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Abstract

Multiple jets of various shapes, orientation and configuration are
used regularly in a wide range of engineering applications to
provide heating or cooling with impingement on a plate being
one of the most common configurations due to the improved
heat transfer rates. Design optimization has largely relied on
empirical correlations that are limited by the range over which
they were originally generated. Computational Fluid Mechanics
is now sufficiently advanced to be used as an alternative method
for obtaining optimal designs.

This project uses the commercial Fluent package to compute
heat transfer from a bank of jets impinging on a plate. Results for
a single jet are validated against experimental data. The use of
advanced turbulence modeling and appropriate boundary layer
formulations are key ingredients for obtaining reliable
calculations. The heat transfer resulting form the use of multi-jet
configurations will be discussed in the paper.

Nomenclature

D nozzle diameter, m

h local heat transfer coefficient, w/m 2k

}7 average heat transfer coefficient, W/ mk

k thermal conductivity of air, w/m k

H distance between nozzle exit and impinging plate, 71
H /D dimensionless jet-to plate-spacing

Nu local Nusselt number

Nu average Nusselt number

1 turbulent intensity

X, jets spacing, m

q combined convective and radiative heat flux
R radial distance from stagnation point, 7

R/ D dimensionless radial distance

Re Reynolds number based on the exit diameter,
=UDp/ u
mean velocity at jet exit, 71 /s

U

P density of air, Kg / m3

Y2 kinetic viscosity of air, Kg/m - s
T

temperature, K or °C

AT temperature difference, K or °C
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Subscript

a ambient
w wall

j jet

ref reference

3D three-dimensional

Introduction

Impinging jets are used in many engineering applications to
enhance heat transfer for cooling or heating purposes or mass
transfer for vapour deposition. Typical heat transfer applications
include electronics cooling, paper drying, metal annealing and
sheet metal treatment. In most of these applications, arrays of jets
are used in a range of configurations and shapes with the
objective on optimizing heat transfer rates. However, the flow
and geometry parameters that interact and affect the heat transfer
rates are numerous hence complicating the optimization process
particularly when this is to be achieved experimentally.

Computational Fluid Dynamics (CFD) has advanced sufficiently
to enable such heat transfer calculations to be made and
potentially with good confidence levels. The accuracy of the
calculations depend on a number of parameters including the
choice of turbulence model and the treatment of the boundary
layer since this largely dictates the nature of the heat transfer.
Calculations of heat transfer from single impinging jets have
been made by Behnia et al. [1999] using the 2 — f turbulence

model and the results compared reasonable well with
measurements of [1, 2, 6, 19, 28].

The simple case of a single impinging jet, shown schematically in
Fig. 1, has been widely studied both experimentally and
numerically and hence forms a good platform for model
validation. The flow field of an impinging jet configuration has
three distinctive flow regions namely free jet region, a deflection
region (or stagnation region) and a wall jet region. The velocity
difference between the potential core of the jet and the ambient
fluid creates a shear layer. The mean shear strain is zero in the
free jet region and the production of kinetic energy is exclusively
due to the normal straining. As the flow approaches the wall, the
centerline velocity decays until it reaches zero at the stagnation
point. The proximity of the solid boundary causes the deflection
of the jet and a strong streamline curvature region is observed.
Downstream the stagnation point, a wall jet evolves along the
wall. Turbulence energy is increased due to the mean shear strain
which dominates in the near wall region.

Despite its simplicity, this flow has some heat transfer features
that are not easy to predict. The distance of the jet exit plane from
the wall or plate is a key controlling parameter. When this
distance is larger than the potential core, measurements have
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shown [1, 2, 3, 4, 6, 17, 19, and 28] that the Nusselt number
decreases monotonically with increasing radial distance away
from the jet axis. However, with closer distances, a double peak
in Nusselt number develops with the first one forming close to
the centreline and the second one at larger radial distances. The
magnitude of the peaks becomes more distinct at higher jet
Reynolds numbers. A possible explanation for this behaviour is
that when the jet inlet to wall distance is smaller than the
potential core, there will not be sufficient time for mixing with
the surrounding fluid. Thus the flow in the vicinity of the
stagnation point has a low turbulent intensity and hence a lower
Nusselt number (Nu) for H/D<5. This feature is not easy to
reproduce and forms a good test for the robustness of the
turbulence model used in the calculations. Behnia et al. [1999]
have reproduced such behaviour numerically only with the

v? — f turbulence model.

Free jet
region

Wall jet
region

Deflection
region

Figure 1. Jet impingement configuration.

With arrays of jets, the situation if much more complex due to the
multitude of additional parameters that affect the fluid dynamics
and the heat transfer rates. Interactions between adjacent jets also
become and issue hence imposing more severe requirements on
the computations. Reliable measurements of heat transfer from
multiple impinging jets are not abundant and the data provided
by Goldstein and Timmers (1982) is extremely useful as it forms
a good platform for model validation.

The objective of this paper is to demonstrate that accurate heat
transfer calculations can be obtained from single and multiple jets
using the SST kK — @ turbulence model. Such calculations are
validated against experimental data from Lee et al. (1999) and
Goldstein and Timmers (1982). The complex heat transfer
features associated with both flow configurations are faithfully
reproduced using the model. The longer term objective of this
research is to optimize the heat transfer rates by optimizing the
layout of array of impinging jets with respect to the plate.

Numerical procedure

The FLUENT-6.3.26 commercial package is used here to
perform three-dimensional calculations for both single and
multiple jets impinging on a plate. The flow and turbulent
fields have to be accurately solved to obtain reasonable
heat transfer predictions. Second order scheme is used for
all terms that affect heat transfer. Second order
discretization scheme is used for the pressure; second
order upwind discretization scheme is used for momentum,

turbulent kinetic energy, specific dissipation rate, and the
energy. Flow, turbulence, and energy equations have been
solved. The standard SIMPLE algorithm is adopted for the
pressure-velocity coupling. Grid independent solutions are
obtained for all the flow configurations presented here.

To be consistent in comparing with the experimental data the
velocity profile at the exit of the jet should be fully developed.
This can be done by using fully developed turbulent velocity
profile as a boundary profile file and than use this profile file to
describe the inlet jet velocity. The inlet of the jet is two pipe
diameters upstream of the jet exit, so the pipe flow profile may
evolve in the nozzle as the flow is approaching the jet exit.

Single impinging jet

The examined domain consists of quarter of the whole domain
with two symmetry planes, which is more time efficient and due
to limits of computational resources. Details about the geometry,
material used and boundary conditions are shown in Tables 1, 2
and Figure 2.

Properties Values
D 25mm
H 50,200,300mm
Re 5,000 -30,000
T, 20°¢
T, 40°c

Table 1. Geometrical and flow details.

Properties Incompressible ideal gas
Air
p 1.20147m* / kg
k 0.0242w/ m.k
2 1.7894x107°
Ratio of specific heats 14

Table 2. Material properties.
The boundary conditions are imposed based on the experimental

conditions (temperature and velocity of the impinging jet,
temperature of the ambient air and the temperature of the plate).

Inlet (velocity inlet)
Blue
ube side
[ wall) -White

Cutlet (pressure outlet)
Red

IPlate (wall) -White

Figure 2. The numerical domain (/#/D=2) and its boundary
conditions.



Turbulence model

The turbulent models available in Fluent 6.3.26 are models based
on the Reynolds Averaged Navier-Stokes Equations for 2D or 3D
domains. In the present study, six different turbulent models are
tested and compared in some cases. The turbulent models used in
this numerical analysis are: (i) Standard k — & model, (i) RNG
k — & model, (iii) Realizable kK —& model, (iv) Standard

k — @ model, (v) SST k —& model and (vi) the Reynolds
Stress model (RSM). These are now widely available tools where
the governing equations and the derivation details are outlined
extensively elsewhere [26] and will not be reproduced here.

Special care has been taken for the wall function used. The
k — & and RSM family have the option to use Enhanced Wall

Treatment (EWT). In this paper, EWT has been used for kK — &
and RSM. EWT combines a blended law-of-the wall and a two-
layer zonal model. It is suitable for low-Re flows or flows with
complex near-wall phenomena. Using EWT as an option for the
turbulent models mentioned before will modify those turbulence
models for the inner layer. EWT generally requires a fine near-
wall mesh capable of resolving the viscous sub-layer (at least 10
cells within the “inner layer””). The mesh near the wall is refined

enough to make y+ ~1.The k —® family of models do not
have the options of using enhanced wall treatment but SST
k — @ Combines the original Wilcox model for use near walls

and the standard kK — & model away from the walls using
blending function.

Choice of 7,

Not enough information is given about those experiments to do
valuable comparison of numerical data with the available
experimental data. The data from [17] can be reproduced
numerically because all the details are known especially the
difference in temperature between the jet and the plate (AT). This
parameter has to be known if a valid comparison between
experimental and the calculations is to be done. Numerically, the
process followed to calculate the local and average Nusselt
number passing through the total heat flux at the surface involves

the local (h) and average heat transfer coefficient (/1 ), the jet
diameter (D), and basically the difference in temperature between
the jet and surface (A7). The following equations is used to
obtain the surface heat transfer coefficient,

q
h =—2>=
eff
Tw_TrEf
¢))

Where ¢ is the combined convective and radiative heat flux,

T

w» is the wall temperature, and T ref is the reference

temperature defined in the reference values panel available in
Fluent. T, of is a constant value that should be representative of

the problem. Its unit quantity is the heat-transfer- coefficient. The
radiative heat flux is neglected here because it is not considered
in the experiment, where its uncertainty ranged from 0.6% to
2.3%.

There are two method for defining 7

ref *
adiabatic wall temperature as it was used by Gardon and

It can be the local
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Cobonque (1961) and Goldestein et al. (1986) or it can be the jet
exit temperature. The warming and cooling effects of the jet due
to thermal entrainment of ambient air were minimized by
maintaining the impinging air jet temperature close to ambient

temperature for all experiments 1 P T ;= 10.1°C. I

present study, the jet exit temperature was used to calculate the
local heat transfer coefficient instead of the local adiabatic wall
temperature. Note that the temperature of the plate is kept
constant. It means that the thermal boundary condition of the
plate will be constant temperature. The surface Nusselt number is
then calculated using the following equation,

A
k
@

Where hwf is the heat transfer coefficient, Lref is the reference

length defined in Fluent, and k is the molecular thermal
conductivity of air or gas coming from the jet.

Model validation

Computations were first performed for the particular case
mentioned experimentally in [17]. The details of the
computational domain are shown in Table 1, 2 and Figure 4. The

first case was done for H /D = 6. The Reynolds number is
chosen to be 25,000 because it is validated against data from
Baughn (1989). Figure 3 shows the Nusselt number distribution
using various turbulent models. The features of the experimental
and numerical simulations are the same. The local Nusselt
number peaks at the stagnation region, and then it decreases
monotonically upon going outward along the impingement plate.

220 T T T T T T T
O Experimental data, Lee et al. (1999)
Standard Ke turbulent model 7
RNG Ke
Realizable Ke
Standard Kw

200

180

160¢

Nu

Figure 3. Simulated Nusselt number distribution for the
impinging jet on the flat plate at H/D=6 and Re=25,000.

As can be noticed the experimental stagnation Nusselt number
for this case is 160 and the numerical ones range from 140 to
203. The best that describes the stagnation Nusselt number are
the SST k — £ and the Realizable kK — & models.

Analysis on the average Nusselt number has been done.
The numerical results are compared with empirical
correlation done for the special experimental case. The
least-square estimations of the average Nusselt number are
evaluated at the locations of R/D =2 and 4 for the nozzle-

to-plate spacings of 2< H/D <10 and the jet



Reynolds number ranged from 5,000 to 30,000. The least-
square fittings have the following correlations [17]:

—0.0968
]Vu,wD:O_)2 = 0.203R60,635(%j

3
And
—-0.144
Nuy, s =0.083 Re°’7°8(£J
D
“
R/D=0—2 | Error R/D=0—4 | Error
(%) (%)
Correlation 105.9 83.3
Standard 94.8 10.5 57.7 30.7
k-¢
RNG 94.5 10.7 57.5 30.9
k—¢
Realizable 95.6 9.7 573 31.2
k—¢
Standard 109.3 32 65 21.9
k-—o
SST 110.9 4.7 70.9 14.8
k-—w

Table 3. Average Nusselt number for R/D=0—2 and 4 against
correlation data.

The model that describes well the average Nusselt number is the
SST k — @ model. The second numerical case is the model
with H/D=2. This case has been validated as well. The
Reynolds number is 15,000.

130

O Experimental data from Lee et al. (1999)
Standard Ke

RNG Ke

Realizable Ke

Nu

Figure 4. Simulated Nusselt number distribution for the

impinging jet on the flat plate at H/D=2 and Re=15,000.

The flow geometry in this case is complicated compared with the
high jet-to-plate distance case. The corresponding heat transfer
characteristics are very complicated due to complex interaction
between the jet and the impingement plate. It has been proved
that the Nusselt number peaks two times for H/D=2. The local
Nusselt number increases from a local minimum at the stagnation
point to the first peak and then decreases rapidly and again
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increases along the wall, giving the second peak in transition
region. This case has been simulated numerically and results of
using several turbulent models are show in Figure 4.

The only model that successfully targeted and described the
features of this low H/D case is the SST kK — @ . The first peak
appears at R/ D =~ (0.5 and the second peak isat R/ D =~ 2,
it is almost the same locations as mentioned in the experimental
data. SST k — @ agrees quantitatively with the experiment.
More tests have been done using SST k& — @ model but
now to check the effect of Reynolds number on the
distribution of the local Nusselt number and the behaviour
of the first and second peaks. Figure 5 shows the
distribution of the Nusselt number for different Reynolds
numbers using the same turbulent model.
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Figure 5. Variations of local Nusselt numbers for H/D=2
for different Reynolds numbers.

As can be observed the first peak is moving outward the
stagnation point as the Reynolds number increases. This is
mentioned in the experimental data. The second peak
becomes more clear and obvious as the Reynolds number
increases. This is mentioned as well in the experiment.
Quantitatively SST k — @ is very good. An error of just
2.3% has been got for the average Nusselt number at
R/D=2 and Reynolds number of 15,000 between numerical
and correlation data. Another test has been done by fixing
the Reynolds number at 15,000 and changing H/D between
2 and 6 using SST k — @ turbulent model and the results
are shown in Figure 6.

140

T T
SST Kw model for H/D=6
¢ SSTKw model for H/D=4
SST Kw model for H/D=2

120 —

Nu




Figure 6. Variations of local Nusselt numbers for
Re=15,000 and different H/D.

The first and second peaks are moving toward the
stagnation point as H/D increases until they reach H/D=6
so they disappear, which is the real case. The stagnation
Nusselt number is maximum at H/D=6. This has been
proved by many researchers [17, 20. etc...].

Array of jets

Most of the industrial and engineering applications involve arrays
of jet or slot nozzles. However, limited experimental are
available despite the common use of his configuration. Goldstein
and Timmers (1982) have performed an experimental study for
two kinds of arrays. The first is three jets in a row with jet-to-
plate spacing of six and two diameters. The second is an array of
a single jet surrounded by a (hexagonal) set of six jets. The
diameter of the jets is 10mm, the spacing between the jets is four
diameters, and the Reynolds number is equal to 40,000. The
difference in temperature between the jets and plate enables us
make qualitative comparison between experimental and

numerical data. The three co-linear jets with H/D = 6 case has
been taken as the reference of comparing the numerical data. The
3D domain shown in Fig. 7 is an adequate reproduction of the
experimental condition showing six circular jets with for H/D=6.

Figure 7. Multi-jet domain with H/D=6.

The mesh shown in Fig. 7 consists of 186,040 cells and this
corresponds to a grid independent solution. The computed
domain is quarter of the shown domain in Fig.7 and again special
care has been taken for near wall treatment and the wall

y+ values are less than 1. The time needed for a converged

solution is 3 hours and 15 minutes on a 2.40Ghz CPU and 1.00
GB of Ram computer.

Figure 8 shows Nusselt number contours for the three co-linear
nozzles and these are qualitatively similar to those presented by
Goldstein and Timmers (1982). The contours of the middle jet
are compressed by interaction with the outer jets contours.
Maximum local Nusselt numbers are located under jets.
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Figure 8. Nusselt number contours for multi-jet case with H/D=6.

Figure 9 shows the local Nusselt numbers computed along a line
parallel to the axis joining the jet centrelines. Also shown on the
Figure are the measurements reported by Goldstein and Timmers
(1982) for the same configuration. As can be noticed from Figure
9 the local Nusselt number distribution near the jets axis are very
close and nearly lie above each other and away from the
stagnation point of each jet the difference between experimental
and numerical data increases as it was mentioned for single jet
case at H/D=6.

Summetry
plane
160
+ Experimental data from
140 11 u Goldstein and Timmers (1982)
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Figure 9. Nusselt number on surface along line
geometric centres of the 3 co-linear impinging jets.

through

No local maximum Nusselt numbers are observed between the
jets because H/D is high. This is mentioned in the experimental
results of Goldstein and Timmers (1982).

Conclusions

In this study, numerical simulation using the commercial package
Fluent and Gambit has been validated against experimental data.
Many turbulent models have been used. The SST k — @ model
showed that it can describe that kind of problems the best. The
second peak in Nusselt number at low jet-to-plate distances was
well predicted by only the SST & — @ model. This model has
been used to evaluate the influence of jet-to-plate distance,

Reynolds number, and multi-jet case. SST k — @ was shown to
perform very well in a range of H/D and Re, in order to give
confidence in its use as a predictive tool.

Multi-jet case has been done and evaluated against experimental
data as well. It showed very good qualitative agreement with the
available data set.
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