with different confagions of ribs, Set up with an
infrared sensitive camera for temperature measureno@nsists mainly of air blower of
(6 m/min) capacity, pipe with (50 mm) diameter, a cifed at pipe end at which
variable orifice diameters can be fixed.

The velocity range is controlled by using a bypzase fixed near the pipe inlet. A
target plate of 30x30 chsteel is fitted at the test section at which tinénapinges on it.

A constant heat flux from heater wire of (28 resistance is used to heat the target
plate. A Duralumin Alloy plate 0.6 mm in thickness)placed between the steel plate
and the heater to ensure a uniform distributiothefheat within the target plate.

To ensure a reliable thermal coupling and heatightisn, a Non-Silicon heat
transfer compound (Zinc Oxide and C7-C9 Branchkyl @sters) is used between steel
and Duralumin Alloy plates and heater as a he&t Sicm thickness polyurethane foam
layer is used to reduce the heat losses due touctiod from the lower surface of
heated plate. Two thermocouples type-K are fittedh® heated target plate center and
plate edge respectively. These thermocouples & tascheck the accuracy of thermal
infrared image. This is done after making the tlmrouple calibration. A high
percentage of accuracy is noticed within 95-98%is Tiigh accuracy ensures that
thermal infrared images will give an excellent pation of temperature distribution on
the flat plate.

A procedure is made for the ribbed surface withe fthermocouples fitted in
transverse and longitudinal directions with dis&an€ 3 cm pitch on the ribbed surface.
Additional two thermocouples are used to calcuthte heat losses due to conduction
from the lower surface of heated plate. All therogales inserted through drilled holes
from the bottom of the test section and welded jpgxg resin to the heated plate. A
single thermocouple is used to measure the amteergerature. A wooden box is used
to retain the plate assembly forming the test sactrig.2 shows test section details. An
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adjustable base is used to control the height eftélst section according to the tar

plate to orifice diameter spacing (Z/

Two types of heated target plaiwere designed and manufactured in the pre
work; each plate made sfeel 30x30 cr is fitted at the test sectiofthe thickness ¢
the first smooth, flat target plate are 0.4 mm. Beeond target plate, used in

proposed study consists of different configuratiohsnodified surfaces in the form
ribs (roughened) surface with éickness of 1 mm such as: rectangular and circidar
Note that, the ribs were designed with differergesi spaced at different pitch

Fig.3showsPhotographs of target plates fitted at the tedt@eqa) Smooth flat surfac

(b) rectangular rib surface.

\

(N

(i

(&l
" E
4 | \h 2
_ - =

0

g, Ut

=
1

1-Air Blower 2-Plastic Hose 3-Holder 4-Bypass Valve 5-P.V.CPipe 6-Orifice
7- Test Section 8-Adjustable Base 9-Variac 10- LCD Display 11-Readers
12-Infrared imaging technique 13-Manometer
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Figure 1. Experimental test rig
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2.5¢m 30em Steel target plate
0.4mm
0.7mm }. Duralumin Alloy
amm —L Non-silicon
Heat transfer
30mm Compound

Heater

Polyurethane
Foam

Thermocouple wires

Figure 2. Test section

Figure 3. Photographs of a target plate fitted at test section: (A) Smooth flat surface

(B) Rectangular rib surface

Three arrangements of rectangular ribbed sur were designed ar
manufacturedsing a milling machir; each one consists of a steel square target
of 30x30 cmhand 1 mm in thickness. Each plate have a numb&bailongitudina
rib elements distributed parallel to each othem@glthe surface with different siz
spaced at different pitches ore target plate. Fig.4(ahows a schematic diagram
rectangular ribbed surface. Two different circutdrs surfaces each one hawv
number of 30 cmlong rib elements with circular cross section hgvoheferent rik
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pitches of 10 and 5mm with differesizes which are mounted and glued in paralle
the steel surface. Fig. 4(bhows a schematic diagram of circular ribbed sa.Range
of parameters and rib geometry is given belo'Table 1 and Table 2.

Hawre o e
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300mm 300mm

=]
=

Al : = ‘
}
i
|

=N

300mm 300mm

A schematic diagram of rectangular ribbed surface A schematic diagram of circular ribbed surface

Figure 4. The test plate

Table (1): Range of parameters of rectangular ribbed surface

Case Rib width Rib height Rib pitch p/e p/w  Number of
(w) (e) () ribs
Case 1l 6mm 2mm 10mm 5 1.67 30
Case 2 3mm 2mm 7.5mm 3.75 25 45
Case 3 6mm 3mm 10mm 3.34 1.67 30

Table (2): Range of parameters of circular ribs surface

Case Rib height (e Rib pitch(p) p/e Number of rib
Case 1l 2mrr 10mm 5 30
Case 2 2mrr 5mm 2.5 50

A handheld thermal imager (Ti32) iused to collect the local temperat
distribution over a target plate. It is calibratedmeasured the temperature of the ta
surface using calibrated thermocouple type K fixedarget plate, in same time t
temperature is measured by thermal inr . The target plate surface is heated by
main stream. The temperatures obtained by bothumagsway is recorded during tl
heating process until achieving a steady state itond Infrared camera reads t
temperature of the target plate depencon the emissivity value of the surface of
target plate. Due to the emissivity of the tesfeme the temperature recorded by
thermal image is adjusted until both reading terajuees are matche
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3. Theory
The total input power that generated from the hresies is calculated as follows:

Qe =1V (1)

The net heat transfer by convection is calculagefbows:

QCOI'N = Input - ZQOSSﬁS (2)

Qconv = Qmput - Qrad. - Qcond (3)

The heat transfer per unit surface through conerotias first described by Newton's
law of cooling. It can be expressed as:

Qconv. = h'% (Ts _Tf ) (4)
The constant heat flux on the plate face is caledlaccording to following equation:

n Q
onv. — oo (5)
o =

Equation (5) is used to calculate the heat flugdase of a flat plate or base surface.
In case of ribbed surface the heat flux is caledats from equation

" = Qconv. 6
qconv. (AS_I_ Arlb) ( )

The local heat transfer coefficient is evaluateidgishe following equation:

Both, the average and local heat transfer coefficaee related by an expression of the
form:

N,y =

1
V. e hdAs 8
9 As i

For the flow over a target plate h varies only wille distance, so that equation (8)
reduces to:
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1 LS
Mg = ! hdx (9)

S

The ratio of conductive thermal resistance to tbevective thermal resistance of the
fluid is known as the Nusselt number, is calculated the basis of heat transfer
coefficient:

Nu :hi

) (10)

4. Results and Discussions

The experimental evaluation has been carried outhe velocity distributions, heat
transfer coefficients, temperature distributiondéterent Z/D values for smooth flat
plate and modified surfaces with ribs.

4.1 Freejet Velocity distribution measurements:

The flow structure of the jet from the orifice isvestigated by measuring the
velocity distribution in a free jet impinging frowrifices of different sizes at different
radial positions from the jet centreline at the sarial distance. The flow structure and
velocity profile at orifice exit in free jet are @&ured using the total tube and traverse
mechanism .The process is accomplished after rargdhie target plate to prevent any
impact with the jet.Fig.5 presents the flow struetat jet exit is non-dimensionally
plotted with the axial positions of (y/D = 0, 2,@8 and 8)for the orifice sizes 20mm for
maximum velocity, where U/Uepresents the non-dimensional velocity takentivea
to the jet exit. It shows that at small axial dstes from the orifice i.e. near orifice exit
the velocities are almost constant and equal tejétvelocity except the regions near
the orifice edges, at these positions the air gbaity decays in a high rate reaching
zero at a small distances beyond the orifice etigean be observed that the further
axial distance from the orifice exit is the lesdoedy is occurred at that point. In
contrast, if the distance is far away from the icef the velocity will be widely
distributed like a bell shape. Therefore, the vigyodistribution is spread extensively at
the further distance from the orifice with loweloaty.

1 St D=20 mm
_'_ "‘.:-‘\_ Uj=34-2 D=

0.5 *\(\\/\\/ ——2y/D=
g . i0-
0 0.5 1 15 2 —>6y/D=

riR 8y/D=

Figure 5. Flow structure at jet exit (D=20 mm, Uj=34.2 m/s)

63



Journal of Engineering and Development Vol. 20, No. 02, march. 2016 www.jead.org (ISSN 1813-7822)

4.2 Boundary layer profile on a smooth flat plate and ribbed surfaces measurement

Boundary layer profile is measured at differentatvpositions from the orifice
plate, using a total tube designed for these measemts. Three dimensional traversing
mechanism displacements are in both the axial tisrecand horizontally in each axial
position from orifice plate is used to traverse tb&al tube for measuring the dynamic
head of the impinging jet. Fig. 6represent the liauy layer distribution of air jet on
the smooth target plate for orifice -to-plate dmsta Z/D=6 and for highest velocity of
tested velocities for each of orifice diameter Démizn at different radial positions
starting from the stagnation point (X) on a flaatel and moving outward in radial
direction. It is noticeable that the boundary lajias the maximum value of velocity
near the stagnation point. At this point, the bargdayer thickness is relatively small.
On the other hand, the highest thickness of thentbaty layer is observed at point's
where wall jet velocities start to diminish.

The boundary layer thickness increases away fraate ptentre with reduction in
wall jet velocity. This is because of the reductianwall jet momentum described by
ordinary boundary layer behaviour and developmdnshear stresses with the plate
surface Velocity distribution in the wall jet reg® are with the same trend of
experimental measurements for different authorsh sas Hofmann,et.al [1] and
Vachirakornwattana[10]. For ribbed surfaces theoei®y distribution within the
boundary layer in wall jet region is measured fothbin the longitudinal and transverse
direction. The preface of the ribs will enforce #ieto flow through the cavity between
the ribs (in longitudinal direction), then the velky distribution is seems high in value
and almost nearly with same values as a flat plate.

In transverse direction the flow structure is etféel by rib height and rib pitch, the
flow will continue with fluctuations and resistancausing lower velocities .Wall jet
velocity measurements for smooth and ribbed susface shown in Fig.7 for orifice
diameter D=20 mm. Measurements show that wall ¢&borty for the flat plate always
higher than that for the case of ribbed surfaces wifferent rib sizes and pitches,
noticing that the wall jet measurement of ribbedastes are taken on the rib surface not
within the channel passages. (These results aea fak transverse directions only).

14 D=20 mm
12 ™ H/D=6
€10 Uj=34.2 m/s
E 8 = ——cmlx=
% 5 \ cm3x=
NN .
2 \\: ~ cmllx=
0 Z cml4x=
0 10 20 30 40
Velocity m/s

Figure 6. Boundary layer profile on asmooth plate surface at different radial positions (D=20 mm, U;=34.2 m/s,
2/D=6)
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14
D=20 mm

12 3\‘ /D=6
10 Uj=34.2 m/s
} i\ - f|at plate
\N

(1.67,p/w=5p/e=)

hieght mm

SO N b O ©

(2.5,p/w=3.75p/e=

0 10 20 30 40 ——1.67,p/w=3.34p/e=

Velocity m/s (

Figure 7. Boundary layer profile on a smooth plate surface and rectangular ribbed surface at radial positions starting
from the stagnation point X=1cm (D=20 mm, U,=34.2 m/s, Z/D=6)

4.3 Smooth flat plate

Fig. 8(a) shows an example of the thermal imagé tlas been obtained at the
distance between the orifice and flat plate at ZDer D=12mm and for highest jet
velocity tested (=35 m/s), a constant heat input of 48 W has be@pl®d to the
plate. It is observed that, the temperature digtidms due to the impinging jets are
perfectly symmetric around the stagnation pointegxdor the far field of the region of
impingement, this is due to decrease of coolingreegFig. 8(b) show the local
temperature distribution along the horizontal lirem the stagnation point on the target
plate, the variation of temperature is plotted witie radial distance from the plate
center (x), because of the axisymmetric of theif@of

As can been seen from Fig.9(a), temperature digtob shows a minimum value at
the stagnation point and increased with the radigthnce from the plate center this is
due to decrease of cooling degree. Fig. 9 showsldbal distribution of the heat
transfer coefficient -based on temperature distiolod along the horizontal line through
the stagnation point for D=20 mm, Z/D=6ang=B4.2 m/s.As can been seen from Fig.,
the heat transfer coefficient shows a maximum vatighe stagnation point and
decreased with the radial distance from the plaeter. Examining the effect of
different height to orifice diameter ratio Z/D shewhat optimum ZD values which
gives the highestshgandhygis Z/D=6.

Fig.10 shows a graphical representation of avehage transfer coefficients and its
variation with je velocity and Z/D for D=20 mm. @thorifice sizes have the same
trend. This is in agreement with other researchsults as Hofmann,et al [1]local heat
transfer coefficients distribution for different jeelocities and Z/D values presented as
Nusselt number distribution is shown in Fig.11 Bbx20 mm. The maximum obtained
value of Nusselt number is found at stagnation tpaid decreased with radial distance
from the plate center. This isn’t surprising sitilced is being convicted away from the
stagnation region rapidly and loses its turbulddnetic energy. Other orifice diameters
are tested in the same manner and show the sanueftrevarious tested parameters.
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The following equation gives an empirical corredatifound from experimental
results for 64 tests on different orifices sizel8,and 20 mm);

Nu = 0.811 Re ** (Z / D) °* 11

stag

Fig.12(a) and (b) shows the representation of #ta tepresented by equation (11)
and comparison with experimental results given byAtialla and Salem. [4]. the
correlation is found to fit the present experiméndata with 10-15%, while its
difference with of Attalla and Salem [4] Data isthvn 10-20%.
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Figure 8. (a) Thermal image; (b) Local temperature distribution
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Figure 9. Radial heat transfer coefficient distribution at (D=20mm, Uj = 34.2 m/s, Z/D=6)
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Figure 10. Graphical representation of average heat transfer coefficient, D=20mm
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Figure 12. (a) Nustag from experimental measurements values its values as a predicted from correlation; (b) Present
experimental results values that by reference [4]

4.4 Rectangular ribbed surfaces

Fig.13 shows an example of the thermal image thatdeen obtained on the target
plate for the distance ratio between the orificd egctangular ribbed plate Z/D=6 for
D=5 mm and for highest tested velocity?36 m/s. The Fig. shows that the transverse
direction is the horizontal line through the stagapoint and longitudinal direction is
the normal to transverse directions of the ribsisltobserved that, the temperature
distributions due to the protrusion of the ribs different from that for a flat plate due
to different flow field. Such difference in temptree distribution is attributed to vortex
generated and separation of streamlines of flowtln rib, in addition to lower
velocities of air impinged within the ribs. Thisetd is similar to that observed by C.
Gau and L. C. Lee [5]. Temperature distribution the rectangular ribbed plate at
T.=21.3 @ and a flat plate at.E14.7 C is shown in Fig.14 for 136 m/s and Z/D=6
at constant heat input of 48W has been suppli¢idetoibbed and flat plate.
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10.7

36

-24.9

Figure 13. An Examples of infrared measurement of an impingement on rectangular ribbed surface for D=5mm and
Uj=36 m/s, Z/D=6

e ae—g D=&mm UF 36 mis ZD=6
=7 __,,_J‘_"‘::__l_l——l" —B— Transvers lamparature
Fﬂ.ﬁ*—’:j#l""-d_. —#— Longitwdinal tem pera ture
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Figure 14. Local temperature distribution on the flat plate at T..=14.6C° and rectangular ribbed plate at T=21.3¢°
(U,=35 m/s, Z/D=6).

Fig. 15 and 16give examples of the comparison of the local heahsfer
coefficient for smooth flat plate with the longiindl and transvee directions of the
ribs on the basis of the base area as a flat atatehe basis of the modified surface ¢
(the sum of the base plate plus the surface ofitig for rectangular ribbed surfas
with (p/e=5,p/w =1.67)for D=20mm at orifice to platdistance Z/D=8 and for highe
tested velocity (4=34.2 m/s)lt is observed that there is an increase in the thaasfer
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coefficient for rectangular ribbed surface in Idaodinal and transvee directions as
comparedto smooth flat plal and then there is an enhancement in both diregt
attributed to the function of ribs that make thewfl turbulent, which results in ¢
enhancement of the heat tran. The heat transfer results for rectangular ribbethsa
show higher Nusslet numt compared to smooth flat plate as base area (¢ @lre:
only). From Fig.above the results calculated on both cases; obasie of the base ar
as a flat plate and the basis of the modified serfarea (the sum of the base plate
the surface fothe ribs) as an example. Other results are catiedlfor the base area ol
in order to show the enhancement heat transfeficiesit, also, due to the fact that t
variation in longitudinal and transve direction is within a limited range and inder
to give a general behavior of enhancement in hreaster, the average value for !
whole plate in both longitudinal and trans\e directions for all results is calculated
follows:

__ (hlongitudinal+ h transvers)

Ravg = : (12)
800 D=20mm, p/e=5, p/fw=1.67

g 1 —&—transvers rib

QO =mop 2 : ; :
ol " \ —#— longitudinal rib

= —&—flat plate

g TO0 — \

M

= | e

@ 800~ \\]t

3 i \

= =00

o

g g

E 400 H"“ﬁ-%ﬁ

o 1 e,

“ﬂ? 200 lﬂiH::?I
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Figure 15. Heat transfer coefficient distribution calculated on flat area as a base for (D=20mm, Uj=34.2m/s, Z/d=8,

p/e=5,p/w =1.67)
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Figure 16. Heat transfer coefficient distribution calculated on modified area for (D=20mm, Z/d=8, Uj=34.2m/s,
p/e=5,p/w=1.67)

Fig.17, 18, and 18how the radial profiles of the experimental Nussleanber for
all arrangement of rectangular ribbed surfacessanadoth flat plate for orifice diamet
D = 20 mm, orthogonal distance to diameter ratidb=Z8 and jet velocity =34.2m/s
reveals that the rectangular ribbed surfaces witbelarrangements result in enhan
Nusselt number, as compared to the smooth flabst, other orifice sizes have ti
same trend. Gaw and. Lee [5] observed same behafvibe enhancement in Nuss
number when they used rectangular ribs on the impivege wall. They reported th
for impingement cooling over a r—roughened wall, the protrusion of the ribs has
effect of promoting turbulence in the wall jet ageherate vortexes behind the ribs
addition, the wall jet passing through the cavigncsepaite from the rib, an
recirculate inside the cavity; therefore, a significant enhamept occurs in he:
transferred along the ribbed we

The increase in the heat transfer on the rectangbbed surface is because of
increase in the swirl i.e. superposition of tangegntelocity component onto the ax
flow, which affects the turbulence characteristésthe flow. As shown irFig. the
maximum Nusselt number is obtained in the stagngtimint decreases monotonice
in the radial direction. Different orthogonal diste to diameter ratio (Z/D) are tes
and its local Nusslet number distribution in raditection is shown with ighest
Nustays measured at Z/D=8, this attributed to highebuilgnce intensity in this cas
The Fig. showshat stagnation and average Nusslet number for ZAith Three casi
for ribbed plate are given in Tab3. Rib arrangementonstitutes pi(rib pitch-to rib
height ratio), p/w(rib pitck—to width ratio) and number of ribs.

72



Journal of Engineering and Development Vol. 20, No. 02, march. 2016 www.jead.org (ISSN 1813-7822)

Nusselt Number

900 ~
800

700 +

D=20mm, Z/D=8, Uj=34.2m/s
—&— p/e=5, p/w=1.67 at(2mm rib height,6mm rib width,10mm rib pitch)
—0— p/e=3.75, p/w=2.5 at(2mm rib height,3mm rib width,7.5mm rib pitch)

p/e=3.34,p/w=1.67 at(3mm rib height,6mm rib width,10mm rib pitch)

600 - \ —w— flat plate
500 - \
n

1 ~
400 .

{1 e
3004 . e T

1 \."". —o—o o -\.\I\.
200 IR S

R A
100 v\v\'“V“Vvav‘v‘v—v‘v—v

T T T T T T T T T T T T T T 1
0.00 002 0.04 0.06 008 010 0.12 014 0.6

Distance From Plate Center(m)

Figure 17. Radial profile of the Nusselt Number for all rectangular ribbed surface and Smooth flat plate for
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Figure 18. Radial profile of the Nusselt Number for all rectangular ribbed surface and Smooth flat plate for

(D=20mm, Uj=34.2m/s Z/d=6)
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Figure19. Radial profile of the Nusselt Number for all rectangular ribbed surface and Smooth flat plate for
(D=20mm, Uj=34.2m/s Z/d=4)

Table (3) stagnation and average Nusselt number for D=20mm, Z/D=8,Uj=34.2m/s.

cases Rib arrangement Ny NUayg
1 p/e =5, p/w =1.67, number of ribs is 30 626 370
2 p/e = 3.75, p/w =2.5, number of ribs is 45 366 023
3 p/e=3.34,p/w =1.67, number of ribs is 30 235 196

The case (1) of rectangular ribs of p/e=5, p/w=1wbth rib height 2mm gives
higher in enhancement in heat transfer relativeatse (3) of p/e=3.34, p/w=1.67 with
rib height 3mm. This can be attributed to higheariia of air flow between ribs and
higher freedom in air flow which gives better dov which increases heat rates when
the rib height is smaller. It can be discussedhenbiase that vortex formation in case of
rectangular ribbed surface with e=3mm is in a highete than that in case of
rectangular ribbed surface with e=2mm. This vorteeans higher air temperature with
limited air flow, this reduces heat transfer cagéint, and hence an increase in rib
height reduces velocity within the ribs cause areises in heat transfer coefficient.
Also case (1) of rectangular ribs of(p/e=5, p/v671.10 mm pitch) gives higher in
enhancement in heat transfer relative to casef(g)/e=3.75, p/w=2.5, 7.5 mm pitch)
keeping height of the rib (e = 2mm) constant .Tihidue to the fact that when the pitch
of the ribs (the cavity between neighboring ribgreases, the amount and the velocity
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of the wall jet penetrating in the cavity are high&is leads to a higher heat transfe
case of p/e=5 than in the case of p/e=3.75. GauLaed[5] observd same behavic
they found that, when the cavity between neighlgpribs increase, make more inte
transport of momentum between the wall jet andtgdiow.

Fig. 20 and 2Dresents the effect of orifice diameter on Nusslghber distributior
for all arrangements of rectangular ribbed suriacease one o(p/e=5, p/w=1.67 for
jet velocities of only the minimum and maximum \edufor each diameter for Z/D=i
Figures showthat the maximum Nusselt number occurs in the si&gm region ant
decreases with increasing radial distai

This behavior is noticed for all orifice sizes. m8ll orifice sizes gives lower he
transfer coefficients, so Nusslet number decreasgl decreasing orifice size
attributed to small momentum of jets of small @efisize, with shorter potential flc
core, smaller affected zones of the target platdo@h smooth and ribbed plate's gi
lower heat transfer rates at stagnation zone apand it. AlsoFiguresshow that, high
air jet velocity gives higher jet momentum whichans higher penetration rate whit
the ribs and more ability for turbulence intensatyd recirculation inside ribs caviti
giving higher heat transfer rates. Low jet velocities gives smaller effect on h
transfer enhancement within ribs modified regiopsduse of low jet momentum a
due to lower Reynolds number the jet is consida®dydrodynamically smooth «
ribbed surface(roughness effect is neglectedce lower heat removal rates is notis

TOD —
p/e=5, p/fw=1.67, Z/D=8

820 1 —8— D=20mm.Uj=34.2m/s . Ribbed surface
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0 —8— D=20mm _Uj=34 2m/s_Flat plate

200, "&K%‘_L —&4—D=12mm Uj=35m/s . Flat plate

e ﬂ‘*n*——:——i__‘__:__; —&— D=5mm Uj=36m/s . Flat plate

[ s—a—————sS o — s
000 002 004 006 008 040 012 014

Nusselt Number
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Figure20.Local Nussle number distribution for the case of p/e=5, p/w=1.67, Z/D=8 at maximum jet velocity for each
orifice diameter D=(5,12,20)mm
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Figure 21.Local Nussle number distribution for the case of p/e=5, p/w=1.67, Z/D=8 at minimum jet velocity for each
orifice diameter D=(5,12,20)

Fig.22, 23, and 24hows the enhancement ratio faciEF) of the absolute rate
heat transfer coefficient as a function of Reynahdsnber for all rectangular ribbe
surface at Z/D=8or orifice diameters D= (5, 12, 20) m The enhancement ratio fac
(EF) is the ratio between the average heat transbefficient when using th
rectangular ribbed surface to the average heasfaawoefficient when using the fl
smooth surface,hfyg rivbed / Navg smooth) @t the same Reynolds numbFig. show that,
generally,(EF) increases with Reynolds number. The enhancenatiot factor EF) is
greater than unity for abirifice sizes, indicating an increase in the rédtaezt transfer
for all rectangular ribbed surface compared with $mooth surface. This was a re:
of the effect of the turbulence introduced by r

The magnitude of the enhancement, as representdtelynhancement ratio fac
(EF), was stronglydependent on the rib geometry. The dependencesadrthancemel
ratio factor EF) on rib type is a function of two factors given fibre average he.
transfer coefficient dependence (level of turbuéenituid velocity) The rectanguli
ribbed surface witl{p/e=5,p/w=1.67) which results in the greatestease in Nussle
number enhance the heat transfer coefficient asthgnation point by factor rangii
from approximately (2 to 3), The rectangular riblmdface with (p/e=3.75,p/w=2.
enhance the hedtansfer by factor ranging from approximately (1db2) and The
rectangular ribbed surface with(p/e=3.75,p/w=23hance the heat transfer by fac
ranging from approximately (1.2 to 1.7
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Figure 22. Enhancement ratio factor (EF) as a function of Reynolds number for rectangular ribbed surface for

D=20mm,Z/D=8
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Figure 23. Enhancement ratio factor (EF) as a function of Reynolds number for rectangular ribbed surface for
D=12mm,Z/D=8
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Figure 24. Enhancement ratio factor (EF) as a function of Reynolds number for rectangular ribbed surface for
D=5mm,Z/D=8

4.5 Circular ribbed surfaces

Fig. 25 and 26 give the comparison of the Nussathler for smooth and circular
ribbed surfaces at different orifice size and ogthwal distance to diameter ratio Z/D= 8
for jet velocities of the maximum values of the gete set of velocities used in these
measurements for each orifice diameter. It revélads the heat transfer results for
circular ribs surface, similar to rectangular ribtsirface, shows an increase in Nusslet
number for all orifice size as compared to smodtdh gurface. It is also seen that the
value of Nusselt number increases with the incr@asi pitch-to-rib height (P/e). It is
attributed to that the increase in rib pitch-to-nieight (P/e), the distance between the
protrusions increases which results in making motense transport of momentum
between the wall jet and cavity flow This leadsatdigher heat transfer around the
cavity wall than in the case which have narrow avihis is in agreement with other
researcher results as Gaw and Lee [5].
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Figure 25. Local Nussle number distribution for the case of circular rib with p/e=5,Z/D=8 at maximum jet velocity
for each orifice diameter D=(5,12,20)mm
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Figure 26. Local Nussle number distribution for the case of circular rib with p/e=2.5,Z/D=8 at maximum jet velocity

for each orifice diameter D=(5,12,20)mm

5. Conclusions
The conclusions are classified in accordance waightype of target plate.

A- Impingement on a target flat plate.

1.

4.

Increasing Reynolds number will lead to increasethe heat transfer at all the
radial locations for a given Z/D.

The biggest diameter results in a higher heat feafigr the same jet velocity.

In all the studied cases, the results show thagnstson point heat transfer
coefficient is with the highest values relativelte other points.

The optimum value of Z/D is 6 for all orifice sizés 12, 20mm).

B- Impingement on ribs or modified surfaces:

1.

The ribbed surfaces with five arrangements incrélaséheat transfer coefficient
in longitudinal and transverse direction as comgare smooth flat plate and
enhancement in both directions, due to the prairusf the ribs has the effect of
promoting turbulence in the wall jet and generatasexes behind the ribs

. The stagnation point Nusslet number for both regptéar ribbed surface and

circular ribbed surfaces increases with increasnifice diameter The increase in
Nusslet number for ribbed surfaces is the high@sZfD of 8 as compared to all
other orifice plate spacing ratio attributed to maxm centerline turbulent
Intensity at this Z/D

the enhancement ratio factdeR)in the average heat transfer coefficient when
using the rectangular ribbed surface at Z/D=8 facche orifice diameter
D=(5,12,20)mm, was approximately (2 to 3) for raegiaar ribbed surface with
(p/e=5,p/w=1.67), (1.5 to 2) for rectangular ribbedurface with
(p/e=3.75,p/w=2.5)and (1.2 to 1.75) for rectangulaibbed surface
with(p/e=3.75,p/w=2.5). And the enhancement ra#otdr EF)in the average
heat transfer coefficient when wusing the circulabbed surface was
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approximately (2 to 2.5) for circular ribbed sudaeith (p/e=5) and (1.5 to 2) for
circular ribbed surface with (p/e=2.5). This enhtament ratio strongly dependent
on the rib geometry and increases with Reynoldsharm

Abbreviations

As Cross sectional area of platé\m

A b Total surface area of the two ribs face$)(m

D Orifice diameter (mm)

e Height of the rib (9

h Heat transfer coefficient (W/nC°)

I Electrical Current (A)

N Number of ribs

Kair Thermal conductivity of air at film temperature (wCP°)

k Thermal conductivity of steel plate (W/m.C®)
L Length of the rib (m)
Nu Nusselt number (dimensionless) h:z—
P Rib pitch
Q iput Total input power (W)
Q. Heat losses due to radiation (W)
Qoond Heat losses due to conduction (W)
Qun, Heat transfer by convection (W)
d"conv Heat flux by convection (W/f)
R Orifice radius (mm)
r Radial distance from the plate center (m)
Re Reynolds number (dimensionless)Y ;P
U
T . T, +T.
f Film temperature (C°% %
Te The temperature at the surface of the plate (C°)
T; The jet-stream temperature (C°)
U Velocity of air (m/s)
\% Voltage (v).
Vj Viscosity of air at film temperature @#s)
pj Density of air at film temperature (kg/in
Y Distance from the plate (mm)
Z Nozzle-to-plate distance (m)
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