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Abstract

This paper focuses on the effect of nozzle arrangement on the heat transfer of multiple impinging jets. Two different geometrical

arrangements with an equal number of nozzles are studied, a square set-up (3� 3 regularly spaced jets) and a circular set-up (eight

jets surrounding a central jet). The predictions with two turbulence models are compared, the standard k–e model with wall

functions and Durbin�s v2–f model [Theor. Comput. Fluid Dyn. 3 (1991) 1] with integration to the wall. Quite surprisingly we find

for one of the arrangements––the square set-up––an asymmetric flow field, even though the geometry, as well as the initial and

boundary conditions are perfectly symmetric. Both turbulence models predict this peculiar broken symmetry. The other arrange-

ment––the circular set-up––behaves more in line of expectation: both turbulence models predict a flow field that reflects all the

symmetries of the physical situation. Interestingly, the differences between the two arrangements are quite small, but the corre-

sponding flow fields clearly exhibit marked differences. Although both turbulence models agree qualitatively quite well on the mean

features of the flow field for the two different set-ups, there are significant quantitative differences between the models regarding the

turbulent kinetic energy and heat transfer. In particular the peak values of both the kinetic energy and the Nusselt number are quite

different. Finally, we make a detailed comparison between the resulting heat transfer of the different arrangements. In the circular

set-up the individual jets have a similar heat transfer, except for the central jet which is stabilized by the outer jets. In the square set-

up, the difference between the jets is much more pronounced: due to the aforementioned asymmetry, some jets impinge vigorously,

with a high heat transfer at the expense of the other, deflected, jets.

� 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

Impinging fluid jets are used extensively by industry

for efficient heating and cooling of solid surfaces. With a

single jet a very high heat transfer can be achieved in the

stagnation region, but further away from the stagnation

point the heat transfer rapidly decreases. As a result the

total heat transfer field is highly non-uniform. Therefore

industrial applications usually make use of multiple
impinging jets, which enhances the heat transfer over the

desired area and improves its uniformity, while retaining

the appealing properties of single jet heat transfer. The

optimum performance of the single jet depends pri-

marily on the jet-nozzle distance from the targeted wall

and the intensity and structure of the turbulence in the
jet. In multiple impinging jets, a new and important

degree of freedom enters the optimization problem: the

geometrical arrangement of the jets, viz. the distance

between the jets (pitch), and the relative positioning

(hexagonal arrangement, rectangular arrangement, etc.).

If the spacing is too large, one ends up with many single

jets, obviously with a poor heat flux uniformity. If they

are too close, the jets start to influence each other (e.g.
Geers et al., 2001), and may reduce the heat transfer

significantly.

The objective of our study is twofold. First we study

the effect of some geometrical arrangements of the jets

on the flow field and thus on the heat transfer. Second

we test the performance of different turbulence models.

For a single impinging jet it has been shown that an

accurate solution of the flow field is a necessary condi-
tion to obtain a good prediction of the resulting heat
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transfer. For a single jet the quality of the prediction

of different turbulence models has been found to vary

drastically (e.g. Thielen et al., 2001). The flow field of a

multiple impinging jet set-up is even harder to predict
than the flow field of a single impinging jet, because

of the 3-D effects, the anisotropy and the interaction

between different jets. Therefore also for multiple im-

pinging jets comparison of turbulence models is impor-

tant. In this study we compare the predictions of two

turbulence models, the standard k–e model with wall

functions and the v2–f model (Durbin, 1991) with in-

tegration to the wall. The v2–f model is based on the
eddy-viscosity relationship; it uses v2 as an additional

velocity scale, elliptic relaxation, which accounts for

non-viscous wall blockage effects, and a switch of the

scales from energy-containing to Kolmogorov, to ac-

count for viscosity effects very close to a wall. Therefore

it solves two additional equations in comparison with

the k–e model, i.e. a transport equation for v2 and an

elliptic equation for the elliptic relaxation parameter f .
The model equations and the parameters can be found

in Appendix A.

2. Case description

Two geometrical arrangements of nozzles have been

studied (Fig. 1), referred to as ‘‘square’’ set-up (1(a)) and
‘‘circular’’ set-up (1(b)). Both the square set-up and

circular set-up consist of nine nozzles and possess the

same axes of symmetry, i.e. along 0�, 45� and 90�. Be-

cause of symmetry, calculations can be done on one

quarter of the full geometry, as indicated by the shaded

area in Fig. 1. Actually, the calculations could have been

carried out even on 1/8th of the full geometry, but, for

convenience of grid generation, we did not exploit this
additional symmetry along the 45� axis. This redundant

symmetry therefore remains in the computational do-

main, with the obvious expectation that the predicted

flow field will reflect this symmetry. The dimensions of

both set-ups are the same: the distance from the nozzle

plate to the impingement plate is 4D, with D the noz-

zle diameter, i.e. H ¼ 4D. The spacing between the
nozzles for the square set-up and the spacing between

the central jet and the surrounding jets for the circular

set-up is 4D. This leads to the domain and boundary

conditions as shown in Fig. 1(c). The top is the plane

with the nozzles, the bottom is the impingement plane.

Two sides have symmetry boundary conditions, the

outlets have a prescribed pressure boundary condition.

The Reynolds-number, based on the bulk velocity and
the nozzle diameter is 20.000. At the inlet uniform

profiles for all the variables are assumed. The edges of

the domain are at 8D from the center of the domain.

The in-house CFD code used, called X-Stream, is

designed for the RANS equations and these equations

are solved using a multi-block, structured finite volume

method and the code is parallelized using MPI. The

pressure–velocity coupling is solved with the SIMPLE
algorithm (Patankar, 1980). The ILU solver (Stone,

1968) has been used for solving the system of linear

equations. The convective terms in the equations are

approximated using a blending scheme between upwind

and central differencing. For the k–e calculations the

grid consisted in total of around 80.000 cells. This re-

sulted in an average yþ value of 40 for the first com-

putational node above the impingement wall. A uniform
grid was used in the wall-normal direction. To test the

grid dependence, also computations were performed on

a finer grid, in which every cell was subdivided in eight

cells. The results did not differ significantly, so the first

grid was chosen for the computations. In the v2–f model

equations are integrated to the wall and therefore a finer

mesh near the wall is required. Therefore the grid used

consists of approximately 300.000 volumes and the av-
erage yþ value for the first computational node above

the impingement wall is 5. The grid was clustered near

the impingement wall. For this case both a coarser and a

Fig. 1. Top view of the two geometrical arrangements of nozzles, (a) square set-up, (b) circular set-up, and (c) the domain and the boundary

conditions.
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finer grid were also tested. The intermediate grid was

found to be sufficiently fine enough. The results are vi-

sualized on planes in the domain. The position of these

planes for the square and circular set-up are depicted in

Fig. 2.

3. Results

3.1. Square set-up

The pathlines are shown in Fig. 3 for the calculations

with the k–e model. The jets can be seen to leave the

nozzle exits and flow down towards the impingement

plate. In the stagnation region the jets are decelerated

and deflected. A wall jet, parallel to the impingement

plate, is formed. At the points where the wall jets meet,

an up-wash is created. Here the flow is going up towards

the nozzle plate, where it is again deflected and flows
along the top plate to the edge of the domain.

Both in Fig. 3(a) and (b) one clearly observes that the

computed flow field is not symmetric along the 45� axis.

Apparently, and contrary to what was hinted at in the

previous section, the predicted flow pattern does not

reflect the additional symmetry still residing in the ge-

ometry and boundary conditions. Instead, a vortex de-

velops (only) near the upper left nozzle, see Fig. 3(b). As

a result the jet from this nozzle is deflected outwards

(Fig. 3(a)). This deflection can be clearly seen in Fig. 4,

which shows the velocity component normal to the im-

pingement wall (positive upward) in plane 1 (see Fig. 2).

Both the k–e and v2–f model predict a deflection
outwards. As a result, the outer jet does not impinge

straight below the nozzle exit. Also the up-wash region

between the jets can be observed. The turbulent kinetic

energy in plane 1 is plotted in Fig. 5. The results reveal

the shear layer at the edges of the jet. The disturbed jet

can be clearly seen in the position of the shear layers of

the outer jet. To show that the disturbance is only pre-

sent near the upper left nozzle, in Fig. 6 the turbulent
kinetic energy in plane 2 is plotted. Both jets are un-

disturbed and impinge normally on the plate.

The observed asymmetric solution of the flow field is

very surprising and puzzling in our view. But unfortu-

nately the origin of the phenomenon is (at present) not

clear to the authors. We note that both turbulence

models, at least in a qualitative sense, agree on the mean

features of the flow. Of course, the first obvious expla-
nation would be a bug in the numerical code. Therefore

special care has been taken to be certain the asymmetry

is not a (simple) numerical artefact. Firstly, since the

results presented thus far involved steady calculations,

we considered unsteady calculations. Then also a vortex

would develop, which wiggled around a bit, until it

would eventually settle into a steady state similar to the

Fig. 2. Position of the visualization planes, (a) square set-up, (b) cir-

cular set-up.

Fig. 3. Pathlines for the square set-up, as predicted by the k–e model, (a) in the computational domain and (b) at 0:01D above the impingement plane.

One can clearly observe the asymmetry in the predicted flow field. A vortex has developed near the top-left jet (see (b)); this jet is disturbed and

deflected outwards (a).
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reported steady calculations. Secondly, since for the

convective terms blending between upwind and central

differencing was applied, we varied the blending factors.
The calculations would be started with typically 10% of

central differencing for all variables. The results then

already exhibit the broken symmetry. All final results

are obtained with 80% of central differencing for the

flow variables and 70% for the turbulent quantities.

Variation of these values only entailed marginal chan-

ges. Thirdly, we looked at grid dependence. For the

calculations with the v2–f model both a coarser and a

finer grid were tested. The average yþ value for the first

computational node above the impingement wall was

around 12 for the coarse grid and around 3 for the fine
grid. Still the calculations on these grids would converge

to an asymmetric solution very similar to the interme-

diate grid calculations. Next, because the vortex tended

to emerge always at the same location (near the upper

left jet in Fig. 2(a)), which is odd since there should not

be any preference due to symmetry in the physical sit-

uation, we did a number of checks: (a) we started with a

symmetric initial field constructed by mirroring the

Fig. 6. Turbulent kinetic energy in plane 2, square set-up; predictions by two turbulence models, (a) k–e, (b) v2–f . One can clearly observe the

differences between the two turbulence models: higher peak values with the k–e model and different locations of regions with high turbulent kinetic

energy.

Fig. 4. Wall-normal velocity component in plane 1, for the square set-up; predictions by two turbulence models, (a) k–e, (b) v2–f . The outer jet is

deflected.

Fig. 5. Turbulent kinetic energy in plane 1, for the square set-up; predictions by two turbulence models, (a) k–e, (b) v2–f . The shear layers show the

disturbed jet. The position of regions with high turbulent kinetic energy differs between the two models.
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solution from one half of the domain from the previous

computation: the asymmetry would soon develop again;

(b) we started with two vortices, again constructed from

the previous results: one vortex would disappear; (c) we
mirrored the solution along the 45� axis: nothing would

change. Other calculations also revealed that the vortex

has equal chance to develop on either side of the 45�
line. All in all, we concluded there is no specific prefer-

ence of the vortex on which side of the diagonal it ap-

pears. Another check was the computation of the full

domain for the square set-up (i.e. the entire domain

depicted in Fig. 1(a)). For this set-up no symmetry
boundary condition is used. As shown in Fig. 7(b) also

the flow field in the full set-up exhibits a broken sym-

metry. Due to the interaction of the jets, some jets are

disturbed. This is more clear from Fig. 8, which shows

the wall-normal velocity component in two planes (see

Fig. 7(a)). The left jet in plane 2 is pushed outwards,

while the jets in plane 1 are undisturbed.

Finally, we checked our results with a different code.
To this end we repeated the calculations with the k–e
model using the commercial CFD code FLUENT.

These calculations (Aubel et al., 2001) exhibited the

same asymmetry and were in excellent agreement with

the k–e results presented above. At this point we there-

fore conclude that the asymmetry is not a numerical

artefact. We come back to this issue in the discussion.

So far we have stressed similarities between the results
of the two turbulence models, however, close inspection

yields a number of significant differences. For a single

impinging jet the k–e model is known to largely over-

predict the turbulent kinetic energy in the stagnation

region and as a result also the heat transfer is over-

predicted (e.g. Thielen et al., 2001). The multiple im-

pinging jet results seem to exhibit the same deficit, as can

be seen in the stagnation region of both the center and
the outer jet in Fig. 6. The k–e model gives peak values

in these regions. The v2–f model does not show this

deficiency and predicts the maximum of k in the shear

layer and the wall jet. Also the peak value with the k–e
model is higher than with the v2–f model.

3.2. Circular set-up

In Fig. 9 the pathlines for the circular set-up are

presented. Note that the circular set-up has the same

number of nozzles and possesses the same axes of

symmetry as the square set-up (see Fig. 1). However, the

calculations for this set-up do not exhibit any anomaly

and appear to nicely reflect the symmetry along the 45�
axis, as one would expect. The two outer jets are slightly

curved in the middle of the domain, but still impinge
straight below the nozzle exit. This can be seen better in

Fig. 10, where the wall-normal velocity component

(positive upward) in planes 1 and 2 is shown.

The up-wash in between the jets can be observed. The

outer jets are pushed outwards in the middle. It also

shows the symmetry in the solution: The two planes 1

and 2 give similar solutions. Therefore in the sequel only

the solution in plane 2 will be shown.
The turbulent kinetic energy in plane 2 is plotted in

Fig. 11. Again the shear layers at the edge of the jet can

be clearly seen. These results again reveal the differ-

ences between the models, i.e. different peak values and

Fig. 7. In (a) the position of the visualization planes for the full square set-up is shown. In (b) the pathlines in a plane at 0:01D above the impingement

plane, as predicted by the k–e model, are visualized. The pathline pattern looks similar to what one would expect from mirroring the solution of Fig.

3(b).
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Fig. 8. Wall-normal velocity component in planes 1 (a) and 2 (b) for the full square set-up, as predicted by the k–e model. The left jet in plane 2 clearly

is disturbed.

Fig. 11. Turbulent kinetic energy in plane 2, circular set-up; predictions by two turbulence models, (a) k–e, (b) v2–f . The predictions between the

turbulence models are clearly different: different peak values are predicted and the locations of regions with high turbulent kinetic energy are different.

Fig. 9. Pathlines for the circular set-up, as predicted by the k–e model, (a) in the computational domain and (b) at 0:01D above the impingement

plane. The symmetry in the flow field can be observed.

Fig. 10. Wall-normal velocity component, result of the k–e model for circular set-up. (a) Plane 1, (b) plane 2. The results of the two different planes

again reveal the symmetry in the flow field.
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different locations of regions with high turbulent kinetic

energy. For the k–e model these regions are the shear

layer of the jets and the stagnation regions, while the v2–
f model predicts these regions in the shear layer and the

wall jet.

3.3. Heat transfer

For both set-ups the resulting heat transfer on the

impingement plane was calculated, using both turbu-

lence models. For the turbulent heat flux the isotropic
eddy diffusivity formulation was used:

hui ¼ � mt
rt

oH
oxi

ð1Þ

with rt the turbulent Prandtl number¼ 0.9. In Fig. 12

the Nusselt number distribution on the impingement

plane for the square set-up is plotted. The disturbed jet
loses some of its heating/cooling capacity. Both models

predict the peak value of the Nusselt number to be

about 20% less than that of the undisturbed jets. Be-

cause the k–e model predicts peak values for the tur-

bulent kinetic energy in the stagnation region, also a

peak value for the Nusselt number can be seen. The v2–f
predicts high turbulent kinetic energy in the wall jet. As

a result the peak values of the Nusselt number appear in
a larger area of the stagnation region.

For the circular set-up the Nusselt number distribu-

tion can be seen in Fig. 13. It again reveals the symmetry

in the results. Note however that the peak value of the

Fig. 12. Nusselt number distribution, square set-up; predictions by two turbulence models, (a) k–e, (b) v2–f . Note the difference in contour values

between (a) and (b). The disturbed jet loses some of its heating/cooling capacity. The k–e model predicts a small peak in the stagnation point (a). The

v2–f model results shows a larger region with a high Nusselt number (b).

Fig. 13. Nusselt number distribution, circular set-up; predictions by two turbulence models, (a) k–e, (b) v2–f . Both models predict a higher peak value

for the central jet, which seems to be stabilized and enforced by the outer jets.
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outer two jets is predicted to be lower than the peak

value of the central jet. The outer jets seems to stabilize

and enforce the central jet. The v2–f model results again

show the peaks in Nusselt number in a larger area of the
stagnation region.

4. Conclusions

In this paper the effect of geometrical arrangement of

nozzles in a multiple impinging jet set-up on the flow

field and resulting heat transfer was studied. The results
of two turbulence models (the k–e model and v2–f
model) have been compared. We studied a square set-up

and a circular set-up, both consisting of nine nozzles.

Quite surprisingly the square set-up results revealed an

asymmetric flow field in a situation where the geometry

and boundary conditions were symmetric. A vortex

develops near (only) one of the nozzles and as a result

this jet is deflected. Consequently also the heat transfer
of this jet is deteriorated. In contrast, the results for the

circular set-up, which has the same number of jets and

has the same axes of symmetry, appeared to be sym-

metric.

The occurrence of the asymmetric solution is puzzling

and raises some questions on the general applicability of

symmetry boundary conditions, as elaborated below. In

our study we made use of two out of three symmetries
present in the physical situation. We therefore applied

only two symmetry boundary conditions but did not

exploit the third symmetry (for convenience of grid

generation). But suppose we had made use of the third

symmetry. The resulting flow field would then have been

symmetric by construction. This implies that we would

have missed a very prominent feature of the flow field.

The central question then becomes: How can one decide

whether this is the case or not just by looking at the
computations? By the same line of reasoning we must

ask ourselves in retrospect whether the application of

the other two symmetries were justified or not. Com-

putations of the full geometry are not entirely conclu-

sive. At first sight, they seem to justify the application of

the two symmetry boundary conditions, because the

pathline pattern (Fig. 7(b)) looks similar to what one

would expect from mirroring the solution of Fig. 3(b).
However, the lower right quarter (still) deviates from

this expectation. It is also puzzling why the circular set-

up does not yield any anomalies. The differences

between the set-ups are only minor; in fact, the circular

set-up can be obtained from the square set-up just by

moving the diagonal nozzle jet slightly to the middle. If

one does this gradually, one must find a transition point

in between where the asymmetry vanishes. Simulations
of this effect indicate that already a marginal displace-

ment of the diagonal nozzle to the center results in a

symmetric flow field. This remains the case for all in-

termediate set-ups, up to the circular set-up. Interest-

ingly, however, first results of PIV measurements of the

flow field in the square set-up also reveal an asymmetric

occurrence of a vortex, see Fig. 14 (L. Geers, personal

communication).
Corroborating the notion that the asymmetry is

physical, another question is how it is possible in nu-

merical simulations to have a symmetric initial field and

symmetric boundary conditions and yet to end up with

an asymmetric solution? Minor disturbances can arise in

Fig. 14. Average velocity field of the square set-up at 0:54D above the impingement plane, obtained from PIV measurements (courtesy L. Geers); (a)

velocity vectors, (b) pathlines. These can be compared with the results of the computations in Fig. 3(b). The broken symmetry can be observed. A

vortex is present near the upper left nozzle.
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the simulations because the system of linearized equa-

tions is solved in an iterative and non-symmetric man-

ner. Apparently, in the square set-up, this small

asymmetry can then develop further. But in the circular
set-up, solved with the same procedure, apparently the

physics of the flow field suppresses these numerical

disturbances. So although the asymmetry originates

from the numerics, the asymmetry present in the final

solution is nevertheless a physical phenomenom. With

that in mind, it is worth considering to start a compu-

tation of a symmetrical domain and with symmetric

boundary conditions with an asymmetric initial field (for
instance by adding a small amount of noise). If the final

solution is then symmetric it is surely a realistic solution

representing the physics. Moreover, if an asymmetric

solution develops, this is also caused by the physics and

not by the numerical procedure, since the numerical

errors are much smaller than the noise.

Two turbulence models have been used in this study,

the k–e model and the v2–f model (Durbin, 1991).
Qualitatively the overall prediction of the flow field is

comparable for both models. For the turbulent kinetic

energy there are differences. The k–e model predicts

higher peak values than the v2–f model. As a result the

predicted heat transfer is higher with the k–e. Also the

position of regions with high turbulent kinetic energy is

different. The k–e model shows high values in the shear

layer of the jet and the stagnation region. The v2–f
model predicts high values in the shear layer and the

wall jet. The observed differences between the two

models are similar to what was found for a single im-

pinging jet (Thielen et al., 2001).

Regarding heat transfer, an important question is

which of the two geometries has the best heat transfer

characteristics. In the square set-up, the remaining un-

disturbed jets have the same peak value of the Nusselt
number as the central jet. In the circular set-up the outer

jets have a lower value than the central one. So it seems

that, by disturbing one jet, the other jets keep their full

heating/cooling potential. The peak value of the Nusselt

number of the central jet in the circular set-up is higher

than the peak value of the central jet in the square set-

up. The different predictions for the turbulent kinetic

energy by the two turbulence models, results in different
shapes for the heat transfer distributions. The k–e model

gives a peak value at the stagnation point, where also the

kinetic energy has a maximum. The v2–f model, which

predicts high kinetic energy values in the wall jet, pre-

dicts a larger region of high heat transfer in the stag-

nation region.
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Appendix A

In the v2–f model transport equations are solved for

k, e, v2 and f . These equations are given by:

Dk
Dt

¼ o

oxi
m

��
þ mt

rk

�
ok
oxi

�
þ Pk � e

De
Dt

¼ o

oxi
m

��
þ mt

re

�
oe
oxi

�
þ C0

e1Pk � Ce2e
T

Dv2

Dt
¼ o

oxi
m

�"
þ mt

rk

�
ov2

oxi

#
þ kf � v2

k
e

f ¼ L2 o
2f
ox2i

þ ðC1 � 1Þ
ð2
3
� v2

k Þ
T

þ C2

Pk

k

where Pk is the production of turbulent kinetic energy
and is given by

Pk ¼ 2mt
oUi

oxj

�
þ oUj

oxi

�2

The expression for the eddy-viscosity is mt ¼ Clv2T . In

these equations T is a time scale and L is a length scale,

which are calculated by the standard formulations and

the realizability constraints (Durbin, 1996):

T ¼min T 0;
affiffiffi
6

p v2k

Cl

ffiffiffiffiffi
S2
ij

q
0
B@

1
CA T 0 ¼max

k
e
;6

m
e

� �1=2
� �

L¼min L0;
1ffiffiffi
6

p v2k3=2

Cl

ffiffiffiffiffi
S2
ij

q
0
B@

1
CA L0 ¼ CLmax

k
3
2

e
;Cg

m3

e

� �1=4
 !

Here a is a model parameter and comparison with ex-

perimental data for a single impinging jet indicates that

a ¼ 0:6 is the optimum value (Behnia et al., 1996). The

other parameters of the model are:

C0
e1 ¼ 1:4 1

 
þ 0:045

k

v2

� �1=2
!

The boundary conditions at a solid wall are:

k ¼ 0; v2 ¼ 0; e ¼ 2mkp
y2p

; f ¼ � 20m2v2p
ey4p

where the subscript p means first computational point

near the wall.

Cl Ce2 C1 C2 CL Cg rk re

0.22 1.9 1.4 0.3 0.25 85.0 1.0 1.3
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