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Abstract

Multiple impinging jet (MIJ) is widely used for cooling of in-
dustrial applications such as electric device, blades of gas tur-
bine, hot steel and so on, since it possesses high performance
of heat transfer rate and is easier to implement into various sys-
tems. Thus, in order to improve the heat transfer performance, it
is indispensable to elucidate the detail of flow phenomenon. In
the present study, in order to analyze the flow and heat transfer
characteristics formed by the interaction of M1J, we conduct the
DNS (direct numerical simulation) of 13 and 19 round imping-
ing jets and investigate the influence of interference between
jets. From the instantaneous velocity distribution, it is observed
that each jet impinges the impingement wall and diffuses in the
radial direction in both multiple jets. From the time-averaged
velocity and Nusselt number distribution, it is confirmed that
flow phenomena such as up-wash flow due to the interaction

between jets are generated and that the Nusselt number shows

a high value at the impinging points and decreases toward the
outside of the calculation region. In addition the heat trans-
fer performance decreases in the interaction region between the
jets.

Introduction

Impinging jet is widely used for cooling of industrial applica-
tions such as electric device, blades of gas turbine, hot steel
and so on, since it possesses high performance of heat trans-
fer rate and is easier to implement into various system. Their
characteristics are reviewed by a few notable literatures[7, 14].
Impinging jets are subdivided into three regions, such as free jet
region, stagnation region and wall jet region[14]. Their perfor-
mance of heat transfer on the impingement wall is depending on
the Reynolds number, the shape of nozzle, the number of noz-
zle, the distance between the nozzle and the impingement wall
and so on[14]. In particular, although a single impinging jet
produces high heat transfer rate around an impinging position
on an impingement wall, the heat transfer performance decays
with increasing the distance from the impinging position. Thus
in order to overcome the shortcoming of single impinging jet
(S19), i.e., the occurrence of both inhomogeneous heat distribu-
tion on the wall and the narrow heating area, MIJ is generally
introduced in industrial applications. Thus far it is well-known
that each jet of MIJ interacts with each other, producing a com-
plex flow field[4, 15]. In addition, the heat transfer performance
is significantly influenced with their interaction. Therefore to
realize an optimum heat transfer performance, the influence of
geometrical arrangement of jets, i.e., the separation length be-
tween jets, the arrangement pattern, should be investigated. Re-
cently significant advances of computer power lead to the real-
ization of fluid phenomena including miniature vortices through
the DNS. Under the state of the art, we found the effective-
ness of the active control of a round jet for the mixing enhance-
ment[13]. Also DNS of impinging jets and highly resolved LES
(large eddy simulation)[5] have demonstrated the flow structure
and the statistical properties of heat transfer. Hence at present
computer simulations are capable of conducted so far [5, 6, 12]
systematically investigating the effect of control parameter. The

computer simulation of SIJ using RANS, LES, and DNS has al-
ready been conducted, however, since for the MIJ it needs a
huge computer power, steady flow simulations are mainly con-
ducted. In addition, since there is no reliable turbulence model
for multiple impinging jets, low Reynolds number flows (lami-
nar flows) of MIJ are mainly investigeted[1]. Recently the LES
of MIJ just appeared[3, 9], however, the results of thermal field
were not well reported. In the present study, we conduct DNS
of 13 and 19 round impinging jets and investigate the influence
of interference between jets.

Numerical method

Governing equations and their discretization

Under the assumption of incompressible flow, the governing
equations are as follows:
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whereu; is velocity componentp is total pressureT is tem-
perature and;jx is Levi-Civita symbol. The convective terms
of Eq.(2) is described as rotational form. Above equations are
normalized by both the diameter of the inlet jptand the inlet
velocity, Vo. Reynolds number and Prandtl number are defined
asRe=VD/v (v: dynamic viscosity) an&r =v/a (a:thermal
conductivity), respectively. The computational volume is a rect-
angular box. The origin of axes is set at the center of an im-
pingement wall. The wall-normal directioy(= x) and two
horizontal directionsx(= x1), z(= x3) are set, and the veloc-
ity component for each direction denotgs= u; ), v(= up) and
w(= ug), respectively. The spatial discretization is performed
with sine or cosine series expansionxiand z directions and
6th-order compact scheme[8] yrdirection. The velocity com-
ponents are discretized as follows so that the boundary condi-
tions are satisfied:

u(x,¥,2) = Umn(y)cogkmx)sin(knz)
vV(X,y,2) = Z Vmn(Y) sin(kmX) sin(knz) (4)
w(x,y,z2) = Z Wmn(Y) Sin(kmx) cogknz)

In order to remove the numerical instability due to the nonlin-
ear terms, the 2/3-rule[2] is applied for the horizontal directions
and an implicit filtering for the wall-normal direction is con-
ducted with 6th order compact scheme. For the time advance-
ment, third order Adams-Bashforth method is used. The well-
known MAC method is employed for pressure-velocity cou-
pling, which results in a Poisson equation for the pressure. After
the Poisson equation is expanded with sine serigsaimdz di-
rections, the independent differential equations are obtained for
each wave number and then is discretized with sixth order com-
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Figure 1: Coordinate system and computational domain
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Figure 2: Sample fringe function

pact scheme. Finally, the penta-diagonal matrix is deduced for
each wave number. In the present simulation code, these matri-
ces are solved using the LU Decomposition method. When vor-
tical structures approaches the side boundary of impingement
wall, relatively strong low-pressure regions being formed by
vortical structures do not meet the pressure boundary condition,
i.e. p=0. In the present simulation, since the spectral method
is used, the occurrence of this discrepancy at the side boundary
induces the unphysical numerical oscillation in the whole flow
field. Thus the vortical motions should be artificially reduced
near the boundary. In the present simulation, a fringe (buffer)
region[10] is introduced around side boundary in order to re-
duce the perturbation using an appropriate external force. The
external force is assumed to be as follows:

G = —)\(U— Uref)

whereue f is objective velocity. Thus the external force contin-
ues to work until the objective velocity is attained. In the present
simulation, in order to allow smooth flow outside the computa-
tional domain, the external force normal to the side boundary
is set to zero, while the tangential component of external force
is imposed under the conditiages = 0. Finally the external
forces are determined as follows:

Gy = —-A2u
Gy —(AX)+A(2)v ©)
G, = —-Axw

where the coefficierk means strength of the external force. In
the present computations,s set as shown in figure 2.

Calculation conditions

The inlet velocity distribution is assumed to be top-hat type,
which is given as follows:
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whereVj is the center velocitydy denotes the initial momen-
tum thickness an®k(= D/2) is radius of an inlet jet. This in-
let velocity profile is selected by referring to the literature[11].
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Figure 3: Geometrical arrangements of nozzles
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Figure 4: Contour of mean velocity magnitude

10.0

(R/6p = 20). In the present simulations, the distance to the
impingement wallH is H/D = 4. Computational conditions
such as the size of computational domain, the grid number,
the Reynolds number, the Prandtl number(k, Hy,Hz) =
(24D,4D,24D), (Nx,Ny,N;) = (128 100,128), Re= 1500 and

Pr = 0.71, respectively. The grid spacing of wall-normal di-
rection is densely populated near wall region. The inflow tem-
perature Tp and the ambient temperatuii, are assumed to be
higher than the wall temperaturgy, i.e,, To = Ta > Tw. The
statistical properties are averaged over the time. In the present
study, with reference to the paper[9] 13 and 19 jets are arranged
as shown in figure 3. The separation betweengetss/D = 2.0

Results and discussions

Flow structure

The 3D contour surfaces of time-averaged velocity magnitude
observed from the inlet of jets are shown in figure 4. It is ob-
served that from each inlet which is colored red in figure 4,
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Figure 5: Contour of mean velocity magnitude on planel
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Figure 8: Distribution of normal verocity
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Figure 9: Contour of mean local Nusselt number
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on planel, the flow region spreads away from the impinging
surface and then, a radially outer flow (cross flow) appears. On

each jetissues, impinges and then spreads over the impingement the other hand, on plane2 the wall jet spreads along the wall.

wall. The flow over the impingement wall blows out strongly
between the outer jets. The contours of time-averaged velocity
magnitude on th& —y plane (planel) ang— z plane (plane2)
through the central jet located at=z= 0 are shown in fig-

ure 5 and 6, respectively. The high-speed region indicated by
red color corresponds to free jet region categorized in [7, 14].
According to the cutting plane, i.e., planel and 2, the existence
of three or five jets are confirmed. The velocity magnitude of
each jet is reduced as approaching the impingement wall, in ad-
dition, the central jet seems to be a nearly axisymmetric, while
the outer jets are not. This characteristics are qualitatively the
same in both planel and 2. The characteristics of flow regions
indicated by green in the vicinity of the impingement wall show
different features between planel and 2. In case of the 13 jets,

In case of the 19 jets, a wall jet is generated on planel, and
a cross flow occurs on plane2. In order to investigate the rea-
son why the cross flow occurs, a case with 7 jets obtained by
removing 6 outer jets from the 13 jets is examined. In figure
7, it can be seen that cross flow is not confirmed, and that the
flow in the vincinity of the impingement wall, i.e., wall jet is
formed. Thus, it turns out that the equipment of outer jets de-
termines the occurance of a cross flow, while since in the 19
jets the cross flow is not observed, thus increasing number of
outer jet does not always contribute to the cross flow formation.
In order to quantitatively investigate the flow feature between
the jets, figure 8 shows the wall-normal velocity distribution at
y/D = 2.0 on planel and 2. It can be seen that the up-wash flow
(v> 0) is generated in the direction opposite to the issuing flow



from the inlet. There is no obvious difference in the value of
the up-wash peak between planel and 2. But in the direction
parallel to the horizontal axis, the scale of the up-wash flow on
plane2 is larger than that on planel. The large-scale up-wash
structure is formed between jets on plane2. The 13 and 19 jets

have the same characteristics in the points that the up-wash flow

is generated.

Heat transfer characteristics

In order to evaluate the qualitative heat transfer characteris-
tics of the time-averaged local Nusselt number contour on the
impingement wall is shown in figure 9. Nu is defined with

Nu= T D

T—r- Ingeneral, it is well known that SIJ has
—Q '0—'w
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high heat transfer performance in the stagnation region formed
in the vicinity of the impingement point; the heat transfer per-

formance decreases radially as the radial distance increases [7,

14]. From figure 9, the characteristics of SIJ remain even in the

MIJ;

high heat transfer performance near the impinging point

of each jet and the heat transfer performance promptly decays
away from jet itself. The heat transfer performance between
the impinging jets decreases by the influence of interference as
mentioned in previous literatures [13, 15]. In addition, high heat
transfer area of the central jet distributes as a circle, but that of
the outer jetis elliptical. Such a feature is attribute to the modu-
lation of impinging flow as mentioned in figure 5. Focusing on
the outer jet of the 19 jets, the Nusselt number of the outer jets
alternately varies along azimuthal direction. Namely, compared

the 13 and 19 jets, even though 6 jets are added to outer of the

13 jets, the distibution of peak value is influenced, peculier pat-

tern in the 19 jets appears. It demonstrates that the local heat

transfer performance of MIJ is not well predictable using that
of similar MIJ. In order to quantitatively evaluate the local heat
transfer characteristics, the distribution of Nusselt number on
planel and 2 are shown in figure 10. As can be confirmed in
figure 9, the peak of Nusselt number is formed at the impinge-

ment point and decreases towards the outside. At the same time,

the peak value of the 19 jets is lower than the 13 jets, however,
since the strength of cross flow directly depends on the number
of jet, the cross flow of the 19 jets induces high forced convec-

tion,
the heat transfer performance between the jets is reduced by in-

resulting in higher heat transfer outside of MIJ. Although

terference, a different distribution of Nusselt numbers between
planel and 2 appears: only one minimum between jets is on
planel, a peak and two valley on plane2. The peak value of
Nusselt number between jets on plane2 is taken by the combi- (11]
nation of adjacent jet flow interference. Not shown here, we

confirm the valley corresponds to a center enclosed by the three

jets.

Conclusions

In the present study, in order to elucidate the flow and heat char-
acteristics of multiple impinging jets, we conduct the DNS of 13
and 19 round impinging jets. Conclusions are as follows:

In MIJ, it reveals that the formation of up-wash flow be-
tween jets and of cross flow is attributed to the jet-jet in-
teraction, and that the combination of these flow induces
complex flow field of MI1J.

From analysis of the heat transfer performances, the peaks
of Nusselt number are formed around impinging position
of each jet, demonstrating even in the MIJ non-uniform
distribution are formed. Although the cross flow slightly
reduces the local peaks of Nusselt number, however, heat
transfer surroundings of MIJ is enhanced due to the cross
flow.
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