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Abstract: The flow and heat transfer characteristics of two dimensional confined impinging array of air jets have
been numerically investigated. Simulations have been carried out by using the Realizable k-¢ and Standard k-m
turbulence models for Reynolds number of 30000, nozzles-to-plate spacing (H/D) in the range of 1-10 and jet-to-jet
centerline spacing (S/D) in the range of 2-6. The effects of nozzle-to-plate spacing and jet-to-jet centerline spacing on
the flow structure and heat transfer were examined. Calculated results show that the pressure coefficient and Nusselt
number distributions of jet array impinging on a plate is strongly affected by the nozzle-to-plate spacing. On the other
hand, the magnitudes of the local pressure coefficient and maximum Nusselt number at the central stagnation point is
not affected by jet-to-jet spacing. When numerically obtained Nusselt number distributions compared with
experimental data, it is seen that the Realizable k-¢ turbulence model exhibits better agreement with the experimental
data, compared to the Standard k- turbulence model for the investigated configurations.
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SINIRLANDIRILMIS CARPAN HAVA JETI DIiZiSININ SAYISAL iNCELENMESI

Ozet: Bu ¢alismada, sinirlandirilmis carpan hava jeti dizisinin olusturdugu iki boyutlu akis alaninda akis ve 1s1
transferi karakteristikleri sayisal olarak incelenmistir. Sayisal ¢oziimler, 1-10 liile-levha agikligi araliginda ve 2-6 jet
merkezleri arasi mesafe araliginda, Reynolds sayisinin 30000 degeri icin Realizable k-¢ ve Standart k- tiirbiilans
modelleri ile elde edilmistir. Liile-levha aciklig1 ve jetler arasi mesafenin akis yapisi ve 1s1 transferi iizerindeki etkileri
incelenmigtir. Carpma levhasi lizerindeki basing katsayist ve Nusselts sayisi dagilimlarinin biiyiik 6lciide liile levha
acikligindan etkilendigi goriilmiistiir. Ayrica, merkezi durma noktasinda olugan yerel basing katsayisi ve maksimum
Nusselt sayis1 degerlerinin jetler arasi mesafeden etkilenmedigi belirlenmistir. Realizable k-¢ tiirblilans modeli ile
elde edilen sonuglar deneysel verilerle daha iyi bir uyum sergilemektedir.

Anahtar Kelimeler: Ortamalt1 basing bolgesi, Basing katsayisi, Nusselt dagilimi, Jet dizisi, Tiirbiilans modelleri.

NOMENCLATURE T Temperature [K]
Tw Impingement wall temperature [K]

Co Pressure coefficient [AP / (pU,2/2)] T; Jet exit temperature [K]
Co Specific heat at constant pressure [J/kgK] V, Nozzle exit velocity [m/s]
C1,C,C;  Constants in the k-¢ turbulence model u,v Velocity components in z and r directions
D Nozzle diameter [m] U, Friction velocity [m/s]
h Convective heat transfer coefficient [W/m?K] z Axial distance from the midpoint of the
H Nozzle-to-plate spacing [m] central jet [m]
k Turbulent kinetic energy [m?/s? y' Dimensionless distance [y*=yu./v]
Ka Thermal conductivity of air [W/mK] v Kinematic viscosity [m%s]
L Length of computational domain [m] p Density of air [kg/m°]
Nu Nusselt number [h-D/k,] B, B Constants in the k- turbulence model
AP Difference between the surface pressure and € Turbulent dissipation rate [m?/s’]

the atmospheric pressure [N/m?] ® Specific dissipation rate [1/s]
p Pressure [N/m?] D Viscosity loss function
Q Convective heat flux [W/m?] r Exchange coefficient
r Radial distance from the midpoint of the Wef Effective viscosity

central jet [m] n Laminar viscosity
Re Nozzle Reynolds number [U,D/v] Wt Turbulent viscosity
S Jet-to-jet centerline spacing [m], Source term c Turbulent Prandtl number



INTRODUCTION

Impinging jets have been widely used in many industrial
applications since they are effective tools to enhance
and control heat and mass transfer. Applications include
drying in paper industry, cooling and heating in food
industry, annealing metallurgy, deicing of aircraft
systems and cooling of heated components in gas
turbine engines, computers and electronic instruments.
A single air jet and an array of jets are used for different
purposes. A single jet is usually employed to produce
localized heating and cooling. In many applications, a
large surface area is required to be heated or cooled, or
enhancement of global heat transfer is needed. In such
cases the interaction between the jets in the array plays
an important role in the cooling performance. Thus, it is
necessary to apply multiple-jet system (Hollworth and
Berry, 1978).

There is a considerable body of literature dealing with
flow and the heat transfer in array of jets (Metzger et
al., 1979; Hollworth and Dagan, 1989; Kim and
Benson, 1993; Barata, 1996; Garrett and Webb, 1999;
Tzeng et al, 1999; Miao et al., 2009). These
investigations have focused largely on arrays for which
cross-flow effects degrade high stagnation heat transfer
and the effect of geometric arrangement of jets. Martin
(1977) and Polat et al. (1989) reviewed the heat transfer
characteristics of multiple impinging air jets without
cross-flow. Koopman and Sparrow (1976) noted that
there are two types of interaction between the jets in the
multiple-jets system. The first type was the interaction
between adjacent jets prior to impingement on the
surface. The second type was the collision of two wall
jets, which were generated after impingement. Such
collision became significantly important when the jets
were closely spaced, the nozzle-to-plate spacing was
small, and the jet velocity is high. Koopman (1975)
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).
The fluid flow and heat transfer characteristics of
multiple impinging slot jets with an inclined
confinement surface was studied by Yang and Shyu
(1998). Their results show that the maximum local
Nusselt number and maximum pressure on the
impingement surface move downstream while the
inclination angle was increased. Huber and Viskanta
(1994) have examined the influence of spent air exits
located between the jets on local heat transfer
coefficient for a confined impinging array of air jets.
Saad et al. (1992) compared the turbulence, mean flow
and heat transfer characteristics of an array of confined
impinging slot jet with those of a single jet. Tanaka
(1974) found that a particular feature of the two-
dimensional parallel flow of double jets was the
appearance of a sub-atmospheric region between the
jets, owing to the entrainment of the fluid by the
turbulent jet. Fattah (2007) noted that a sub atmospheric
region occurs on the impingement plate and its effect
decreases with increasing nozzle-to-plate spacing at the
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impinging circular twin-jet flow. Mikhail et al. (1982)
explained that the average Nusselt number of the double
jets system increased with decreasing jet-to-jet spacing.
Fernandez et al. (2007) investigated numerically the
flow field of a turbulent twin plane jet impinging
normally onto a flat surface by using Standard k-e,
Realizable k-¢ and Standard k- turbulence models and
concluded that none of the turbulence models correctly
predicts the flow in the impact region. Dagtekin and
Oztop (2008) carried out a numerical investigation to
examine the effect of Reynolds number, bottom-wall
spacing and the distance between two jets on heat
transfer and fluid flow. They reported that multi-cellular
flow is formed in the impingement region due to the
interaction between two jets. The flow and heat transfer
characteristics of impinging laminar square twin jets
have been numerically investigated by Aldabbagh and
Sezai (2002). 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 numerical model was used by Chuang et al.
(1992) to determine the flow characteristics associated
with an unsteady, compressible impinging twin slot jet
between two plates. The calculated 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 recirculating
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 (2000)
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. (1995) used the
numerical method to simulate the two dimensional
turbulent flow and heat transfer from confined multiple
impinging slot jets. Xing et al. (2010) conducted a
combined experimental and numerical investigation of
the heat transfer characteristics within an array of
impinging jets. Kumar and Prasad (2011) investigated
flow and heat transfer of multiple circular jets
impinging on a flat surface with effusion.

Jets array impingement on the target plate and
interaction between pairs of adjacent jets are very
complicated phenomena. To approach these phenomena
using  theoretical analysis and  experimental
measurements can be quite difficult. The cost of the
experimentation may be substantial in order to
understand the structure of the impinging jet arrays.
Therefore, numerical simulation may be a cost effective
approach to the investigation of array of air jets. The
present study is concerned with the numerical
investigation of the confined impinging jet array flow
fields. Two low cost turbulence models were used to
simulate the strong turbulence and heat transfer of
impinging jet array. The effect of jet flow parameters,
such as nozzle-to-plate spacing and jet-to-jet centerline
spacing, and resulting flow parameters including surface



pressure distributions and Nusselt distributions were
examined for Reynolds number of 30000, the nozzle-to-
plate spacings of 1-10 and jet-to-jet centerline spacings
of 2-6. The main aim of the study is to investigate the
relative performance of turbulence models in predicting
two dimensional turbulent flow and heat transfer from
confined impinging jet array. The second aim is to study
the effect of the interaction between the jets on the flow
structure and to investigate the effect of subatmospheric
regions on the local heat transfer.

NUMERICAL STUDY
Mathematical Model

In the present study, it is assumed that the air flow is
turbulent, steady-state and Newtonian with temperature-
dependent fluid properties. A numerical solution of the
mean flow and thermal fields requires resolving the
Reynolds averaged Navier-Stokes equations and time
averaged energy equations. These equations for two
dimensional, incompressible and continuity flow in
cylindrical coordinates can be written as given below,

mass continuity:
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Numerical solutions have been performed by using
Realizable k-¢ and Standard k-o turbulence models. The
turbulence models with two equations employ the
Boussinesq approximation to relate the Reynolds
stresses to the mean velocity gradients. Realizable k-¢
model gives an approach about normal stress related to
physics of turbulent flow to eliminate some
mathematical constrains. In the Realizable k-g, the
turbulent kinetic energy (k) and its dissipation rate (g)
are computed from the following equations:

turbulence kinetic energy:
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In the above equations, 1t and ¥ represent the axial ()
and radial () components of the velocity vector, &
denotes fluid density, and g, FF is the effective viscosity
for momentum transport given by

Hopp = 1T [y (10)
Where pft is the molecular viscosity and fi, is the

“turbulent” viscosity given by the relation
ue = Cupk?/e (a1)

The effective exchange coefficients in the equations for
k and £ are given by

=p+t (12)
Q=p+f (13)



Where ,, and @_ are the turbulent Prandtl/Schmidt

numbers. S *and S represent source terms for k and ¢
and they are given by the following expressions
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The standard values for constant are used: C;=1.44,
C,=1.9, Cy =0.09, 0, =1.0, 0, =1.2.

The Standard k-o model is based on the transport
equations of turbulent kinetic energy (k) and of specific
dissipation rate (w=e/k). The transport equations for k
and o are:

turbulence kinetic energy:
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Turbulent viscosity at this model is given by
ok
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The effective exchange coefficients in the equations for
k and © are given by
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For this case, the turbulent Prandtl/Schmidt numbers are

g, =0,=2.0. 5% and 5 represent source terms for k

and o and they are given by the following expressions
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The standard values for constant are used:  =0.09 and
3=0.072.

Flow Field and Boundary Conditions

A schematic of the jet array configuration and
computational domain is shown in Figure 1 where the
flow field, the main dimensions and the prescribed
boundary conditions are specified. Three strong main
jets are injected through upward from the nozzles of
diameter D=25 mm with a velocity V, and induced the
surrounding flow to enter the flow field. The flow
direction of the fluid is spread in to 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 L=30D. The following boundary
conditions were used: the impingement plate was
specified as an isothermal wall and constant temperature
condition are used as T,, = 323 K, jet exit temperature
was taken as constant temperature of T; = 300 K which
was equal to confinement plate temperature 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
computational domain and pressure outlet boundary
conditions were assumed at outlet planes.

Figure 1. Schematic of the jet array configuration and computational domain.
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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 2D simulations the diffusion and
convective terms in the equations were approximated by
second order upwind scheme. The discretized equations
for the pressure-velocity coupling were solved by using
the SIMPLEC algorithm on staggered grids. SIMPLEC
procedure uses modified equation for face flux
correction. The use of modified correction 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
dissipation rate and energy equation). Second order
discretization 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 treatment 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 subdivided 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
1x10° for all dependent variables. To ensure the
attainment of grid-independent results, sensitivities of
both grid numbers and grid distributions were tested for
each case. The mesh used is refined for each value of
H/D and S/D until negligible differences are obtained.
Finer computational grids were set near the wall and y*
was less than 2.5. Refined grid density of 200x60
(12000 cells) in the whole computational domain is
sufficient. The overall discretization uncertainty was
estimated to be below 5 %.

RESULTS AND DISCUSSION

Numerical simulations were carried out for the nozzle-
to-plate spacings (H/D) of 1-10, jet-to-jet centerline
spacings (S/D) of 2-6 and the Reynolds number of
30000 for the confined impinging jet array.
Computations were performed by using Realizable k-¢
and Standard k-o turbulence models.

Flow Structure

Flow field images obtained with two turbulence models
at Re=30000 and S/D=4 for H/D=1, 3, 6 and 10 are
given in Figure 2 and Figure 3. Figures 2a-d show the
streamlines of the computed velocity fields with
Realizable k-¢ turbulence model. As soon as the jets exit
from the nozzles, the fluid is dragged radially towards
the jets from the surrounding. As a result torodial
vortices are formed around each of the jets. The
peripheral vortices around the central jet are divided in

two co-rotating vortices. At lower nozzle-to-plate
spacings, the wall jets fill the almost whole gap between
the plates. Recirculation regions occur at the both sides
of the central jet and at the outward of the other
neighbor jets. The size of the recirculation regions
increases with increasing H/D. After central jet
impinges on the impingement plate, it spreads radially
outward along the wall. This behavior of the central jet
suppresses the motion of neighbor jets in the axial
direction and causes their orientation radially outward
without impinging on the impingement plate. As H/D
spacing increases, vortices occurring outward of the
neighbor jets get closer to the impingement plate.
Similar findings are also reported by Aldabbagh and
Sezai (2002). Streamlines of the computed velocity
fields for the same nozzle-to-plate spacings with
Standard k- turbulence model are shown in Figures 3a-
d. Contrary to the Realizable k-g¢ turbulence model
results, the size of vortex pairs decreases with
increasing H/D for the Standard k-o turbulence model.
Although the velocity fields computed for both
Realizable k-¢ and Standard k-o turbulence models are
similar, the size of recirculation regions computed using
Standard k-o turbulence model is small. Figures 4a-c
illustrate the streamline images obtained with Realizable
k-g turbulence model at H/D=3 and Re=30000 for
S/D=2, 4 and 6. It is seen that the sizes of co-rotating
vortices occurred between the two jets increase with
increasing S/D. Figures 5a-c show the streamline
images obtained with Standard k- turbulence model at
H/D=3 and Re=30000 for S/D=2, 4 and 6. As in Figures
4a-c, the size of vortex pairs increases with increasing
S/D.

Figure 2. Streamline images obtained with Realizable k-¢
turbulence model at S/D=4 and Re=30000
a) H/D=1 b) H/D=3 c) H/D=6 d) H/D=10.



(d)
Figure 3. Streamline images obtained with Standard k-
turbulence model at S/D=4 and Re=30000
a) H/D=1 b) H/D=3 c) H/D=6 d) H/D=10.

Figure 4. Streamline images obtained with Realizable k-¢
turbulence model at H/D=3 and Re=30000
a) S/D=2 b) S/D=4 c) S/D=6.

Figure 5. Streamline images obtained with Standard k-
turbulence model at H/D=3 and Re=30000
a) S/D=2 b) S/D=4 c) S/D=6.

The effect of the nozzle-to-plate spacing (H/D) to the
computed local pressure distributions on the
impingement plate at S/D=4 and Re=30000 are shown
in Figures 6a and b for Realizable k-¢ and Standard k-o

turbulence models, respectively. It is seen from Figure
6a that subatmospheric regions occur on the
impingement plate for nozzle-to-plate spacings up to 6.
The subatmospheric regions become stronger with
decreasing nozzle-to-plate spacing. Local pressure for
H/D=1 starts sharply to decrease from the stagnation
point of central jet with increasing radial distance (r/D)
and reaches a minimum value and then increases to
maximum value at the point of r/D~+3.1 beyond which
it starts sharply to decrease again until subatmospheric
region within which it reaches a negative minimum
value then restarts increasing towards the atmospheric
value.
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Figure 6. The effect of the nozzle-to-plate spacing on the
computed pressure distributions for Re=30000 at S/D=4
a) Realizable k-¢ turbulence model
b) Standard k-w turbulence model.

As the nozzle-to-plate spacings increases, fluid velocity
decreases due to jet spreading and the location at which
local pressure becomes subatmospheric shifts to larger
radial distance. The strength of subatmospheric region
decreases with increasing H/D. The pressure gradient
takes negative and positive values within this region.
The positive pressure gradient separates the flow from
the surface as found from the study of impinging air jets
by Obot and Trabold (1987). The maximum values at
the stagnation point of central jet decrease with
increasing H/D spacings. This is because the Kinetic
energy at the jet center decreases due to jet spreading
(Fattah, 2007). The maximum values at the stagnation
point of central jet are greater than the maximum values



at the stagnation points of neighbor jet. This is because
the central jet suppresses the neighbor jets. Local
pressure distributions obtained with Standard k-o model
for the same parameters show similar behavior with the
Realizable k-¢ model results. However, pressure
coefficients computed with Standard k-o model have
higher values (Figure 6b).

The effect of the jet-to-jet spacing (S/D) to the
computed local pressure distributions on the
impingement plate at H/D=1 and Re=30000 for
Realizable k- and Standard k- turbulence models are
shown in Figures 7a and b. It is seen from figures that
as jet-to-jet spacing increases, the locations of
stagnation points of neighbor jets and negative
minimum values in subatmospheric regions shift to
larger radial distances. Combining of the jets is late by
increasing S/D and hence the intensity of the flow
decreases (Fattah, 2007). Local pressure distributions
computed with Standard k-o turbulence model have the
same trend with Realizable k-¢ turbulence model’s.
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Figure 7. The effect of the jet-to-jet centerline spacing on the
computed pressure distributions for Re=30000 at H/D=1

a) Realizable k-¢ turbulence model

b) Standard k-o turbulence model.

Heat Transfer
The effect of the nozzle-to-plate spacing (H/D) to the

computed Nusselt number distributions on the
impingement plate at S/D=4 and Re=30000 are shown
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in Figures 8a and b for Realizable k-¢ and Standard k-o
turbulence models, respectively.
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Figure 8. The effect of the nozzle-to-plate spacing on the
computed local Nusselt number distributions for Re=30000 at
S/D=4 a) Realizable k-¢ turbulence model b) Standard k-
turbulence model.

The local Nusselt number was defined as Nu = h-D/k,,
where h = ¢ / (Tw — T;) is convective heat transfer
coefficient, T,, and T; are the impingement wall and jet
exit temperatures. It is observed from the figures that
the influence of the nozzle-to-plate spacing on the
Nusselt number distributions is very significant.
Stagnation Nusselt numbers and heat transfer ratios
increase as the nozzle-to-plate spacing decreases. Local
Nusselt profiles computed with Realizable k-¢
turbulence model have three peaks. (Figure 8a). While
every three peaks have nearly the same value for
H/D=1, Nusselt number peaks at the stagnation points
of central jets are greater than the other Nusselt number
peaks at larger H/D spacings. Secondary Nusselt
number peaks shift to larger radial distance with
increasing H/D spacings. The existence of the 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
(2009). The position of the maximum heat transfer
depends on the flow from the adjacent nozzles and the
distance between the nozzle and the impingement
surface.
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Figure 9. The comparison of computed Nusselt distributions
on the impingement plate with experimental data for
Re=30000 at H/D=3 a) S/D=2 b) S/D=4 c) S/D=6.

Local Nusselt number profiles obtained with Standard
k-o turbulence model for the same parameters show
similar behavior with the Realizable k-¢ model results
(Figure 8b). The comparison between the distributions
of Nusselt number and pressure coefficient obtained
with the two turbulence models shows that the radial
locations of minimum peaks of local Nusselt numbers
are almost the same with the radial locations of
maximum values of pressure coefficients. Beside this, at
the radial distances where secondary peaks in Nusselt
distributions occur, local pressures have negative
minimum values in the subatmospheric regions. The
magnitude of the Nusselt number is not affected by the
jet-to-jet spacing and secondary peaks in Nusselt
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number distributions shift to larger radial distances with
increasing S/D.

The comparisons of heat transfer distributions computed
with two turbulence models at present study and
measured by Geers et al. (2006) at Re=30000 and
H/D=3 for S/D=2, 4 and 6 are shown in Figures 9a, b
and c¢ respectively. It is seen from the figures that
Standard k- model predicts greater local Nusselt
numbers than Realizable k-¢ model and the numerical
results obtained using Realizable k- model are in better
agreement with the experimental data. The accordance
of Realizable k-¢ model results with experiments
increases as S/D increases.

CONCLUSION

A numerical investigation was carried out on the flow
structure and heat transfer characteristics of a confined
impinging jet array using two different turbulence
models for Reynolds number of 30000 at the various
nozzle-to-plate spacings and jet-to-jet spacings. Local
pressure and heat transfer distributions on the
impingement surface depend on nozzle-to-plate spacing
while they are independent from jet-to-jet spacing. The
magnitudes of the local pressure coefficients and
Nusselt numbers decrease as the nozzle-to-plate spacing
increases. Subatmospheric pressure regions occur on the
impingement plate for nozzle-to-plate spacings up to 6.
Nusselt number distributions show three maximum
peaks. Jet array system enhances the local heat transfer
in comparison with that of a single nozzle. Radial
locations of minimum peaks of local Nusselt numbers
are same with the radial locations of maximum values
of pressure coefficients originating neighbor jets. At the
radial distances where secondary peaks in Nusselt
distributions occur, local pressures have negative
minimum values in the subatmospheric regions. These
relations show a linkage between the subatmospheric
regions in pressure distribution and the peaks in heat
transfer coefficients on the impingement surfaces. It is
concluded from the two numerical simulations that
Realizable k-¢ turbulence model predicts the flow
structures and heat transfer distributions more
accurately than Standard k-o turbulence model. The
differences between numerical and experimental results
can be explained with insufficiency of used turbulence
models and the two dimensional computational domain.
It is hoped that this study would provide data for the
further research on this topic.
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