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numerical results obtained using the Realizable k-ε turbu-
lence model is in good accordance with the experimental 
results for moderate values of nozzle-to-plate spacings.

List of symbols
Cp	� Pressure coefficient (ΔP/(ρUo

2/2))
C	� Specific heat at constant pressure (J/

kg K)
C1, Cµ, C2, C1ε, C3ε	� Constants in the Realizable k-ε tur-

bulence model
E	� Total energy (J)
Gb	� Generation of turbulent kinetic 

energy due to buoyancy
Gk	� Production of turbulent kinetic 

energy due to velocity gradients
h	� Convective heat transfer coefficient 

(W/m2K)
H	� Nozzle-to-plate spacing (m)
k	� Turbulent kinetic energy (m2/s2)
ka	� Thermal conductivity of air (W/m K)
L	� Length of slot nozzle (m)
Nu	� Nusselt number (h W/ka)
ΔP	� Difference between the surface pres-

sure and the atmospheric pressure 
(N/m2)

p	� Pressure (N/m2)
q	� Convective heat flux (W/m2)
Re	� Slot nozzle Reynolds number 

(UoW/υ)
S	� Jet-to-jet centerline spacing (m)
Sk, Sε	� Source terms
T	� Temperature (K)
Tw	� Impingement wall temperature (K)
Tj	� Jet exit temperature (K)
Vo	� Nozzle exit velocity (m/s)

Abstract  In this study, an experimental and numerical 
study is carried out to investigate flow field and heat trans-
fer characteristics of unconfined and confined arrays of four 
turbulent slot air jets issuing from the lower surface and 
impinging normally on the upper surface. Pressure and tem-
perature distributions on the surfaces were obtained for the 
nozzle-to-plate spacing (H/W) of 1–10 and for the Reyn-
olds numbers in the range of 5000–15,000 at the jet-to-jet 
centerline spacing (S/W) of 9. The effects of jet confine-
ment, Reynolds number and nozzle-to-plate spacing on the 
flow structure and heat transfer were investigated. Pressure 
distributions are obtained experimentally and numerically, 
while heat transfer distributions are computed numerically. 
It is observed that the surface pressure distributions on 
both impingement and confinement plates are independent 
from the Reynolds number, while they have been largely 
affected from the nozzle-to-plate spacing. Jet confinement 
causes a considerable difference at the flow field especially 
for small nozzle-to-plate spacings. Subatmospheric regions 
are not observed for unconfined jet. However three differ-
ent types of subatmospheric pressure regions occur on both 
impingement and confinement plates for confined jet. Nus-
selt distributions on the impingement plate for both uncon-
fined and confined jet configurations depend on the Reyn-
olds number and nozzle-to-plate spacing. It is concluded 
that there is a strong correlation between subatmospheric 
regions and secondary peaks in Nusselt distributions. The 
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u, v, w	� Velocity components in x, y and z 
directions (m/s)

uτ	� Friction velocity (m/s)
W	� Slot nozzle width (m)
x	� Displacement on the plates along 

direction of slot width (m)
y	� Displacement along direction of jet 

axes (m)
z	� Displacement on the plates along 

direction of slot length (m)
y+	� Dimensionless distance (y+ = yuτ/υ)
υ	� Kinematic viscosity (m2/s)
ρ	� Density of air (kg/m3)
ε	� Turbulent dissipation rate (m2/s3)
(τij)eff	� Deviatoric stress tensor
µeff	� Effective viscosity (kg/ms)
µ	� Laminar viscosity (kg/ms)
µt	� Turbulent viscosity
δij	� Kronecher delta function
σk, σε	� Turbulent Prandtl numbers
YM	� Fluctuation rates related to the 

overall dissipated turbulent thermal 
energy

1  Introduction

Impinging fluid jets are widely used in many industrial 
applications because of their highly attractive local heat 
and mass transfer characteristics. The application of jet 
impingement include tempering and shaping of glass, dry-
ing of paper and textiles, annealing of metal sheets and 
cooling of turbine blades and electronic components. Over 
the past 30  years, experimental and numerical investiga-
tions of flow and heat transfer characteristics under sin-
gle and multiple impinging jets became a very dynamic 
research area. Although the single impinging jets yield very 
high heat transfer coefficients in the stagnation zone, the 
cooling performance drops rapidly away from the imping-
ing zone. For this reason, impinging jets are often used 
as array in many applications. In such case, the interac-
tion between the jets in the array plays an important role 
in the cooling performance. Numerous studies have been 
reported in the literature on the flow, heat and mass transfer 
distributions of impinging jets. Most of the previous stud-
ies on this are concerned with heat transfer rates of uncon-
fined and confined single and multiple jets impinging on a 
plate. However, very few of them are concerned about flow 
structure of the multiple impinging jets, especially about 
slot jets despite their popularity in application. Imping-
ing jets on the flat plates are frequently used in industrial 
practice requiring the subatmospheric region. Confined 
impinging jets produce recirculation zones in the flow field. 

This zones cause subatmospheric pressure regions on the 
impingement and confinement surfaces at low nozzle-to-
plate spacings. Particularly, it is investigated the presence 
of these regions to find a correlation between the subatmos-
pheric regions and the peaks in the Nusselt distributions on 
the impingement surface.

Martin [1] and Polat et  al. [2] reviewed the heat trans-
fer characteristics of multiple impinging air jets without 
cross-flow. Bernhard and Sebastian [3] reviewed the flow 
and heat transfer characteristics of multiple impinging jets 
and compared with single impinging jets. Huber and Vis-
kanta [4] have examined the influence of spent air located 
between the jets on local heat transfer coefficient for a con-
fined impinging array of air jets. Saad et al. [5] compared 
the turbulence, mean flow and heat transfer characteristics 
of an array of confined impinging slot jet with those of a 
single jet. The fluid flow and heat transfer characteristics of 
multiple impinging slot jets with an inclined confinement 
surface was studied by Yang and Shyu [6]. Their results 
show that the maximum local Nusselt number and maxi-
mum pressure on the impingement surface move down-
stream while the inclination angle was increasing. Koop-
man [7] obtained high heat transfer coefficients for multiple 
jets in the stagnation region and at the second stagnation 
point (the midpoint between the two neighboring jets). An 
experimental study was carried out by Kwok et  al. [8] to 
investigate the shape and the heat transfer characteristics of 
an array of three laminar pre-mixed butane/air slot flame 
jets impinging upwards normally on a horizontal water-
cooled flat plate. It is seen from the results that the result-
ant heat flux distribution of the central jet of a multiple slot 
jets system is higher than that of a single slot jet when the 
jet-to-jet spacing is small. Besides, the area-averaged heat 
flux of the multiple slot flame jets is higher than that of the 
multiple round flame jets arranged at the same geomet-
ric configuration. Ozmen [9] carried out an experimental 
study to investigate flow characteristics of confined twin 
jets issuing from the lower surface and impinging normally 
on the upper surface for Reynolds numbers up to 50,000 
at the various nozzle-to plate spacing and jet-to-jet spac-
ing. It is concluded that there is relation between the sub-
atmospheric regions and peaks in heat transfer coefficients 
for low spacing in the impinging jets. Koopman and Spar-
row [10] studied a row of impinging air jets and concluded 
that a higher local heat transfer coefficient was obtained 
in the middle between adjacent jets owing to the collision 
of their spreading flows. Chander and Ray [11] conducted 
an experimental study for three interacting methane/air 
flame jets (arranged in a triangular configuration) imping-
ing normally on a flat surface. Pan and Webb [12] studied 
local heat transfer details of the circular jet array impinge-
ment. San et  al. [13] has identified the effect of jet-to-jet 
spacing(s) on turbulent heat transfer for an array of five 
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round jets for different Reynolds numbers. Rady and Arquis 
[14] investigated heat transfer and fluid flow characteristics 
during multiple laminar slot jet impingement cooling a flat 
plate with symmetrical exhaust ports in the confinement 
surface. Prasad et al. [15] investigated fluid flow and heat 
transfer characteristics of turbulent multiple circular jets 
impinging on a flat plate numerically and experimentally. 
They founded that primary pressure peaks are observed at 
the stagnation point and the secondary peaks are noticed at 
the interaction points of wall jets and a strong correlation 
between Nusselt number and the pressure distribution is 
noticed.

Fernandez et  al. [16] investigated numerically the flow 
field of a turbulent twin plane jet impinging normally 
onto a flat surface by using Standard k-ε, Realizable k-ε 
and Standard k-ω turbulence models and concluded that 
none of the turbulence models correctly predicts the flow 
in the impact region. The flow and heat transfer charac-
teristics of impinging laminar square twin jets have been 
numerically investigated by Aldabbagh and Sezai [17]. The 
calculated results show that the flow structure of square 
twin jets impinging on a heated plate is strongly affected 
by the jet-to-plate distance. A two dimensional numeri-
cal model was used by Chuang et  al. [18] to determine 
the flow characteristics associated with an unsteady, com-
pressible impinging twin slot jet between two plates. The 
results show that several recirculating zones are distributed 
around the flow field. In addition, a fountain upwash flow 
occurs between the nozzles, and two low-pressure recir-
culating zones are induced by the interaction between the 
nozzle mainstream and the fountain upwash flow. The three 
dimensional turbulent impinging square twin-jets with 
no cross flow is analyzed by Chuang and Nieh [19] using 
PHOENICS code. The calculated results show that the size 
and location of the recirculating zones around the jets are 
different from the two dimensional flow fields due to the 
effect of stretching in the transverse direction. Seyedein 
et al. [20] used the numerical method to simulate the two 
dimensional turbulent flow and heat transfer from confined 
multiple impinging slot jets. Xing et  al. [21] conducted a 
combined experimental and numerical investigation of the 
heat transfer characteristics within an array of impinging 
jets. Kumar and Prasad [22] investigated flow and heat 
transfer of multiple circular jets impinging on a flat surface 
with effusion. Mikhail et  al. [23] numerically predicted 
the Nusselt number distribution for a row of unconfined 
laminar slot jets impinging on an isothermal flat plate. It 
was shown that Nusselt number decreased from the stag-
nation maximum to a minimum value and then increased 
again, reaching a secondary peak at the line of symmetry. 
These phenomena were explained by the appearance of the 
separated and recirculating flow formed between adjacent 
slot jets. Cziesla et  al. [24] numerically obtained Nussett 

number distributions for impinging jet array of slot nozzles 
(rectangular jets) by using large-eddy simulation (LES) 
and the direct numerical simulation (DNS). Coussirat et al. 
[25] performed a numerical analysis of the flow behavior 
in industrial cooling systems based on arrays of impinging 
jets using several eddy viscosity models to determine their 
modeling capabilities. The results obtained show that the 
predicted thermal field depends strongly on the combina-
tion of near-wall treatment and selected turbulence model. 
Garimella and Schoeder [26] have studied the local heat 
transfer distributions for three different configurations of 
in-line jet arrays compared with a single jet. They noticed 
that the central jet in the nine jet array generated a higher 
heat transfer coefficient at the stagnation point in compari-
son with the single jet at the same Reynolds number.

Jets array impingement on the target plate and interac-
tion between pairs of adjacent jets are very complicated 
phenomena. Pressure distributions of the multiple jets are 
rather different from those of the single jet due to the exist-
ence of jet-to-jet interactions which can’t be identified from 
the single jet system. Pressure distributions on the impinge-
ment plate in multiple jets greatly affect local heat trans-
fer. The present study is performed to investigation pres-
sure and temperature distribution of a row of four turbulent 
impinging slot air jets experimentally and numerically. The 
effect of jet flow parameters, such as nozzle-to-plate spac-
ing and confined and unconfined jet configurations, and 
resulting flow parameters including surface pressure dis-
tributions on the impingement and confinement plates and 
Nusselt distributions on the impingement plate were exam-
ined for Reynolds numbers of 5000, 10,000 and 15,000, 
nozzle-to-plate spacings of 1, 2, 3, 4, 6, 8 and 10 and jet-
to-jet centerline spacing of 9. The main aim of the study is 
to investigate the effect of the interaction between the jets 
on the flow structure and heat transfer and to investigate the 
effect of subatmospheric regions on the local heat transfer 
for both confined and unconfined jet configurations. The 
second aim is to investigate the effect of varying nozzle-
to-plate spacing and Reynolds number on the pressure 
and temperature distribution. The third aim is to study the 
performance of used turbulence model in predicting three 
dimensional turbulent flow and heat transfer from imping-
ing slot jet array.

2 � Experimental study

The impingement slot jet array system of the present study is 
shown schematically in Fig. 1a, b. The air exiting from slot 
nozzles impinges on a flat plate. The impingement plate was 
mounted perpendicularly to the jets axes at various spacings 
according to the confinement plate. The air is supplied by a 
centrifugal fan mounted below the base plate via a plenum 
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chamber containing a gauze screen and vanes diffuser to 
ensure a uniform flow towards to the nozzles. The air flow 
is regulated by a valve (Fig. 1a). Four identical slot nozzles 
with the dimensions of W = 10 mm width and L = 150 mm 
length is used in the jet array system. S =  90  mm repre-
sents the jet-to-jet centerline spacing. The impingement and 
confinement plates made of plexiglas were 680 mm length, 
170  mm weight and 10  mm thickness. The confinement 
plate which is removed in unconfined jet studies was placed 
at the nozzles exits plane parallel to the impingement plate. 
The air jets impinge vertically onto the impingement plate 
at distance H from the nozzles and enter ambient air. The 
exit velocities of jet array were determined by means of 
Prandtl tube. Impingement surface pressures were measured 
with 90 pressure taps spaced 5 mm apart placed along the 
mid span centerline of the impingement plate in the x direc-
tion. For the pressure measurements on confinement plate, 
48 pressure taps spaced 5 mm apart are located in stream-
wise direction (x direction) along the mid span centerline of 
confinement plate. All pressure taps used for surface pres-
sure measurements on both impingement and confinement 
plates have 0.8 mm inner diameter (Fig. 1b).

Surface pressure measurements were carried out using 
a Setra 239 pressure transducer. Pressure taps on the 
impingement and confinement plates were connected to 
a scanivalve by 600  mm long pieces with 1  mm internal 
diameter PVC tubes. The data were collected at a sampling 
frequency of 1000 Hz for 8 s at each point. The signal from 

the transducer were low-pass filtered at 300 Hz and were 
digitally sampled. The pressure measurements were made 
for the nozzle-to-plate spacing of 1–10, the Reynolds num-
bers ranging from 5000 to 15,000 and jet-to-jet centerline 
spacing of 9 in both confined and unconfined jet configu-
rations. The Reynolds number depends on the slot nozzle 
width, W and the nozzle exit velocity Vo, which is meas-
ured with the pitot tube. The jet velocities at the nozzles 
exit were 7.5, 15 and 22.5  m/s. The pressure coefficient, 
Cp, is defined as Cp  =  (ΔP)/0.5  ρVo

2. ΔP represents the 
difference between the local pressure on the impingement 
and confinement plates and the atmospheric pressure and 
(0.5 ρVo

2) is the dynamic pressure, where ρ is the density of 
air, Vo is the exit velocity of the jets. Nozzle-to-plate spac-
ing, H and distance along the mid span centerline of plates, 
x has been normalized by the slot nozzle width, W. Uncer-
tainty in pressure measurements at the impingement and 
confinement plates was about ±2.4  %. The experimental 
results were reproducible within these uncertainty ranges.

3 � Numerical study

3.1 � Mathematical model

In the present study, it is assumed that the air flow is turbu-
lent, steady-state and Newtonian with temperature-depend-
ent fluid properties. A numerical solution of the mean flow 

Fig. 1   Experimental setup. a Schematic and b impingement slot jet system
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and thermal fields requires resolving the Reynolds aver-
aged Navier–Stokes equations and energy equation. These 
equations for three-dimensional, incompressible and conti-
nuity flow in Cartesian tensor form can be written as given 
below, mass continuity:

momentum:

where, the term 
(

−ρu′iu
′
j

)

 is the Reynolds stress, defined as

energy:

where E is the total energy, E = CT − P
ρ
+ u2

2
 and (τij)eff is 

the deviatoric stress tensor, defined as

Numerical solutions are performed by using Realizable 
k-ε turbulence model because of capturing the near-wall 
turbulence effects more accurately. This model consists of 
two transport equations which solve the turbulent kinetic 
energy (k) and turbulent dissipation rate (ε). The transport 
equations are as follows:
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where Gk is the production of turbulent kinetic energy due 
to the mean velocity gradients, Gb represents the genera-
tion of the turbulent kinetic energy due to buoyancy while 
YM is referred to the fluctuation rates related to the overall 
dissipated turbulent thermal energy. σk and σɛ represent the 
turbulent Prandtl numbers based on k and ɛ, respectively; 
while Sk and Sɛ are further generation terms. The turbulent 
viscosity is defined by

The model constants for the Realizable k-ε model are 
given by:

C1ε = 1.44, C2 = 1.9, σk = 1.0 and σε = 1.2. 
Cμ is no longer a constant in this model.

3.2 � Flow field and boundary conditions

A schematic of the slot jet array configuration and compu-
tational domain is shown in Fig. 2 where the flow field, the 
main dimensions and the prescribed boundary conditions 
are specified. Four strong main jets are injected through 
upward from the slot nozzles of width W =  10 mm with 
a uniform velocity Vo and induced the surrounding flow to 
enter the flow field. The flow direction of the fluid is spread 
into the surrounding when the array of air jets impinges 
perpendicularly on a plate at a distance H from the nozzles. 
S represents the jet-to-jet centerline spacing. The length of 
computational domain in the x-direction is approximately 
68 W. The following boundary conditions were used: the 
impingement plate was specified as an isothermal wall and 
constant temperature condition are used as Tw =  333  K, 
jet exit temperature was taken as constant temperature of 
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Fig. 2   Schematic of the jet 
array configuration and compu-
tational domain
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Tj = 293 K which was equal to confinement plate temper-
ature and no-slip condition were specified on every wall; 
the mean velocity and turbulence profiles measured at the 
nozzles exit were used as velocity inlet conditions of com-
putational domain and pressure outlet boundary conditions 
were assumed at outlet planes.

3.3 � Numerical solution procedure

The governing equations were solved using the FLUENT 
6.3.26 software, by finite volume discretization, using a 
segregated solver with an implicit formulation. For the 3D 
simulations the diffusion and convective terms in the equa-
tions were approximated by second order upwind scheme. 
The discretized equations for the pressure–velocity cou-
pling were solved by using the SIMPLEC algorithm on 
staggered grids. SIMPLEC procedure uses modified equa-
tion for face flux correction. The use of modified correc-
tion equation accelerates convergence. Pressure was solved 
using standard discretization scheme. A second order 
discretization method was used for the other variables 
(momentum, turbulent kinetic energy, turbulence dissipa-
tion rate and energy equation). Second order discretiza-
tion scheme presents higher-order accuracy especially for 
complex flows involving separation. Enhancement wall 
treatment was used as wall function to obtain reasonably 
accurate predictions near the wall. Enhanced wall treat-
ment is a near-wall modeling method that combines a two-
layer model with enhanced wall functions. The two-layer 
approach is an integral part of the enhanced wall treatment 
and is used to specify the turbulent viscosity in the near-
wall cells. In this approach, the whole domain is subdi-
vided into a viscosity-affected region and a fully-turbulent 
region. Thus, more accurate results are obtained near the 
wall. The convergence criterion for the residuals was set to 
1 ×  10−5 for all dependent variables. Figure 3 shows the 
grid generated for the numerical simulation. Finer grids 
are used adjacent to mid-span of impingement surface. To 
ensure the attainment of grid-independent results, sensitivi-
ties of both grid numbers and grid distributions were tested 
for each case. The mesh used is refined for each value of 
H/W until negligible differences are obtained. Finer com-
putational grids were set near the wall and y+ was less than 
2.5. Refined grid density of 1,000,000 in the whole compu-
tational domain is sufficient.

4 � Results and discussion

Experimental and numerical investigations were car-
ried out for the nozzle-to-plate spacings (H/W) of 1–10 
and the Reynolds numbers in the range of 5000–15,000 
at the jet-to-jet centerline spacing (S/W) of 9 for both 
unconfined and confined impinging slot jets array. Experi-
mental study was performed to obtain surface pressure 
distributions on the mid span centerline of impingement 
and confinement plates. Numerical study was conducted 
to compute streamlines, surface pressure and Nusselt 
distributions.

4.1 � Flow structure

Streamlines of the predicted velocity fields on the mid-
vertical xy plane at H/W = 1, 2 and 4 with Re = 10,000 
are given in Figs. 4 and 5 for unconfined and confined jet 

Fig. 3   Grid arrangement in the 
computational domain. a 3D 
and b x–z plane

Fig. 4   Computed streamlines images on the mid vertical xy plane 
for unconfined jet configuration at S/W  =  9 and Re  =  10,000. a 
H/W = 1, b H/W = 2 and c H/W = 4

Fig. 5   Computed streamlines images on the mid vertical xy plane for 
confined jet configuration at S/W = 9 and Re = 10,000. a H/W = 1, 
b H/W = 2 and c H/W = 4
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configurations respectively. In the array of four imping-
ing slot jets, two jets in the middle are named as central 
jets and the other two jets are specified as side jets. The 
configuration of two central jets surrounded by two side 
jets is similar to the situation of any jets in a jet array. The 
central jets experience interference from them two neigh-
boring jets and the effect can be used to characterize the 
behavior of any jet in a large jet array except that at the 
free end, which is affected by the neighboring jet from 
one side only [8]. For unconfined jet, each of the four jets 
has basically the similar shape. Air jets issuing from the 
slot nozzles in the y direction veer to the x direction near 
the impingement regions and form bidirectional wall jets 
along the impingement plate. Two different types (of) 
stagnation points occur on the impingement plate. Pri-
mary stagnation points are at the direction of nozzle axes, 
secondary stagnation points are at the midpoint of neigh-
bor two jets. At the secondary stagnation points, due to 
the interaction between the adjacent jets, jets change 
their direction again and they discharge to the ambient 
air. Downwash fountain flows occur between the jets due 
to the collision of the wall jets and entrainment of ambi-
ent air. Level of the interaction is affected from H/W. 
At lower nozzle-to-plate spacings, the wall jets fill the 
almost whole gap in the flow filed (Fig. 4a). For confined 
jet, array of slot jets after impinging on the impingement 
plate spread along the wall. Between the jets, second-
ary stagnation regions form on the impingement plate by 
the collision of the lower wall jets. Recirculation regions 
occur at the both sides of the central jets and other neigh-
bor jets. After jets impinge on the impingement plate, 
they spread along the wall. These behaviors of the cen-
tral jets suppress the motion of neighbor jets in the axial 
direction and cause their orientation to the x direction 
without impinging on the impingement plate. Central 
jets push the side jets outwards. Air jets exiting from slot 
nozzles impinge the impingement plate and form coun-
ter-rotating vortices because of confinement plate. With 
increasing H/W spacing, recirculation regions occurring 
at the both sides of the central jets effect the development 
of other neighbor jets in the flow direction. The sizes of 
the recirculation regions increase with increasing H/W 
(Fig.  5). The evolution of the wall jets is illustrated in 
Fig. 6a, b through a projection of the streamline images 
on a horizontal plane (x–z plane) near the impingement 
plate at the Re =  10,000 and H/W =  3 for unconfined 
and confined jet configurations respectively. Slot jets veer 
near the impingement plate and form wall jets. Except 
end regions, occurring the same streamlines along the 
slot length show that the flow field can be investigated as 
2D. Similar images are obtained for confined jet with the 
same parameters.

4.2 � Pressure distributions

The effect of the nozzle-to-plate spacing (H/W) to the local 
surface pressure distributions on the impingement plate 
for unconfined jet and on the impingement and confine-
ment plates for confined jet at Re = 10,000 are shown in 
Fig. 7a–c respectively.

Figure  7a shows the pressure distributions on the 
impingement plate for unconfined jet configuration for dif-
ferent H/W ratios at Re = 10,000. Four primary stagnation 
points occur on the impingement plate at the direction of 
jets axes while three secondary stagnation points occur at 
the mid points between adjacent jets. The maximum pres-
sures occur at the stagnation points for all nozzle-to-plate 
spacing studied. Local pressures at primary and secondary 
stagnation points on the impingement plate have nearly the 
same maximum values for the same spacing. At low noz-
zle-to-plate spacing (H/W =  1), primary stagnation pres-
sures are larger than 1 due to rapidly decreasing of axial 
velocity in the deflection zone. For low nozzle-to-plate 
spacings, near the stagnation points, the flow rapidly decel-
erates and therefore pressure increases significantly. This 
situation is because of flow orientation originating small 
distance between nozzles exit and impingement plate. 
The maximum values at the stagnation points decrease 

Fig. 6   Computed streamlines images on a horizontal xz plane near 
impingement plate at H/W = 3 and Re = 10,000. a Unconfined jet 
and b confined jet
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with increasing H/W spacings. Secondary pressure peaks 
are observed at the secondary stagnation points where 
neighboring wall jets collide. Pressure peaks at primary 
stagnation points are greater than the peak values at the 
secondary stagnation points. No suboatmopheric region 
is observed on the impingement plate for spacings stud-
ied. This situation can be explained with the fluid veloc-
ity along the impingement plate is lower with respect to 
the confined jets due to no flow confinement. For all the 
studied spacings, local pressures taking their maximum 
values at the primary stagnation points of side jets sud-
denly decrease around x/W = ±15 and beyond approach 
the atmospheric value to the ends of impingement plate. 
Figure  7b, c show the pressure distribution on impinge-
ment and confinement plates for different H/W ratios 
at S/W =  9 and Re =  10,000. Three types of subatmos-
pheric region occur on the impingement and confinement 

plates depending on nozzle-to-plate spacing. Primary sub-
atmospheric regions occur on the impingement plate along 
the outwards of side jets for all studied spacings and they 
become stronger decreasing nozzle-to-plate spacing. These 
primary subatmospheric regions shift to outward distances 
with increasing nozzle-to-plate spacing due to jet spread-
ing. Secondary subatmospheric regions occur between the 
side and central jets while tertiary subatmospheric regions 
occur between the central jets. At the H/W = 1, only pri-
mary subatmospheric regions occur on the impingement 
plate with the same magnitude. Secondary and tertiary 
subatmospheric regions are observed on the impingement 
plate for the spacing of H/W ≥  2. Secondary subatmos-
pheric regions is weaker than primary subatmospheric 
regions at H/W = 2. As nozzle-to-plate spacings increase, 
the fluid velocity decreases due to jets spreading, and thus 
the strength of the all subatmospheric regions decrease. For 

Fig. 7   Effect of the nozzle-to-
plate spacing on the pressure 
distribution for Re = 10,000. a 
Impingement plate in uncon-
fined jet, b impingement plate 
in confined jet and c confine-
ment plate in confined jet
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the H/W > 2, subatmospheric regions on the impingement 
plate have almost the same magnitude. There observed 
subatmospheric regions on the impingement plate for spac-
ings up H/W = 8. Similar to the impingement plate, sub-
atmospheric regions occur on the confinement plate at the 
both sides of the slot nozzles. Subatmospheric regions on 
the confinement plate become poorer at H/W = 8 and get 
lost at larger H/W = 10. Maximum pressures caused cen-
tral jets are greater than those of originated side jets at the 
primary stagnation points. This situation can be explained 
with the orientation of central jets to side jets to form wall 
jets. Central jets suppress and push the side jets outwards. 
As H/W space increases, stagnation point pressure val-
ues decreases. On the impingement plate, there is no clear 

pressure peaks at the secondary stagnation points except 
for secondary stagnation point occurred between cen-
tral jets. While local pressure takes positive values at the 
region between the side jet axes for H/W =  1, new sub-
atmospheric regions occur at the region between the side 
jets on the impingement and confinement plates H/W > 1 
spacings. These subatmospheric regions support presence 
of reverse flow regions. At all studied spacing, subatmos-
pheric pressure regions occur on the impingement and con-
finement plates. With increasing H/W, local pressures on 
the confinement plate approach to ambient value. When the 
pressure distributions on the impingement plate for uncon-
fined and confined jet configurations compare each other, it 
is seen that subatmospheric regions occur only for confined 

Fig. 8   Effect of the Reynolds 
number on the pressure distribu-
tion for H/W = 1. a Impinge-
ment plate in unconfined jet, b 
impingement plate in confined 
jet and c confinement plate in 
confined jet
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jet case. For both jet configurations, maximum pressure 
(pressure peaks) occur stagnation points and decrease from 
these points for all studied H/W. For H/W =  1, pressure 
peaks at the primary stagnation points for both jet config-
urations have almost the same magnitude. For H/W ≥  2, 
pressure peaks of central jets are greater for confined jet, 
while the pressure peaks of side jets are higher for uncon-
fined jet. While low spacing, at the region between side jets 
axes, local pressures are greater for confined jet, for high 
spacings, because of forming of subatmospheric regions, 
local pressures take bigger values at the same region for 
unconfined jet. Difference between the local pressures dis-
tributions of unconfined and confined jet configurations on 

the impingement plate decreases with increasing H/W and 
get lost at H/W = 10.

The effect of the Reynolds numbers on the local surface 
pressure distributions obtained experimentally and numeri-
cally for unconfined and confined jet are shown in Figs. 8, 
9 and 10 for the nozzle-to-plate spacings of H/W =  1, 2 
and 4, respectively. It is observed from experimental and 
numerical results obtained for all studied spacings, in gen-
eral, that the surface pressure distributions are independ-
ent of the Reynolds number, while they depend strongly 
on the nozzle-to-plate spacing. Locations where pressures 
occur maximum are the same on the impingement plate for 
all studied Reynolds numbers. At the stagnation points, the 

Fig. 9   Effect of the Reynolds 
number on the pressure distribu-
tion for H/W = 2. a Impinge-
ment plate in unconfined jet, b 
impingement plate in confined 
jet and c confinement plate in 
confined jet
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velocity is zero and the pressure is maximum, and on the 
other impingement regions the pressure decreases as the 
flow accelerates along the impingement surface. This case 
is consistent with global continuity considerations. Fig-
ure 8a shows the experimental and numerical pressure dis-
tributions on the impingement plate in the unconfined jet 
configuration for different Reynolds number at H/W = 1. 
Pressure coefficients at the primary stagnation points are 
greater than one in this spacing. For low spacings, near the 
stagnation points, the flow rapidly decelerates and therefore 
the pressure increases significantly. Realizable k-ε model 
predicts low local pressures for H/W = 1. Hence, signifi-
cant differences are observed measured and computed data. 
Discrepancies between calculated and measured results for 

H/W = 1 are originated from turbulence model used which 
is insufficient when the flow is strongly curved. Except for 
pressure values at the primary subatmospheric regions, 
there is a better accordance between the measured and 
computed pressure coefficients on impingement and con-
finement plates for confined jet configuration at H/W = 1 
when comparing with unconfined jet results (Fig. 8b, c). At 
the H/W = 2, it is shown a good accordance between the 
experimental and numerical results for unconfined jet while 
some discrepancies are observed for confined jet especially 
in the peak pressures at the primary stagnation points of 
side jet and secondary stagnation points on the impinge-
ment plate (Fig.  9a, b). The accordance of measured 
and predicted local pressure increases as H/W increases 

Fig. 10   Effect of the Reynolds 
number on the pressure distribu-
tion for H/W = 4. a Impinge-
ment plate in unconfined jet, b 
impingement plate in confined 
jet and c confinement plate in 
confined jet
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Fig. 11   Effect of the nozzle-to-
plate spacing on the computed 
local Nusselt number distribu-
tions for Re = 10,000.  
a Impingement plate in uncon-
fined jet and b impingement 
plate in confined jet

Fig. 12   Effect of the Reynolds 
number on the computed local 
Nusselt number distributions  
for H/W = 2. a Impingement  
plate in unconfined jet and  
b impingement plate in confined 
jet
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(Fig. 10). Although the measured and computed data agree 
well for large H/W, significant differences between these 
data are observed for low H/W. Pressure coefficients at the 
stagnation points are greater than one for H/W < 2, remain 
constant approximately at one in the range of 2 ≤ H/W ≤ 4 
and are smaller than one for H/W > 4. It is found that the 
turbulence model is capable of predicting of the flow and 
heat transfer characteristics correctly in moderate values of 
nozzle-to-plate spacings.

4.3 � Nusselt distributions

The effect of the nozzle-to-plate spacing (H/W) to the com-
puted Nusselt number distributions on the impingement 
plate at S/W = 9 and Re = 10,000 are shown in Fig. 11a, 
b for unconfined and confined jet configurations, respec-
tively. The local Nusselt number was defined as Nu = h W/
ka, where h = q/(Tw − Tj) is convective heat transfer coef-
ficient, Tw and Tj are the impingement wall and jet exit 
temperatures. It is observed from the figures that the influ-
ence of the nozzle-to-plate spacing on the Nusselt number 
distributions is very significant. A Nusselt number dual 
peak is observed at around the primary stagnation point 

of each jet for both configurations. Dual peak structures 
observed at the primary stagnation regions is related to 
the inadequacy of used turbulence model to compute the 
heat transfer at those regions. Primary stagnation Nusselt 
numbers and heat transfer ratios increase as the nozzle-to-
plate spacing decreases. Small scale peaks are observed at 
around the secondary stagnation points where neighboring 
wall jets collide. Nusselt number peaks at the stagnation 
regions have the same magnitude for the same spacing for 
unconfined jet case (Fig. 11a). For confined jet configura-
tion, while every four peaks have nearly the same value for 
H/W = 1 and 2, Nusselt number peaks at around the pri-
mary stagnation points of central jets are greater than the 
Nusselt number peaks of side jets for H/W  >  2 spacings 
(Fig. 11b). Central jets suppress the motion of side jets in 
the axial direction. Nusselt number takes minimum value 
at around the secondary stagnation points. Figure  12a, b 
illustrate the dependence of Nusselt number on Reynolds 
number at H/W = 2 for unconfined and confined jet con-
figurations, respectively. It is seen from the figures that 
the local Nusselt number increases with increasing Reyn-
olds number for both configurations. For unconfined jet, 
four Nusselt number peaks with the same magnitude occur 
at around the primary stagnation points while small scale 
peaks occurring at secondary stagnation regions on the 
impingement plate for all studied Reynolds numbers. For 
confined jet, beside the Nusselt peaks occured at around 
the primary stagnation points, at near the both sides of each 
dual peak, secondary peaks occur in Nusselt distribution. 
As the secondary peaks become more pronounced with 
increasing Reynolds number their magnitudes decrease 
with increasing nozzle-to-plate spacing (Figs.  11b, 12b). 
Similar findings were also obtained for a single row of 
circular impinging jets at a large range of Reynolds num-
ber [27]. The existence of the secondary peaks in Nusselt 
number data is mainly explained with the transition from 
laminar to turbulent flow in wall jet region and increase of 
the wall-adjacent turbulence level as also mentioned in the 
study of Attalla and Specht [28]. At the locations of second-
ary Nusselt peaks, local pressures take negative minimum 
values in the subatmospheric regions. This situation shows 
that there exists a linkage between the secondary peak in 
local Nusselt number and subatmospheric region. When the 
pressure distributions on the impingement plate for uncon-
fined and confined jet configurations compare each other, 
it is seen that subatmospheric regions occur only for con-
fined jet case. The comparison of Nusselt distributions on 
the impingement plate for unconfined and confined jet con-
figurations show that primary stagnation Nusselt numbers 
and heat transfer ratios is greater in confined jet because of 
flow confinement and existence of subatmospheric regions. 
At the secondary stagnation regions, while unconfined jet 
shows small scale peaks, confined jet presents minimum 

Table 1   Primary stagnation Nusselt numbers obtained numerically

H/W Re Nustg

Unconfined 1 5000 53

Unconfined 1 10,000 76

Unconfined 1 15,000 124

Unconfined 2 5000 52

Unconfined 2 10,000 58

Unconfined 2 15,000 94

Unconfined 3 5000 50

Unconfined 3 10,000 56

Unconfined 3 15,000 88

Unconfined 4 5000 48

Unconfined 4 10,000 54

Unconfined 4 15,000 84

Confined 1 5000 70

Confined 1 10,000 80

Confined 1 15,000 137

Confined 2 5000 57

Confined 2 10,000 66

Confined 2 15,000 111

Confined 3 5000 48

Confined 3 10,000 64

Confined 3 15,000 106

Confined 4 5000 46

Confined 4 10,000 51

Confined 4 15,000 102
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values at those regions. Primary stagnation Nusselt num-
bers numerically obtained on the impingement plate for 
unconfined and confined jets are represented in Table 1 for 
different nozzle-to-plate spacings and Reynolds numbers. 
It is seen that primary stagnation Nusselt numbers increase 
depending on decreasing nozzle-to-plate spacings and 
increasing Reynolds numbers.

5 � Conclusions

An experimental and numerical investigation was carried 
out on the flow structure and heat transfer characteristics 
of unconfined and confined impinging slot jets arrays for 
Reynolds numbers up to 15,000 at various nozzle-to-plate 
spacings. As each of jet ejects out of the slot nozzles with 
parabolic velocity profile, a continuous reduction in veloc-
ity occurs while increasing momentum exchange between 
the jet and the ambient along the axis. Wall jets are formed 
and spread along impingement plate surface. The wall jets 
emanating from each impinged form collusions front due 
to interaction with neighbors. Downwash fountain flows 
occur between the jets due to the collision of the wall jets 
and entrainment of ambient air.

Pressure distributions on the surface for both unconfined 
and confined jet configurations are independent from the 
Reynolds number and depend on nozzle-to-plate spacing. For 
unconfined jet, no subatmospheric region is observed on the 
impingement plate for all the examined Reynolds numbers 
and spacing. This situation can be explained with the fluid 
velocity along the impingement plate is lower with respect to 
the confined jets due to no flow confinement. Local pressures 
take their maximum values at the primary and secondary 
stagnation points on the impingement plate. Pressure peaks 
at primary stagnation points are greater than the peak values 
at the secondary stagnation points. Peak pressures observed 
at the point of stagnation of each jet decrease with increasing 
H/W spacings. For confined jet configuration, three types of 
subatmospheric regions occur on the impingement and con-
finement plates depending on H/W and they lie up nearly to 
the same location on both surfaces. Subatmospheric pressure 
regions occur on the impingement and confinement plates 
for H/W up to 8. Subatmospheric regions support the evi-
dence of the recirculation zones occurring on both impinge-
ment and confinement surfaces.

Nusselt distributions on the impingement plate for 
both unconfined and confined jet configurations depend 
on Reynolds number and nozzle-to-plate spacing. In the 
unconfined jet, four Nusselt number peaks with the same 
magnitude occur at around the primary stagnation points 
while small scale peaks occurring at secondary stagna-
tion regions on the impingement plate. In the confined jet, 
beside the Nusselt peaks occured at around the primary 

stagnation points, at near the both sides of each dual peak, 
secondary peaks occur in Nusselt distribution. At the loca-
tions of secondary Nusselt peaks, local pressures take nega-
tive minimum values in the subatmospheric regions. As the 
Reynolds number is increasing and/or the nozzle-to-plate 
is decreasing, the Nusslet number peaks become more 
pronounced. When compared to the results of flow struc-
ture and heat transfer, it is seen that there exists a linkage 
between the subatmospheric regions in pressure distribu-
tions and secondary peaks in heat transfer coefficients on 
the impingement plate. A good qualitative correlation is 
found among the flow patents, pressure distributions and 
heat transfer characteristics for various cases investigated. 
It was found that the effect of confinement on the flow 
structure and heat transfer is to be very important.

In the numerical part of the study, Realizable k-epsilon 
turbulence model is used to predict flow filed and heat 
transfer characteristics. From the comparisons of numerical 
results with experimental ones, it is found that the model is 
capable of predicting the flow and heat transfer characteris-
tics correctly in moderate values of nozzle-to-plate spacing.
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