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Abstract The main focus of this work is a synergistic heat transfer analysis of the impinging multi

jets. The geometry of the jet holes, arrangement of those holes, density of the jets through spanwise

and streamwise directions and type of the confinement are the design parameters that affect the

impingement characteristics. The numerical analysis is run by using commercial software

ANSYS-CFX that uses computational fluid dynamics (CFD) codes. The average Nusselt number

is extracted as the heat transfer result. It is concluded that, the heat transfer distribution under

the densest-array jet impingement inside the one-exit-confined channel is behaved as the single jet

because of the strong adjacent jet interference. The highest jet impingement heat transfer is achieved

for the case using square jets. The effect of jet arrangement seems to be the weakest parameter on

the heat transfer.
� 2018 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Impinging jets are known as a method of achieving particu-
larly high heat transfer, and are therefore employed in many
engineering applications. For this reason, research into the

heat transfer enhancement and flow characteristics for the
impinging jet configurations are the broad area of interest.
There have been hundreds of published researches in the archi-

val journals about impinging jets. Most of the researches are
related to the effects of design parameters on the impingement
phenomena; such as jet shape (circular or slot, multi or single,
etc.), surface shape (rough or smooth, incline or flat, etc.), flow
region (Reynolds number), surrounding (confined, semi con-

fined), jet-to-target surface distance, [1] or the fluid type
(Prandtl number, being pure fluid or nanofluid, etc.) [2].

In present study the attention will be mostly paid to multi

jets, which supply higher and more effective heat transfer.
Multi jet impingement has become an established method of
convectively cooling or heating surfaces in a wide variety of
process and thermal control applications. Examples include

cooling of gas turbine airfoils and electronic equipment, drying
of paper and textiles or other thin layers of films, annealing of
metals and glass tempering operations. The most commonly

used jet openings are slots and circular holes. For applications
requiring highly localized heating or cooling a single circular
jet may suffice. For long, but very narrow areas a single row

of circular jets or a single slot jet may be appropriate. The sin-
gle row or slot may also be adequate, in some cases, for treat-
ing sheets of material which can be moved continuously past
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Nomenclature

A a, B model constants

Cp specific heat
d jet diameter
F1 blending functions in SST model
F2 function that limits the values of the turbulent vis-

cosity
h heat transfer coefficient
k thermal conductivity

kt turbulent thermal conductivity
_m mass flow rate of air
N number of the jet holes on orifice plate

Nu Nusselt number
P model production term
Pj rate of production of the turbulent kinetic energy j
Pr Prandtl number

Prt turbulent Prandtl number
q heat flux
Re Reynolds number

S absolute value of the shear strain rate
T temperature
Tj jet temperature

Tw wall temperature
ui local velocity
Uj mean jet velocity

y spanwise width

Yn spanwise jet-to-jet pitch

x streamwise length
xi tensor coordinate direction
Xn streamwise jet-to-jet pitch
Zn jet-to-target plate distance

Greek letters
b1,b2 SST model constants
j turbulent kinetic energy

m kinematic viscosity
l dynamic viscosity
lt turbulent dynamic viscosity
q density

rj, r-1, rx2 diffusion parameters for the transport of j
and x

x specific rate of turbulence destruction

Subscripts
i,j tensor notations
j jet
j kinetic energy

n normal
t turbulent
w wall
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the row or slot. However, where all portions of a surface of lar-
ger expanse must be continuously heated or cooled, multiple

slot jets or two-dimensional arrays of jet orifices are required
[3].

In general, heat transfer characteristics of multi jets is dif-

ferent from that of the single jets. This is due to the interaction
of spent air of the adjacent jets and also due to the interaction
between the jets prior to impingement on the plate [4]. Several

researchers investigated the heat transfer characteristics in an
array of multi jets, mainly in the turbulent regime. San and
Chen [5] investigated the effect of jet interference on heat
transfer distribution for confined circular air jets impinging

on a flat plate. It was noticed that, jet-to-jet distance had more
influence on heat transfer than the jet-to-plate distance. Per-
trand et al. [6] investigated the mean flow characteristics and

heat transfer of jet array with crossflow, by using various ori-
fice geometries. Puvaneswari and Shailendhra [7] reported
that, jet-to-plate distance, Reynolds number and jet-to-jet dis-

tance was the dominant operating parameters in multi jet
impingement application. Caliskan et al. [8] performed numer-
ical and experimental analyses, in order to show the effect of
jet geometry on flow characteristics and heat transfer. It was

found that, the best heat transfer performance was obtained
with the elliptic jet arrangements. Yong et al. [9] investigated
the effects of design parameters in a multi jet impingement sys-

tem. The parametric evaluation of the jet-to-jet pitch ratios in
both streamwise and spanwise directions, jet-to-target distance
ratio and jet array arrangement on heat transfer was per-

formed. Puneet et al. [10] investigated the effect of nozzle shape
on local heat transfer distribution for circular, square and rect-
angular nozzle cross sections. Can et al. [11] investigated aver-
age heat transfer by using circular and slot arrays. The heat

transfer behavior was found to be the same for both circular
and slot nozzles. Chi et al. [12] analyzed the anti-cross flow
cooling structure for multi jet impingement by means of a

set of numerical studies and experiments. Chagule et al. [13]
investigated the fluid flow and heat transfer characteristics of
multi jet array impinging on a flat plate both experimentally

and numerically. It was shown that, Nusselt number increased
by increasing Reynolds number but decreased by increasing
jet-to-plate distance. It was also observed that, in multi-jet
impingement, jet density play important role. Zu et al. [14]

investigated the impingement flow and heat transfer character-
istics under multi-jets with different jet distributions and attack
angles. The effect of hole distribution and angle of attack, etc.,

on the heat transfer coefficient of the target plate were exam-
ined. Miao et al. [15] investigated the fluid flow and heat trans-
fer characteristics of round jet arrays impinging orthogonally

on a flat plate with confined walls at different crossflow orien-
tations. Numerical runs were performed for two types of
arrangements in round jet arrays, both inline and staggered,
and three different crossflow directions, parallel, hybrid, and

counter. Results showed that, the flow exit crossflow direction
would significantly affect the developing jet flow fields and
Nusselt number distributions on the flat plate. Teamah and

Khairet [16] investigated the heat transfer and fluid flow char-
acteristics of an impinging circular double jets. It was con-
cluded that, increasing the Reynolds number of one jet than

the other increases both local and average Nusselt numbers.
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In addition, at the same Reynolds number increasing the jet-
to-jet distance increases the average Nusselt number.

In present study, some main properties of a multi jet flow

are handled in detail. The effects of the jet-to-jet pitch ratios
both in streamwise and spanwise directions and jet-to-target
distance ratio on the heat transfer are investigated numerically.

The effects of the arrangement style; such as staggered array
and inline array are taken into consideration in all simulations.
The jet flow is considered to issue from circular and square

holes. The crossflow effects are also taken into consideration
by confining the jet surrounding. The confinement is done in
three ways; one exit, two exits and three exits. All numerical
runs are performed for a fixed value of Reynolds number,

Re= 15,000. However, in order to see the effects of Reynolds
number the cases Re= 5,000 and Re= 10,000 are addition-
ally simulated.

2. Numerical study

2.1. Physical model and boundaries

The multi jet impingement cases which are listed in Table 1 are

solved numerically. A scheme of a selected case’s physical
model is represented in Fig. 1. As it is seen, the model is com-
posed of a target plate, orifice plate and side plates. The span-

wise width (y-direction) is 20 mm and the streamwise length (x-
direction) is 40 mm. Similarly the impingement target’s width
is 20 mm and the length is 40 mm. It should be noted that,

the spatial dependence on heat transfer is presented for both
the spanwise and streamwise directions and hence the spatial
dimensions have been non-dimensionalized based upon the
hole diameter.

In present study, the streamwise jet-to-jet pitch ratio (Xn/d)
is designed to be equal to the spanwise jet-to-jet pitch ratio
(Yn/d) for all cases. The considered number of jet rows accord-

ing to the streamwise jet-to-jet pitch ratio (Xn/d) is 9, 6, and 5.
Similarly, the number of the jet rows base on the spanwise jet-
to-jet pitch ratio (Yn/d) is assumed to be 2, 3 and 4. The

impingement distance or the jet-to-target distance between
the orifice plate and the target plate (Zn/d) varies as 2, 3, and 4.

The thermal conductivity of orifice plate is assumed to be
low enough to neglect the conducted heat transfer. Multi

square and circular holes, arranged in inline array and stag-
gered array are used to produce the impinging jet flows. The
hydraulic diameter of the jet (d) is equal to 2 mm. The first

row of jet array is positioned at 3d downstream from the top
end of the test section.

Fig. 2 refers to the fluid domains of all cases (which are pre-

viously listed in Table 1) with the details of boundary condi-
tions. The cases that have one exit; the whole solution
domain consists of three side walls, one outlet, jet inlets and

one target wall. The cases that has double exits; the whole solu-
tion domain consists of two side walls, two outlets, whilst the
cases with three exits include one side wall, three outlets. At
each of the jets’ inlets, the velocity is shown via dimensionless

Reynolds number 15,000. For comparison Re = 5,000 and
10,000 are also examined.

The working fluid is air and the properties of air are spec-

ified for static temperature at 298 K. At the inlet of the solu-
tion domain, the temperature is assumed to be uniform and
equal to the ambient temperature (298 K). The outlet of solu-
tion domain is under the condition of atmospheric pressure.
The target wall has constant heat flux; q= 9000 Wm�2. The
orifice plate and the jet walls are considered to be adiabatic

smooth walls.
The study is performed by using CFX 14.5. Mesh indepen-

dence is provided by taking two edges of element length sizes;

0.2 and 0.22 mm. A good mesh accuracy (1%) is obtained with
an overall node number; 5 million. The accuracy is ensured by
requiring that all residuals reduced to 10�6 at the end of the

computer run. This result is indicated in Fig. 3.

2.2. Mathematical model and governing equations

In this study, the Shear Stress Transport (SST) turbulence
model of Menter [17] is used. Prior to the simulations some
model-selection studies are performed. The same problem is
solved by using three turbulence models; SST, j-e and j-x,
and Nusselt number values extracted from the results are com-
pared. Fig. 4 shows not only the comparison of three tested
models, but the comparison to experimental results in litera-

ture as well. In Fig. 4, Nusselt number distribution of selected
case (Xn/d= 2, Zn/d= 2) is plotted. According to the plots,
the Nusselt number for SST and j-x are nearly similar, whilst

the results of j-e are quite higher. According to the Fig. 4, the
difference between the experimental results of Yong et al. [9]
and present numerical results is 12%, 21% and 46% respec-
tively for SST, j-x and j-e.

It is known that, the SST model was developed to overcome
the deficiencies of j-e and j-x models. To the best of co-
authors’ experiences, the SST gives accurate results especially

for the impinging jet simulations, since it is designed to give
a highly accurate predictions of the onset and the amount of
flow separation under adverse pressure gradients by the inclu-

sion of transport effects into the formulation of the eddy-
viscosity.

The SST is based on RANS form of momentum and mass

conservation equations. The model solves a turbulence/
frequency-based model j–x at the wall and j-e in the bulk
flow. The RANS equations used here are stated in Cartesian
tensor form for conciseness

q ui
@uj
@xi

� �
¼ � @p

@xi

þ @

@xi

lþ ltð Þ @uj
@xi

� �
j ¼ 1; 2; 3 ð1Þ

where lt is the turbulent viscosity. The conservation of mass

equation is as follows

@ui
@xi

¼ 0 ð2Þ

The SST turbulence model consists of two transport equa-

tions, one for the turbulence kinetic energy j and the other for
the specific rate of turbulence destruction x.
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Table 1 Computed Cases.

Cases Jet

geometry

Dimples

arrangement

Confinement

style

Jet-to-jet

pitch

Jet-to-plate

distance

Reynolds

number

Turbulence

model

C1 Square In line 1 exit 2 2 15,000 SST

C2 Square In line 1 exit 2 3 15,000 SST

C3 Square In line 1 exit 2 4 15,000 SST

C4 Square In line 1 exit 3 2 15,000 SST

C5 Square In line 1 exit 3 3 15,000 SST

C6 Square In line 1 exit 3 4 15,000 SST

C7 Square In line 1 exit 4 2 15,000 SST

C8 Square In line 1 exit 4 3 15,000 SST

C9 Square In line 1 exit 4 4 15,000 SST

C10 Square Staggered 1 exit 2 2 15,000 SST

C11 Square Staggered 1 exit 2 3 15,000 SST

C12 Square Staggered 1 exit 2 4 15,000 SST

C13 Square Staggered 1 exit 3 2 15,000 SST

C14 Square Staggered 1 exit 3 3 15,000 SST

C15 Square Staggered 1 exit 3 4 15,000 SST

C16 Square Staggered 1 exit 4 2 15,000 SST

C17 Square Staggered 1 exit 4 3 15,000 SST

C18 Square Staggered 1 exit 4 4 15,000 SST

C19 Circular In line 1 exit 2 2 15,000 SST

C20 Circular In line 1 exit 2 3 15,000 SST

C21 Circular In line 1 exit 2 4 15,000 SST

C22 Circular In line 1 exit 3 2 15,000 SST

C23 Circular In line 1 exit 3 3 15,000 SST

C24 Circular In line 1 exit 3 4 15,000 SST

C25 Circular In line 1 exit 4 2 15,000 SST

C26 Circular In line 1 exit 4 3 15,000 SST

C27 Circular In line 1 exit 4 4 15,000 SST

C28 Circular Staggered 1 exit 2 2 15,000 SST

C29 Circular Staggered 1 exit 2 3 15,000 SST

C30 Circular Staggered 1 exit 2 4 15,000 SST

C31 Circular Staggered 1 exit 3 2 15,000 SST

C32 Circular Staggered 1 exit 3 3 15,000 SST

C33 Circular Staggered 1 exit 3 4 15,000 SST

C34 Circular Staggered 1 exit 4 2 15,000 SST

C35 Circular Staggered 1 exit 4 3 15,000 SST

C36 Circular Staggered 1 exit 4 4 15,000 SST

C37 Circular In line 2 exits 2 2 15,000 SST

C38 Circular In line 3 exits 2 2 15,000 SST

C39 Square In line 1 exit 4 4 10,000 SST

C40 Square In line 1 exit 4 4 5,000 SST

C41 Square In line 1 exit 4 4 15,000 k-e
C42 Square In line 1 exit 4 4 15,000 k-x
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In the SST equations, x is the specific rate of turbulence
destruction, Pj is the rate of production of the turbulent

kinetic energy j, and the terms rj, r-1, rx2 are diffusion
parameters for the transport of j and x. F1 is a blending func-
tion that facilitates the combination of the standard j-e model

and the Wilcox j -x model. The term S is the absolute value of
the shear strain rate, and the A and b terms are the model
constants.

The solution of Eqs. (3) and (4) yields the values of j and x,
which are then used to evaluate the turbulent viscosity lt from

lt ¼
aqk

max ax;SF2ð Þ ð5Þ
in which F2 is a function that limits the values of the turbulent
viscosity in the near-wall region, a is a constant, and S has
already been defined in connection with Eq. (4). Further
details of the SST model can be found in Menter [17].

For the heat transfer problem, the appropriate energy equa-
tion is

qcp ui
@T

@xi

� �
¼ @

@xi

ðkþ ktÞ @T
@xi

� �
ð6Þ

In this equation, k is the molecular thermal conductivity (a
fluid property), and kt is the turbulent thermal conductivity. If

a turbulent Prandtl number is defined as



Fig. 1 Physical model.
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Prt ¼ Cplt

kt
ð7Þ

so that

kt ¼ lt

cp
Prt ð8Þ

The default value of 0.9 was used for Prt, since from exper-
imental data, Prt ranges from 0.7 to 0.9 depending on the

Prandtl number of the fluid in question.
2.3. Definition of parameters

The impingement Reynolds number is mostly determined on

the bulk-average of multiple jets. The difference between the
individual jets is not taken into account, defined as

Re ¼ Ujd

m
¼ 4 _m

Npdl
ð9Þ

where d is the hydraulic diameter of jet hole, m is the kinematic
viscosity of the air, and Uj is the mean jet velocity issued from
the orifice inlet. _m is the total mass flow rate of air emerging

from the orifice plate, l is the dynamic viscosity of the air
and N is the number of holes in the orifice plate.

The dimensionless heat transfer number, namely Nusselt

number is calculated from the extracted results. The Nusselt
number is found as follows

Nu ¼ hd

k
ð10Þ

where, h is the heat transfer coefficient, d is hydraulic diameter
of the jet hole and k is the thermal conductivity of air. The heat
transfer coefficients exported from post-processing in CFX-

Post is actually calculated as follows

h ¼ q

Tw � Tj

ð11Þ

where q is the heat flux, and Tw and Tj represent the target
wall-temperature and jet temperature respectively.
3. Results and discussions

3.1. Verification analysis

As may be recognized from Fig. 4, the turbulence model deci-

sion is also made by comparing the results of each tested tur-
bulence model to the experimental results of Ref. [9]. The
numerical results are also verified in Fig. 5, by comparing

the results of a selected case to the results of Ref. [9]. For this
aim, average Nusselt numbers are plotted, in the case of
Zn/d= 3, Xn/d= 4 and Yn/d= 4. The Reynolds number is
15,000 in the present study, whilst it is 16,500 in the reference

study. It is seen that, the general shape of the Nusselt profiles is
more or less the same as the results of Yong et al. [9]. The devi-
ation between two results is nearly 7%, which might have been

occurred because of the difference of the Reynolds number.

3.2. Effects of jet-to-plate distance

Fig. 6 exhibits the effects of jet-to-target plate distance (Zn/d)
on Nusselt number. It consists of four diagrams, in which
the heat transfer results of square jets are plotted on left and

results of circular jets are plotted on right. The case of jet-to-
jet pitch ratio Xn/d= 2 is presented on top, and the
Xn/d= 4 case is plotted on bottom for both square and circular
jets. All configurations in Fig. 6 are arranged in an inline

mode. It can be seen that, the heat transfer increases by
decreasing Zn/d as expected, in the cases of both square and
circular jets, but not in the same range. For example, the Nus-

selt number increases nearly 23% while Zn/d decreases from 4
to 2 for square jets. However, the enhancement percentage
between the cases Zn/d= 4 and Zn/d= 2 is nearly 31% for

circular jets. Regardless of the Zn/d values, the Nusselt num-
bers are found higher in the square jets than in the circular jets.
Also it is clearly seen that, the Nusselt number increases along

the streamwise direction. Another important outcome of figure
is that, the jet behaves like a single jet in the case of Xn/d = 2.
The effect of stagnation is just seen at x/d = 4 for the square
jet, then the crossflow effect becomes to be dominant along

the streamwise. In contrast to the square jet cases, the stagna-
tion appears at two points (x/d = 3 and 6) for the circular jet.



a) Circular-in line-one exit b) Circular-in line-two exits c) Circular-in line-three exits

d) Square-in line-one exit e) Square-staggered-one exit f) Square-staggered-two exits 

Fig. 2 Some solution domain pictures.
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Zn/d = 3 (circular jets, in-line array, with one exit).

Effects of design parameters on a multi jet 4261
Due to the mixing of the flow is higher for the square jet than

that of the circular jet, the effects of crossflow is considerably
seen in square jets.

The effect of Zn/d can be clearly seen by checking the results

for higher Xn/d values. For the case of Xn/d = 4, the Nusselt
number at the stagnation point seems to be more apparent
but weakly affected by the jet-induced crossflow inside the con-
fined channel. Contrast to Xn/d = 2 case, the Nusselt number

is not affected by Zn/d remarkably. For both circular and
square jets the Nusselt number increases approximately 9%
with decreasing Zn/d from 4 to 2.

The decrease of jet-to-target distance means that, the jet
impinging distance to the target surface is reduced while the
diameter of the jet hole remains unchanged, which makes the

jet normal impingement act sufficiently. On the other hand,
the decrease of jet-to-target distance also means that the flow
passage distance between the jet orifice plate and target surface
Fig. 6 Effect of Zn/
becomes small or the jet-induced crossflow velocity becomes
strong for a given jet Reynolds number, which enlarges the
jet-induced crossflow effect on the downstream impinging jets.

3.3. Effects of jet-to-jet pitch

Fig. 7 is plotted to show the effects of jet-to-jet distance (Xn/d)

on Nusselt number. It is noticeable in Fig. 7 that, for the
lowest jet-to-jet pitch (Xn/d = 2) both for square and circular
jets, the Nusselt number distribution along the streamwise

direction has a different trend than the higher jet-to-jet pitches;
Xn/d= 3 and Xn/d= 4. The differences start at about x/d � 6,
and the Nusselt number at the exit of the channel is quite

higher for the square jets, because of better mixing and cross-
flow effect. The average Nusselt number increases 26% in per-
centage, with decreasing Xn/d from 4 to 2 for square jets, and
increases 30% with decreasing Xn/d from 4 to 2 for circular jets

(in both cases Zn/d is 2).
The ‘individual’ jet impingement feature is observed for jet-

to-jet pitch ratio of 2. Due to the strong adjacent jet interfer-

ence, the flow inside array jets impingement dominated region
is more likely a channel flow, even at large jet-to-target dis-
tance ratio of 4, giving uniform convective heat transfer in

the spanwise direction. When the Zn/d= 4 case is compared
to Zn/d = 2 case, it is noted that the single jet behavior disap-
pears and the crossflow effects diminishes, especially for
Xn/d= 3 and 4. It can be concluded as; ‘‘the denser the jet

is, the higher the crossflow affects the heat transfer”. It is also
remarkable that, the Nusselt number at the exit of the channel
is lower because of the weak crossflow effect.

It is also noteworthy to say that, the quantity of air used
to impinge the target is associated with the number of imping-
ing jets and impingement Reynolds number, so that one could

not compare directly the heat transfer performances for
different jet-to-jet pitches only on dependence of jet Reynolds
number.
d on Nu number.



Fig. 7 Effect of Xn/d on Nu number.
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3.4. Effects of jet arrangement

Figs. 6 and 7 both represent the inline array jet cases. Fig. 8 is

presented to understand the effect of arrangement style. The
subfigures on the top show the Nusselt number at Xn/d = 2,
Zn/d= 2, whilst the bottom subfigures represent Xn/d = 4,

Zn/d= 4. It is obviously seen from the results that there is less
difference between inline and staggered array jets at Xn/d = 2,
Zn/d= 2 comparatively at Xn/d = 4, Zn/d= 4.

For the square jets the Nusselt number enhances nearly 4%
by preferring inline arrangement rather than staggered at
Fig. 8 Effect of jet arran
Xn/d= 2, Zn/d = 2. Similarly, the enhancement percentage
is 5% in the case of circular jets. Although the trend seems
to be quite different at Xn/d= 4, Zn/d= 4, especially for

circular jets. The average Nusselt values is 5% higher in the
case of inline arrangement than staggered arrangement. It is
because of the crossflow effect is dominant at the staggered
array jets but weaker in the inline array jets.

By a general look, it seems that, the crossflow effect or the
‘channel-like flow’ behavior is more obvious for the staggered
array than the inline array among the rear rows of the multiple

jets. Under the dense array, although the impinging jets from
gement on Nu number.
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the front few rows develop a crossflow to the jets originated
from the rear rows, the inline array could play a role for pro-
tecting the downstream jets from the upstream jet-induced

crossflow effect [9].

3.5. Effects of Reynolds number

As seen in Table 1, the Reynolds number is kept constant for
40 cases of all tested cases. To show the effects of Reynolds
number, two extra cases are solved; Re= 10,000 and

Re= 5,000. The simulations are performed for square jets
having inline arrangement at a constant Xn/d= 4, Zn/d= 4.
Fig. 9 shows the Nusselt number versus spanwise direction

for various Reynolds numbers.
As can be seen when reviewing Fig. 9, the Nusselt number is

highly dependent upon jet Reynolds number. The Nusselt
number has an obvious increase with an increase in Reynolds

number, as can be expected. The enhancement rate is 73%
when Reynolds number increases from 5,000 to 10,000 and it
is 147% between Re= 5,000 and Re= 15,000.

3.6. Effects of confinement

The effect of confinement pattern is presented in Fig. 10.

Results of circular jets with inline array at Xn/d= 2,
Zn/d= 2 are used for this aim. For one exit case at
x/d > 10 the Nusselt number significantly increases through
the exit. However, the cases of double exit, three exits and

for exits have nearly the same distribution.
From the literature it is known that, in the one exit confined

multi jet application, as the flow travels towards the exits, cross

flow levels increase and the Nusselt number is no longer pri-
marily a radial phenomenon. The cores of the jets are bent,
and the region of highest heat transfer is no longer inline with

the centers of the impingement jet nozzles [4].
In present study, in the case of one exit configuration, the

Nusselt number is the highest at the left which corresponds

to the closed end where cross flow is at a minimum. Nusselt
number is the lowest at the right, which corresponds to the
location closest to the exit, because cross flow is at maximum
near the exit. When comparing the single exit configuration the

double exit configuration it is interesting to note that, in addi-
tion to the reduction in Nusselt number as the flow progresses
towards the single exit, there is also a staggering of the regions
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Fig. 9 Effect of Re number on Nu number at Xn/d = 4, Zn/

d= 4 (square jets with inline array, one exit).
of highest Nusselt near the left side (closed end) of the mea-
surement domain. It is also noteworthy that the difference
between two-exits and three or four exits is much less. In other

words, the heat transfer phenomena becomes similar for the
multi exits confinement cases [4].

3.7. Comparison of multi jets to single jets

As previously mentioned the heat transfer characteristic of
multiple jets is different from that of a single jets because of
the interaction of spent air of the adjacent jets and also due

to the interaction between the jets prior to impingement on
the plate [4]. To see the difference between single jet and multi
jets some post processing results will be presented in this

section.
Fig. 11 shows the average Nusselt number of three cases;

single jet, multiple jets at jet-to-jet pitch Xn/d= 4 and multiple

jets at jet-to-jet pitch Xn/d= 2. All three cases are simulated at
a certain jet-to-plate distance Zn/d = 2. It is clear from the
figure that Nusselt number enhances for multiple jets regard-

less of the jet-to-jet pitch values. Additionally, the Nusselt
number enhances 52% and 30% respectively for Xn/d = 2
and Xn/d = 4.

At this point, giving some information about flow charac-

teristics and temperature variation of single jets and multiple
jets will be helpful for better evaluation. Fig. 12a and 12b illus-
trates the contour plots of temperatures and heat transfer coef-

ficients on the target wall for the mentioned three cases; single
jet, multiple jet at Xn/d= 2 and multiple jets at Xn/d= 4. As it
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Fig. 11 Comparison of single and multiple jet impingement.



Fig. 12 Comparison of single and multiple jet impingement in terms of (a) target wall temperature distribution, (b) heat transfer

coefficient.
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is clearly seen from all contours the best cooling, so the lowest

wall temperatures highest & heat transfer coefficients are
obtained at the densest multi jet impingement case.

In Fig. 13a and 13b the velocity contours respectively for

Xn/d= 4, Zn/d= 2, and Xn/d= 4, Zn/d= 4 are shown. It
has already been reported that, at the smaller Zn/d ratios,
boundary layer thickness is small in the wall jet region [13],

i.e. the smaller boundary layer is, the higher heat transfer coef-
ficient occurs. Moreover at smaller Zn/d, there is vortex flow
near to wall jet region; that also leads to increase in heat trans-

fer coefficient.

4. Conclusions

The effects of the jet-to-jet pitch ratio and jet-to-target distance
ratio, arrangement style of the jets, geometry of the jet and
confinement style of the jet on heat transfer for jet Reynolds

number 15,000 are numerically predicted by using CFX soft-
ware. The jet generally behaves like a single jet at the smallest
jet-to-jet values, Xn/d= 2. Moreover, the flow looks like a

channel flow; i.e, the stagnation effects disappear. As a result
of channel flow-effects the heat transfer steadily increases
towards the channel outlet. The effect of stagnation can be

seen at x/d = 4 for the square jet, then the crossflow effect
becomes to be dominant along the streamwise. Therefore, it
can be concluded that, the flow behaves like a channel flow

for small jet-to-jet distances. On the other hand, the
crossflow-effects becomes minimum for bigger jet-to-jet dis-
tances. Due to the higher mixing of the flow, the effects of
crossflow is considerably seen in square jets, so the higher heat

transfer occur in case of square jets. The major conclusions of
the study can be listed as follows:



Fig. 13 Velocities for (a) Xn/d = 4, Zn/d = 2, (b) Xn/d = 4, Zn/d = 4.
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� Because of the strong adjacent jet interference, the flow
inside the impingement dominated region by the densest-
array jet impingement (Xn/d= 2) is more likely a channel

flow.
� The crossflow effects starts up to x/d > 2.
� The heat transfer is found higher for square jet impinge-
ment than that of circular jets.
� The stagnation points appear clearly at the largest jet-to-
target plate distances.

� The weakest parameter on the impingement phenomena is

found to be the arrangement style.
� Heat transfer increases with increasing Re number because
of the increment of the momentum.
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� The heat transfer is found to be the highest for the case of 1-

exit confined jet. Opening the side walls cause less crossflow
so low heat transfer.

In future, it is hoped to make an analysis of variance to the
numerical results to show the effects of each parameter on Nu
number individually. Also a multi relational analysis, namely
grey relational analysis is planned to be applied on the results

to see the multi parameters’ effects meanwhile.
The authors of this study has also started to setup an exper-

imental facility to do some experiments for both validating the

numerical results and imitate some real engineering problems.
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