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Abstract

The effect of jet-to-jet spacing on the local Nusselt number for confined circular air jets vertically impinging on a flat
plate is investigated. Five jets in equilaterally staggered arrays are considered. The surface heat flux on the plate is 1500
W m~2. The jet diameter is 3 mm. Three different jet Reynolds numbers (Re = 10,000, 20,000 and 30,000) are indi-
vidually considered. The influence of jet-to-jet spacing, Re and jet height on the stagnation Nusselt number of the center
jet is experimentally investigated. An optimum ratio of jet-to-jet spacing to jet diameter, (s/d),,, is obtained. The
existence of the (s/al)Opt is attributed to jet interference before impingement and/or formation of jet fountain between
two adjacent jets. The stagnation Nusselt number is correlated as a function of Re, s/d and H/d. © 2001 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Jet impingement can be found in many engineering
applications. In steel or glass industry, impinging jets are
applied to temper products after rolling. In gas turbine
engines, impinging jets are used in cooling of turbine
vanes. Recently, jet impingement cooling has been ap-
plied to electronic devices in order to meet the demand
of compactness and high power consumption. Besides
the above applications in cooling, impinging jets are also
adopted in paper industry to enhance drying processes.

The flow field of a confined axisymmetric impinging
jet was studied experimentally by Garimella et al. [1] and
Fitzgerald et al. [2]. In their work, a toroidal recircula-
tion flow was mapped and the stagnation Nusselt
number was expressed as a function of Reynolds num-
ber, Prandtl number, jet hole aspect ratio and jet height.
Many other researches related to impingement heat
transfer of a single jet are elaborated by Garimella et al.
[1], Fitzgerald et al. [2] and San et al. [3]. Similarly, a
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large amount of work related to impingement heat
transfer of multiple jets is also available. Gardon et al.
[4] investigated the heat transfer characteristics of two-
dimensional air jets impinging perpendicular to an iso-
thermal flat plate. The average Nusselt number of a
square in-line array of confined circular air jets im-
pinging perpendicular to a flat plate was obtained by
Kercher et al. [S]. The heat transfer characteristics for
several in-line and staggered arrays of circular air jets
impinging on an isothermal plate were investigated by
Metzger et al. [6] and Florschuetz et al. [7-12]. Some of
their results will be compared with the data obtained in
this work.

Saripalli [13] conducted a flow visualization of
multiple jet impingement. A fountain between two ad-
jacent jets was observed. The interaction between the
fountain and the two jets was found to increase with
decreasing the jet spacing. The local Nusselt number for
staggered arrays of circular air jets impinging on a
constant heat flux surface was obtained by Behbahani et
al. [14]. A relative maximum of Nusselt number, be-
tween two adjacent jets in the streamwise direction, was
clearly observed. The occurrence of this maximum is
attributed to an increase of the turbulence intensity re-
sulting from the interaction of the two jets. Glodstein
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Nomenclature

aye  coeflicients

cij functions of Re

d jet hole diameter (mm)

h convective heat transfer coefficient
(Wm2K™

H distance from jet exit to impingement plate
(mm)

k thermal conductivity of air (W m~' K™")

Nu local Nusselt number, hd/k

q surface heat flux (W m~2)
0 volumetric flowrate (m3 s')
Re Reynolds number, 4Q/nvd

s jet-to-jet spacing (mm)

Tow adiabatic wall temperature (°C)

jet total temperature (°C)

heated wall temperature (°C)

width of heated area (mm)

streamwise coordinate (mm)
coordinate perpendicular to streamwise
direction (mm)

= = %éﬂ\ﬁ

Greek symbols

o power of Reynolds number
oy, functions of Hld

Py, coeflicients

v kinematic viscosity (m? s~')
Subscripts

opt  optimum value

sg stagnation point of center jet

et al. [15] used a liquid crystal system to visualize the
isotherms on a heated plate which is exerted with a
multijet impingement cooling. This technique can clearly
characterize the heat transfer of a jet array. Slayzak et al.
[16] investigated the effect of jet interaction on the local
heat transfer for two-dimensional impinging jets. A
maximum convective heat transfer coefficient between
two stagnation lines was found. The existence of this
maximum, as explained in the above, is due to the jet
fountain. Huber et al. [17,18] investigated the effect of jet-
to-jet spacing on the convective heat transfer to in-line
arrays of circular air jets. The result reveals that the local
Nusselt number decreases with the jet-to-jet spacing. For
a fixed jet-to-jet spacing, the adjacent jet interference
before impingement reduces as the jet height decreases.

Although there were many research works dealing
with impingement heat transfer of jet arrays, as a whole,
there are still many blind spots which need to be clari-
fied. In this work, the distribution of local Nusselt
number for five confined circular air jets in staggered
arrays vertically impinging on a flat plate is experimen-
tally determined. The effect of jet-to-jet spacing on the
stagnation Nusselt number of the center jet is investi-
gated for various Reynolds numbers and jet heights. It is
intended to obtain a design strategy of jet-to-jet spacing
for staggered arrays of confined impinging air jets.

2. Local Nusselt number

In this work, five impinging jets in staggered arrays
are considered (Figs. 1 and 2). The local convective heat
transfer coefficient, /4, between the jet flow and im-
pingement plate is defined as follows:

q
=TT W

In Eq. (1), both the T}, and T, are locally measured. In
many cases, (7; — T,y) is small. Thus this temperature
difference can be neglected and the adiabatic wall tem-
perature, T,,, in Eq. (1) can be replaced by the jet total
temperature, 7;.

In the experiment, the jet hole diameter, d, is 3 mm.
The ratio of heated width to jet diameter, W /d, is 29.17.
The orifice aspect ratio is 1.0 and the surface heat flux, g,
is 1500 Wm~2. The local Nusselt number in the flow
direction (y = 0) can be expressed as a function of sev-
eral variables as follows:

qd

Nu = Nu(H/d,x/d,Re,s/d) = AT T

2)
The parameters, H/d, x/d, Re and s/d, are treated as the
variables in the measurement. In Eq. (2), the thermal
conductivity of air, k, is 0.026 W m™! K~'. In this work,
for the sake of brevity, the local Nusselt number at the
stagnation point of the center jet (x =y = 0), Nu, is
used to represent the overall heat transfer of the corre-
sponding jet array.

3. Apparatus and experimental procedure

Fig. 3 shows the experimental set-up for the
measurement. The high-pressure air is supplied by a
large reciprocating air compressor. The air pressure in
the compressor tank is in the range of 5-6 kg cm™2. A
pressure regulator is installed at the exit of the tank to
control the exit air pressure. The high-pressure supplied
air needs to be purified before it is used for impingement
cooling. This is done by installing a vapor compression
type dehumidifier for dehydration and by installing
several adsorption columns filled with activated carbon
particles for oil removal in the air supply line. The de-
humidified air is stored in a large surge tank in which the
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Fig. 1. Impingement plate and jet plate.
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pressure is maintained at 3 kg cm~2. The function of the
surge tank is to diminish the pressure fluctuation due to
the on—off cycling of the air compressor. A pressure
regulator is installed at the exit of the tank to control the
exit air pressure. In order to reduce the temperature
variation of the supplied air, a temperature-controlled
water bath embedded with a heat exchanger coil is in-
stalled. In doing so, both the temperature variation of
the water and the temperature variation of the high-
pressure air are controlled within 0.2°C.

Both liquid crystal technique and infrared technique
are widely applied to measure temperature distributions
on solid surfaces. For two-dimensional measurements,
these two techniques provide researchers not only with a
continuous temperature map, but also with a short
measuring time. Nevertheless, the obtained data from
these two techniques quantitatively are not as accurate
as those obtained from traditional thermocouple tech-
nique. Thus in this work, instead of using liquid crystal
technique and infrared technique, a thin T-type ther-
mocouple is adopted to measure the local temperature
on the impingement plate.

The jet plate and the impingement plate are shown in
Fig. 1. The width of the two plates is 260 mm and the
length is 400 mm. The air in the channel is restricted to
flow only in two opposite directions as shown in Fig. 1.
Nine 0.01 mm thickness stainless steel heating foils are
attached to the impingement plate by using a non-con-
ductive adhesive. The width of the heating foil is 12.5 mm

and the length is 400 mm. The discontinuities between
two neighboring heating foils are filled with a silicon
material to produce a smooth impingement surface. The
joint between the heating foil and the electricity wire is
carefully soldered to access a negligible voltage drop. The
resistance of every heating foil is carefully examined to
ensure the heating is uniform on the surface.

Seventy-six T-type thermocouples are embedded be-
neath the middle heating foil. The spacing between any
two neighboring thermocouples is 3 mm. The diameter
of the thermocouples is 0.1 mm and the bead is less than
0.25 mm. Besides the adhesive layer, a thermally well-
conductive paste is applied between the heating foil and
the thermocouple beads. The paste is also dielectric. This
insures that the signals of the thermocouples are not
disturbed by the electricity on the heating foil. A d.c.
electric current is conducted to heat the foils with a
uniform heat generation rate. The supplied power to the
heating foils is measured by using a digital power meter.
The heating foils are stuck on a bakelite plate which has
a thickness of 15 mm. Below the bakelite plate, there is a
15 mm thickness fiberglass insulation. At the bottom of
the impingement plate structure, there is another
bakelite plate with a thickness of 20 mm to support the
insulation. The jet plate is made of acrylic. To reduce the
heat loss from the jet plate, it is covered with a 20 mm
thickness PS foam.

In this experiment, the jet plate can be moved in the x
and y directions individually by adjusting two screws.
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The jet plate is positioned by using two linear photo-
electronic scales, which provide a smallest readout of
0.001 mm. In the present work, only one thermocouple
is used throughout the entire measurement. In doing so,
the inaccuracy of the temperature measurement can be
minimized. The measurement is conducted in a room
with air conditioning. In such an arrangement, the room
temperature can be controlled within a deviation of
1.5°C from the jet total temperature. During the oper-
ation, a long time period is needed for the system to
reach a thermally steady-state condition. In this work, a
waiting period of 3 h is set at the beginning of every
adiabatic or heated wall measurement. After that, for
every point measurement, there is a waiting period of
10-15 min. The temperature of the measured point is
recorded by a HP-3497 data acquisition system. The
obtained data are analyzed by using a personal com-
puter.

A turbine flowmeter (EG & G) is installed in the air
supply line. The turbine flowmeter is used to calibrate
five pressure gauges for every measured Reynolds

number. The calibrations are performed individually for
every pressure gauge. Once the calibrations between the
pressure and Reynolds number for the five air lines are
done, the valves in front and after the turbine flowmeter
will be closed. The flow is then bypassed in a tube di-
rectly to the corresponding pressure gauge and jet hole
plate. In doing so, the flowrates of the air jets can be
accurately controlled by observing the scales on the
pressure gauges.

4. Error analysis

In this work, a high accuracy of the measurement is
demanded. The uncertainty of the experiment mainly
results from the measurement of jet mass flowrate and
that of convective heat transfer coefficient. The former is
due to the inaccuracy of the turbine flowmeter. Ac-
cording to the manufacturer’s supplied data, this inac-
curacy is assured to be within 1%. The inaccuracy of the
latter is attributed to the heat flux error and temperature
error in the measurement. The surface heat flux on the
heating foils is mainly affected by radiation loss, non-
uniformity of heating foil, lateral solid heat conduction
and heat loss through insulation. The temperature error
results from two reasons. One is the thermal resistance
of epoxy resin between the center heating foil and
thermocouples. The other is related to the quality of the
thermocouples. By performing a detailed analysis, the
maximum possible errors due to the above factors are
individually obtained as follows:

A. Heat flux error:

(1) radiation loss: 2.5%
(i) non-uniformity of the heating foil: 4.3%
(iii) lateral solid heat conduction: 0.7%
(iv) heat loss through insulation: 0.6%
B. Temperature error:
(1) thermal resistance of epoxy resin: 0.01 K
(ii) inaccuracy due to thermocouple: 35 £+ 0.2°C

In evaluation of the convective heat transfer coef-
ficient, only the difference of the adiabatic wall temper-
ature and heated wall temperature is needed. In this
work, the same thermocouple is used to measure these
two temperatures, thus the inaccuracy of the tempera-
ture measurement is reduced. Neglecting the error in the
temperature measurement, the uncertainty of the Nus-
selt number in this experiment is less than 5.1%.

5. Results

From the results of Saripalli’s flow visualization [13],
the heat transfer of an impinging jet array is believed to
be strongly affected by jet interference before impinge-
ment and/or jet fountain. The jet interference before
impingement, as shown in Fig. 4, happens in the case
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Fig. 3. Experimental apparatus.

with a small jet spacing. For a small jet spacing, due to
shear layer expansion, an interference between two ad-
jacent jets will occur before impingement. This inter-
ference would weaken the jet strength and eventually
degrade the heat transfer of the jet array. The jet foun-
tain, as shown in Fig. 5, is mainly attributed to the face-
to-face encounter of the two adjacent wall jets. If the
strength of this interaction is strong, a fountain will
form between the two jets. Due to entrainment effect,
both the flow on the right side and the flow on the left

side of the fountain will recirculate and thus the heated
air will reenter the core of the jets. This will also affect
the heat transfer of the jet array. In this work, the effects
of jet interference before impingement and jet fountain
on the heat transfer of the considered jet arrays are in-
vestigated through an experimental measurement. The
results of this measurement are presented in the fol-
lowing.

Fig. 6 shows the temperature distributions on the
impingement plate for the s/d of 4.0 and the H/d of 2.0.

~— Fountain

Fig. 5. Jet fountain in a multijet impingement.
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Fig. 6. Temperature distributions.

For the case with the Re greater than 20,000, it shows
that a minimum temperature occurs at the x/d of 1.0.
The location of the minimum temperature for the
multiple jet impingement appears to be very close to that
for a single jet impingement [3]. As pointed out in the
literature [3], the formation of this minimum tempera-
ture is due to the occurrence of the transition point.
Before the transition point the jet flow is in the im-
pingement region. As the flow passes through the tran-
sition point, the jet flow will be in the wall jet region. For
the case with the Re of 10,000, the strength of the jet
flow is weak, thus the above minimum point does not
exist.

Fig. 7 shows the distributions of the local Nusselt
number for the same three cases as considered in Fig. 6.
In Fig. 7, due to the fountain effect, the heated air is not
easy to be expelled from the space near the center jet.
Thus the heat transfer near the stagnation point of the
center jet (x = y = 0) is deteriorated. Besides that, due to
the flow acceleration from the impingement region to the
wall jet region, there exists a maximum Nu at the tran-
sition point (x/d ~ 1). However, for the case with the Re
of 10,000, the wall jet is weak and thus this maximum
Nu is not as clear as that for the case with a high Re. As
shown in Fig. 7, for the x/d in the range of 2.0-3.5, the
decreasing of the Nu tends to be sluggish with an in-
crease of the x/d. As indicated in the literature [14,16],
due to a high turbulence intensity of the flow at the lo-
cation of the fountain, the local heat transfer is en-
hanced. In this work, the temperature distribution is
measured along the x-axis. As shown in Fig. 1, this
measured region is surrounded by the three jets on the
right-hand side. Although this flow field is complicated,
the fountain effect due to the interaction of the three jets
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Fig. 7. Local Nusselt number (H/d =2, s/d = 4).

is believed to be the reason causing the flat portion on
the curves for the x/d in the range of 2.0-3.5.

Fig. 8 shows a similar result as that in Fig. 7. How-
ever, the considered s/d in Fig. 8 is greater than that as
considered in Fig. 7. For a larger s/d, the heated air is
easier to be expelled from the space near the center jet.
Thus, in Fig. 8, the local maximum Nu at the x/d of 1.0
disappears. Besides that, the location of the fountain is
beyond the measured region, thus the flat portion on the
curves cannot be clearly observed. In this analysis, it
also found that, for an increase of the H/d and a
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Fig. 8. Local Nusselt number (H/d =2, s/d = 8).
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decrease of the s/d, the uniformity of the Nu distribution
tends to increase. For the sake of brevity, the detailed
experimental data illustrating this phenomenon are not
shown in this paper.

Figs. 9-12 exhibit the effect of Re on the stagnation
Nusselt number (x = y = 0), respectively, for the H/d of
2.0, 3.0, 4.0 and 5.0. In Fig. 9, there exists a maximum
Nug, for every curve. To the left of the maximum, the jet
fountain is strong. Thus, as the s/d increases, the
fountain effect rapidly diminishes. This results in an in-
crease of the Nu,, with the s/d. To the right of the
maximum point, due to an increase of the heated area
under the jet array, the Nu,, begins to decrease with
increasing s/d. Fig. 9 indicates that the optimum s/d,
corresponding to the maximum Nu,, is 8.0 for all the
three considered cases. This implies that the Re has very
little effect on the optimum s/d. The considered case in
Fig. 10 corresponds to the H/d of 3.0. A similar trend as
that in Fig. 9 is observed. In Fig. 10, since the corre-
sponding jet height is larger than that as considered in
Fig. 9, the strength of the jet fountain becomes weaker.
Thus, to the left of the maximum point, as the s/d in-
creases, the fountain effect slowly diminishes and the
maximum Nu, begins to occur at the s/d of 12.0.
Metzger et al. [6] performed an experimental measure-
ment to investigate the heat transfer characteristics for
in-line and staggered arrays of the circular jets. In their
work, 10 rows of jet holes in the chordwise direction
(flow direction of spent air) impinging on an isothermal
surface were considered. For various values of H/d, Re
and s/d, the spanwise averaged Nusselt number was
measured. Although the experimental setup in their
work is not the same as that in this work, some of their
measured data for staggered arrays of impinging jets still
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can be used to compare with those as shown in Figs. 9
and 10. Table 1 shows the measured data obtained by
Metzger et al. [6] and those obtained in the present
work. The comparison indicates that a mean deviation
of 10% for the six sets of data between these two
measurements.

The Nus, for the H/d of 4.0 is represented in Fig. 11.
As shown in the diagram, for the case with the Re
greater than 20,000, there exists two relative maxima of
the Nus, for every curve. The corresponding s/d for the
first relative maximum is 6.0 and for the second relative
maximum is 12.0. The formation of these two maxima
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has been roughly interpreted in the beginning of this
section. For the case with a small s/d, if both the H/d
and Re remain unchanged, an increase of the s/d results
in a reduction of the jet interference [17]. Thus the Nus,
increases with the s/d. A further increase of the s/d, a
fountain forms. Due to the fountain effect and an in-
crease of the corresponding heated area, the Nuy, will
descend. Thus the first relative maximum appears in the
diagram. If the s/d is still increased, the strength of the
jet fountain will gradually decrease and the Nug, will rise
again. As the s/d exceeds a certain value, the Nug, will
descend and eventually it will approach the value for a
single jet impingement. Under this circumstance, the
second relative maximum forms. The result shown in
Fig. 11 is different from those as shown in Figs. 9 and 10.
In Figs. 9 and 10, the first relative maximum of the Nug,
due to the jet interference before impingement, does not
appear in the results. One possibility for this phenom-
enon could be due to a weak jet interference for the case
with a low H/d. Another possibility could be due to the
limitation of the experimental apparatus. In this work,

Table 1
Comparison of experimental measured data

the smallest s/d that can be arranged is 4.0. If the first
relative maximum of the Nu, occurs at an s/d less than
this value, obviously this point would not be observed in
the present results.

As shown in Fig. 11, for the Re of 30,000, the second
relative maximum is higher than the first relative maxi-
mum. As the Re decreases, the second relative maximum
also descends. For the Re of 20,000, the corresponding
value of the first relative maximum is almost the same as
that of the second relative maximum. In other words, in
this case, the heat transfer performance of the jet array
with the s/d of 6.0 is almost the same as that with the
s/d of 12.0. For the Re of 10,000, the strength of the wall
jet is weak, thus the fountain effect is not observable
from the present heat transfer data.

Fig. 12 shows the Nuy, for the H/d of 5.0. For a
larger H/d, the shear layer would expand wider before
jet impingement. As indicated in the result, the jet in-
terference before impingement is very severe, thus the
first relative maximum of the Nu, is quite pronounced.
The result also shows that the first relative maximum is
higher than the second relative maximum. From a de-
sign viewpoint, for the H/d of 5.0, the optimum s/d
should be based on the first relative maximum instead of
the second relative maximum.

Figs. 13—15 exhibit the Nuy,, respectively, for the Re
of 30,000, 20,000 and 10,000. In Fig. 13, it clearly shows
that the second relative maximum of the Nu,, decreases
with increasing the H/d. As the H/d increases, the
corresponding s/d of this second relative maximum also
tends to increase and it varies in the range of 8-12. For
the jet height (H) larger than 4.0d, which exceeds the
length of the potential core of the jet, the first relative
maximum appears at the s/d of 6.0. For the H less than
4.0d, as explained earlier, the first relative maximum
cannot be observed. Fig. 14 exhibits a similar result as
that in Fig. 13. However, due to a difference in the Re,
the corresponding values of the Nug, in the former are
less than those in the latter. Fig. 15 shows the result for
the Re of 10,000. As explained earlier, for the case with a
low Re, the strength of the wall jet is weak, thus the
fountain effect is not significant. This results in the

Non-dimensional parameters

Spanwise averaged Nu at the 2nd row Nug,
(Metzger et al. [6])

H/d =2
Re = 10,000, s/d = 6.4 44
Re = 10,000, s/d = 10.2 40
Re = 20,000, s/d = 10.8 52
H/d =3
Re = 10,000, s/d = 6.4 44
Re = 10,000, s/d = 10.2 38

Re =20,000, s/d = 10.8 50

42
45
60

35
38
55
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Fig. 13. Nug, for Re of 30,000.
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Fig. 14. Nug, for Re of 20,000.

disappearance of the second relative maximum of the
Nug, for H/d > 4.0

6. Curvefitting of Nu,

The experimental data in Figs. 13—15 are correlated
by using the following expression:

Nugg = (s/d)en 20/ Re*, (3)

where

50.00
Re = 10,000

2500 — l — 7
4.00 8.00 12.00 16.00

Fig. 15. Nug, for Re of 10,000.

m =) Bi(H/d) and @ =3 y(H/d).

The coefficients in the above equation and the corre-
sponding errors between the experimental data and
correlation results are listed in Table 2.

The same experimental data are also curvefitted by
using a high-order polynomial with Re, s/d and H/d as
the variables. This polynomial is shown as follows:

Nitgg = ZO: ;c,, (H/d)'(s/dY, (4)

where
2
_ R e
Cij = aijrike,
k=0

for

10,000 < Re < 30,000,

The corresponding coefficients, a;; , in Eq. (4) are listed
in Table 3. The maximum deviation between the
measured data and the curvefitting results is 9% and the
mean deviation is 3.1%.

7. Conclusions

Jet interference before impingement and jet fountain
are two important factors affecting the heat transfer
characteristics of the considered jet arrays. The former
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Table 2
Coeflicients of regression analysis
2<H/d<3.5 35<H/d<6 35<H/d<6
6<s/d<16 4<s/d <8 8<s/d< 16
i —-0.504 -2.627 —4.752
B, -1.662 0.546 1.007
b, 0.233 —-0.049 —-0.103
Yo —-0.281 0.132 0.229
7 0.116 —-0.093 —-0.132
V2 -0.017 0.008 0.013
o 0.6 0.4 0.5
max. error 12.9% 13.0% 6.5%
mean error 4.13% 6.43% 3.27%

reduces the strength of the jets, this consequently de-
teriorates the overall heat transfer. The latter causes a
flow recirculation between the fountain and center jet.
Due to entrainment effect, the heat transfer of the jet
array is also deteriorated.

Two relative maxima of the Nus, coexist for some of the
considered jet arrays with a large Re and a large H /d. The
first relative maximum occurs at a smaller s/d and the
second relative maximum occurs at a larger s/d. The
occurrence of the two maxima can be interpreted by using
the current heat transfer data and the previous flow vi-
sualization in the literature [13]. For a small s/d, if both
the H/d and Re remain unchanged, an increase of the s/d

Table 3
Values of a;
Qi i=0 i=1 i=2
Jj=0
k=0 2.134E+03  —1.220E+03 1.554E+02
k=1 —2.066E-01 1.227E-01 -1.693E-02
k=2 3.655E-06  -2.123E-06 2.818E-07
j=1
k=0 -1.227E+03 7.166E+02  —9.233E+01
k=1 1.192E-01 —7.188E-02 1.002E-02
k=2 —-2.283E-06 1.343E-06  —1.795E-07
j=2
k=0 2.604E+02  —1.533E+02 1.997E+01
k=1 —2.458E-02 1.512E-02  —2.136E-03
k=2 5.033E-07  -3.001E-07 4.045E-08
j=3
k=0 -2.571E+01 1.526E+01 —2.008E+00
k= 2.374E-03  —1.485E-03 2.122E-04
k=2 —5.124E-08 3.093E-08  -4.205E-09
j=4
k=0 1.203E+00  —7.188E-01 9.541E-02
k=1 —-1.094E-04 6.935E-05  -1.001E-05
k=2 2.462E-09  -1.501E-09 2.056E-10
j=5
k=0 —-2.156E-02 1.296E-02  -1.732E-03
k=1 1.939E-06  —1.243E-06 1.808E-07
k=2 —-4.511E-11 2.772E~11 -3.820E-12

results in a reduction of the jet interference. Thus the Nu,
increases with the s /d. A further increase of the s/d, due to
the fountain effect and an increase of the corresponding
heated area, the Nuy, will descend. Thus the first relative
maximum forms. If the s/d is still increased, the strength
of the jet fountain will gradually decrease and the Nug, will
rise again. As the s/d exceeds a certain value, the Nug, will
approach the value for a single jet impingement and the
second relative maximum forms.

For a small Re(~ 10,000), if the H/d is large (> 3.0),
the strength of the fountain is weak. Thus, the second
relative maximum of the Nug, disappears. For a small
H/d (< 3.5), the shear layer expansion in the jet is mi-
nor and the jet interference before impingement should
occur at a small s/d. In this case, due to the limitation of
the experimental apparatus, the first relative maximum
of the Nug, cannot be observed.

From the results of this experiment, for the Re in the
range of 10,000-30,000 and the s/d in the range of 4.0—
16.0, the optimum s/d for the H/d of 2.0 is 8.0; the
optimum s/d for the H/d of 3.0 is 12.0; the optimum s/d
for the H/d of 5.0 is 6.0. For the case with the H/d of
4.0, if the Re is 30,000, the optimum s/d is 12.0; if the Re
is 20,000, two optimum values of s/d, 6.0 and 12.0 co-
exist; if the Re is 10,000, the optimum s/d is 6.0.
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