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Abstract

Impingement heat transfer of circular air jets confined in a channel was experimentally investigated. The impingement plate was
exerted with a constant surface heat flux. Five jets, including one center jet and four neighboring jets, in staggered arrays were considered.
The considered jet Reynolds number (Re) was in the range 5000–15,000; the jet height-to-jet diameter ratio (H/d) was in the range 1.0–
4.0; the jet spacing-to-jet diameter ratio (S/d) was in the range 4.0–8.0; the jet plate width-to-jet diameter ratio (W/d) was in the range
6.25–18.75. Two jet plate length-to-jet diameter ratio (L/d), 31.7 and 83.3, were individually arranged. For the center jet with a specific
Reynolds number, its stagnation Nusselt number was found to linearly increase with the jet Reynolds number of the four neighboring
jets. For all the five jets with the same Reynolds number, the correlation result shows that the stagnation Nusselt number of the center jet
is proportional to the 0.7 power of the Re and the �0.49 power of the W/d. A weak dependence of the stagnation Nusselt number on
H/d, S/d and L/d was found.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Jet impingement is quite effective to achieve a high heat/
mass transfer rate on the surface of an object. In the steel
or glass industry, impinging jets are applied to temper
products after rolling. In the aviation industry, impinging
jets are used for cooling turbine vanes in gas turbine
engines. In the electronics industry, impinging jets are
applied to cool electronic components in order to meet
the demand of compactness and high power consumption.
In additional to the above applications in cooling, in the
paper industry impinging jets are adopted to enhance dry-
ing processes.

A large amount of work relating to single-jet impinge-
ment heat transfer was elaborated by Garimella and Rice
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[1], Fitzgerald and Garimella [2] and San et al. [3].
Recently, Guerra et al. [4] performed an experiment to
measure the flow velocity and temperature for a confined
impinging jet. Yang and Wang [5] used the k–e turbulence
model to show a pair of rotating vortices in a channel for a
flow with an inclined impinging jet. San and Shiao [6]
successfully expressed the stagnation Nusselt number for
a confined impinging jet as a function of jet Reynolds
number, jet height-to-jet diameter ratio, jet plate length-
to-jet diameter ratio and jet plate width-to-jet diameter
ratio.

Similarly, a considerable amount of research relating to
multiple-jet impingement heat transfer was also conducted
in the past few decades. Gardon and Akfirat [7] investi-
gated the heat transfer characteristics of two-dimensional
air jets impinging perpendicular to an isothermal flat plate.
Kercher and Tabakoff [8] measured the average Nusselt
number of an in-line array of confined circular air jets
impinging perpendicular to a flat plate. Metzger et al. [9],
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Nomenclature

d jet diameter (m)
h convctive heat transfer coefficient (W/m2 K)
H jet plate-to-impingement plate spacing (m)
k thermal conductivity of air (W/m K)
L jet plate length (m)
Nu local Nusselt number, hd/k
q surface heat flux (W/m2)
Re jet Reynolds number, Ud/m
S jet-to-jet spacing (m)
Taw adiabatic wall temperature (�C)
Tw local wall temperature (�C)
U jet mean velocity (m/s)

W jet plate width (m)
x x-coordinate (m)
y y-coordinate (m)

Greek symbol

m kinematic viscosity (m2/s)

Subscripts

c center jet
n neighboring jet
sg stagnation point
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Florschuetz et al. [10–12], Florschuetz and Isoda [13] and
Florschuetz and Su [14] investigated the heat transfer char-
acteristics of in-line and staggered arrays of circular air jets
impinging on an isothermal plate.

Saripalli [15] conducted a flow visualization for multi-jet
impingement. A fountain between two adjacent jets was
observed. Behbahani and Goldstein [16] obtained the local
Nusselt number for staggered arrays of circular air jets
impinging on a constant heat flux surface. A relative max-
imum of Nusselt number, between two adjacent jets in the
streamwise direction, was clearly observed. Slayzak et al.
[17] investigated the effect of jet interaction on the local
heat transfer characteristics for two-dimensional impinging
jets. A maximum convective heat transfer coefficient
between two stagnation lines was found. Salamah and
Kaminski [18] numerically investigated the heat transfer
from an array of turbulent slot jets impinging on a flat
plate. A local maximum Nusselt number between two adja-
cent jets was also found. In addition, their modeling
approach successfully captures both the stagnation region
behavior and the transition to turbulence in the wall jet
region. El-Gabry and Kaminski [19] used both the stan-
dard k–e turbulence model and the low Reynolds number
Yang-Shih turbulence model to simulate the heat transfer
characteristics on a smooth surface under an array of
angled impinging jets. The result shows that the numerical
models were able to predict the periodic variation of the
spanwise average Nusselt number on the impingement
plate.

Huber and Viskanta [20] investigated the effect of jet-to-
jet spacing on the heat transfer for confined jet arrays. The
result reveals that, for large jet height (plate spacing), jet
interference causes a significant degradation of the heat
transfer. San and Lai [21] also investigated the effect of
jet interference on the heat transfer for staggered arrays
of impinging air jets. An optimum jet spacing of heat trans-
fer was found. Dano et al. [22] investigated the effect of
nozzle geometry on the heat transfer for an in-lined array
of impinging jets. The heat transfer performance of the
cusped ellipse nozzle appears to be superior to that of the
circular nozzle.

Glodstein and Timmers [23] adopted a liquid crystal
technique to visualize the isotherms on a heated plate with
a multi-jet impingement. Yan et al. [24] used a 1-D tran-
sient liquid crystal scheme to investigate the impingement
heat transfer on rib-roughened surfaces. The rib angle to
achieve the best heat transfer performance was found to
be 45�. Wang et al. [25] used a 3-D transient liquid crystal
scheme to investigate the heat transfer characteristics for
an in-lined impinging jet array. The result shows that
increasing the cross-flow velocity would deteriorate the
heat transfer performance, but a uniform distribution of
the convective heat transfer coefficient can thus be
obtained.

In this work, five circular air jets, including one center
jet and four neighboring jets, confined in a channel were
considered (Fig. 1). The five jets were arranged in various
staggered arrays. It intended to apply these jet arrays for
cooling electronic devices. Although the results in the liter-
ature provide many insights into the physical phenomena
of jet impingement. Yet, their jet arrays and flow arrange-
ments are quite different from the present considered cases.
In addition, very few of them were centered on establishing
heat transfer correlations for multi-jet impingement. This
results in both uncertainty and inconvenience for using
these available data in designing a multi-jet impingement
cooling system. In view of these reasons, in this work, an
investigation of the heat transfer characteristics for the
considered jet arrays was conducted. First, the dependence
of the stagnation Nusselt number of the center jet on four
neighboring jets was investigated. Second, for all the five
jets with the same Reynolds number, the effects of jet-
to-jet spacing (S), jet Reynolds number (Re), jet height
(H), jet plate width (W) and jet plate length (L) on the stag-
nation Nusselt number of the center jet were individually
determined. Third, through the measured data, it expected
to obtain a simple correlation for the stagnation Nusselt
number of the center jet.



Fig. 1. Impingement plate and jet plate.
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2. Experimental apparatus and error analysis

In this work, the experimental apparatus and procedure
are much the same as those in previous work [3,6,21]. Fig. 2
shows the experimental setup for the measurement. The
high pressure air was supplied by a reciprocating air com-
pressor. In the experiment, the air pressure in the compres-
sor tank was maintained in the range 700–800 kPa. The
high pressure air was dehydrated by arranging it to pass
through two vapor compression type dehumidifiers. Fol-
lowing, the air was purified using three adsorption columns
filled with granular activated carbon. Then the air was
stored in a large surge tank in which the pressure was main-
Fig. 2. Experimental apparatus.
tained at 405 kpa. The volumetric flowrates of the air pass-
ing through the five jet holes on the jet plate were metered
using five calibrated rotameters, respectively. The diameter
of the jet holes is 6 mm. In the experiment, by varying the
volumetric flowrate of the air, a specific jet Reynolds num-
bers (Re) can be arranged.

The jet plate was designed to be easily replaced from the
top of the experimental setup (Fig. 1). In this work, totally
four jet plates with different jet-to-jet spacings and lengths
were used. For three of them, the length (L) is 500 mm and
the jet spacings (S) are 24, 36 and 48 mm, respectively. The
other one is with length of 190 mm and jet spacing of
36 mm. The jet height can also be easily adjusted by level-
ing up the support of the jet plate. In the experiment, three
different jet heights (6, 12 and 24 mm) were individually
considered.

Nine 0.01 mm-thickness stainless steel heating foils were
stuck on the impingement plate. The width of each heating
foil is 12.5 mm and the length is 400 mm. An electric cur-
rent, supplied by an Agilent E3610A DC power supply
unit, was arranged to flow through the heating foils to gen-
erate a uniform surface heat flux. The detailed wiring of the
heating foils can be found in an earlier published paper [6].
In measurement of the stagnation Nusselt number of the
center jet, two removable rectangular bars were carefully
placed on the two outer edges of the heated foils (along
the x-axis) to form a channel between the jet plate and
impingement plate. In doing so, the width of the channel
(effective jet plate width) becomes the same as that of the
heated foils. Seventy-six thermocouples were orderly
embedded below the middle heating foil. The spacing
between any two adjacent thermocouples is 3 mm.

The jet plate was designed to be able to move in the x
and y directions (Fig. 1) individually by adjusting two
screws. Two linear photo-electronic scales with a smallest



Fig. 3. Local Nusselt number distribution (Re = 20,000, H/d = 2.0,
W/d = 43.3, S/d = 5.0 and L/d = 83.3).
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readout of 0.001 mm were used to position the jet plate.
The measured temperatures were recorded by a HP-
34970A data acquisition unit.

An uncertainty analysis was performed for the experi-
ment. In the flowrate measurement, the inaccuracy of the
rotameters causes a maximum 5% error on the jet Reynolds
number. In the heat transfer measurement, both the inac-
curacy due to the temperature measurement and the inac-
curacy of the surface heat flux would result in the
uncertainty of the local Nusselt number. For the measure-
ment of the stagnation Nusselt number of the center jet, the
same thermocouple was used to measure the adiabatic and
heated-wall temperatures. Thus the inaccuracy of the tem-
perature measurement can be neglected. The inaccuracy of
the surface heat flux was mainly attributed to radiation loss
from heating foils (3.1%), non-uniformity of heating foils
(4.4%), lateral solid heat conduction (2.0%) and heat loss
through the insulation (0.9%). The overall uncertainty of
the measured stagnation Nusselt number was evaluated
to be 5.8%.
3. Local Nusselt number

The local Nusselt number (Nu) on the impingement
plate is a function of several variables. As indicated in pre-
vious work [6,21], this local Nusselt number is relevant to
heated-surface geometry, surface heat flux, jet diameter,
jet-to-jet spacing, plate spacing, jet plate size, location on
impingement plate, jet velocity, exit flow direction and ori-
fice aspect ratio etc. Among these variables, the surface
heat flux had been verified to be almost irrelevant to the
local Nusselt number [3]. Thus in the analysis this variable
was excluded and a fixed value equal to 1000 W/m2 was
employed. In addition, in this work, the aspect ratio of
jet orifice was selected as 1.0; the jet flow after impingement
was restricted to leave through two opposite sides (x-direc-
tion) between the jet plate and impingement plate; the jet
plate width was arranged to be the same as the heating foil
width. With these specifications, the remaining variables
can be grouped into several non-dimensional parameters,
namely, H/d, S/d, W/d, L/d, Re, x/d and y/d. Hence, the
local Nusselt number can be expressed as follows:

Nu ¼ hd=k ¼ ½q=ðT w � T awÞ�ðd=kÞ
¼ f ðH=d; S=d;Re;W =d; L=d; x=d; y=dÞ: ð1Þ

The above function contains seven variables. Among
these variables, x/d and y/d are the two giving rise to the
difficulty in correlating the heat transfer data. This can be
observed from the measured local Nusselt number distribu-
tion for a jet array similar to those considered in this work
(Fig. 3). The work shown in Fig. 3 corresponds to a con-
fined jet array with Re = 20,000, H/d = 2.0, W/d = 43.3,
S/d = 5.0 and L/d = 83.3. For this special case, the width
of heating foils is less than that of impingement plate (or
jet plate). Hence, the heating foil width-to-jet diameter
ratio is different from the jet plate width-to-jet diameter
ratio (W/d) and it is equal to 18.75. In Fig. 3, due to sym-
metry of the jet array, only the heat transfer data in the
positive x domain are shown. In the diagram, the peaks
of the triangle (three dashed lines) indicate the locations
of the three impinging jets in the positive x direction. The
peak locating at the origin (x = y = 0) indicates the projec-
tion of the center jet (center line of jet orifice) and the other
two individually indicate the projections of the two neigh-
boring jets. As indicated, the local Nusselt number distri-
bution for the multi-jet impingement is quite complex.
Moreover, the stagnation points of the neighboring jets
are affected by the center jet, as a result, they tend to move
toward the center jet. In the literature, there are two ways
to characterize the heat transfer performance for a jet
array. One is to define an average Nusselt number, which
is the mean value of the local Nusselt number over the
entire surface of the impingement plate; the other is to
directly use the local Nusselt number at the stagnation
point. In practical applications, the former is useful to eval-
uate the overall heat transfer on a surface and the latter is
important to predict the heat transfer at a certain spot on a
surface. In this work, only the measured heat transfer data
at the stagnation point of the center jet (x = y = 0) were
investigated. In the measurement, the Re value was in the
range 5000–15,000; the H/d value was in the range 1–4;
the S/d value was in the range 4.0–8.0; the W/d value
was in the range 6.25–18.75; two L/d values, 31.7 and
83.3, were individually considered.
4. Measured heat transfer data

In this work, five confined impinging air jets were con-
sidered. For the center jet with a specific Reynolds number
(Rec), by varying the Reynolds number of the four neigh-
boring jets (Ren), the effect of neighboring jets on the



Fig. 4. Effect of Ren on Nusg.

Table 1
Category of experiments

Experiment no. Re H/d S/d W/d L/d

1–27 5000,10,000,15,000 1,2,4 4,6,8 18.75 83.3
28–36 5000,10,000,15,000 1,2,4 6 18.75 31.7
37–42 5000,10,000,15,000 2,4 6 14.58 31.7
43–51 5000,10,000,15,000 4 4,6,8 10.42 83.3
52–57 5000,10,000,15,000 2,4 6 10.42 31.7
58–60 5000,10,000,15,000 4 4 6.25 83.3

Fig. 5. Measured data of Nusg.
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stagnation Nusselt number of the center jet (Nusg) was
investigated. The measured result is shown in Fig. 4. As
indicated, the stagnation Nusselt number of the center
jet almost linearly increases with the Reynolds number of
the neighboring jets. For a confined single-jet impingement,
flow recirculation and mixing between the downstream
heated air and the jet emanating from the jet hole would
result in a degradation of the heat transfer at the stagnation
point [2,6]. For the present considered multi-jet impinge-
ment, the neighboring jets block the passage for the down-
stream recirculation air flowing toward the center jet. The
center jet is allowed to mainly mix with the flow confined
within the four neighboring jets. The higher the Reynolds
number of the neighboring jets, the lower the temperature
of the flow confined within the four neighboring jets. Thus
for the center jet with a fixed Reynolds number, the stagna-
tion Nusselt number increases with the Reynolds number
of the neighboring jets.

There are four lines shown in Fig. 4. Each line corre-
sponds to a case with a specific Reynolds number for the
center jet. As indicated, the slopes of these lines are differ-
ent and they tends to decrease with an increase of the Rey-
nolds number of the center jet. This implies that, as the
Reynolds number of the center jet increases, the effect of
Reynolds number of the neighboring jets on the stagnation
Nusselt number of the center jet tends to decrease.

In Fig. 4, the three cases with the Ren value of zero indi-
vidually stand for three single-jet impingements with differ-
ent jet Reynolds numbers. In this work, the corresponding
Nusg values for the single-jet impingements were compared
to the values predicted using a correlation equation, which
was established in a previous work [6]. The comparison
reveals a good agreement between the present data and
the earlier obtained result. In Fig. 4, it is quite interesting
to extrapolate the line corresponding to Rec = 0 to inter-
cept with the ordinate. As can be easily found, the corre-
sponding Nusg value is not equal to zero. This implies
that, even without impinging jets, there is still free convec-
tion between the jet plate and impingement plate.

The main objective of this work was to determine the
heat transfer characteristics at the stagnation Nusselt num-
ber of the center jet for all the five jets with the same Rey-
nolds number (Rec = Ren = Re). For this purpose, totally
60 sets of experiment were conducted. The corresponding
Re, H/d, S/d, W/d and L/d values for the 60 sets of exper-
iment were summarized in Table 1. Fig. 5 shows the mea-
sured data of the stagnation Nusselt number of the
center jet. As clearly indicated, the stagnation Nusselt num-
ber tends to increase with the jet Reynolds number and
decrease with an increase of the W/d.
5. Correlation of stagnation Nusselt number

Existing correlations express the Nusselt number for jet
impingement as a function of Rec [7,10–13]. The exponent,
c, falls in the range 0.45–0.8. In an earlier work [6] per-
formed in the same laboratory as the present work, for a
confined single-jet impingement, the exponent, c, was
found to be 0.638. In this work, the same procedure was
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applied to correlate the present measured data. Figs. 6–9
show the correlation results for the W/d value of 6.25,
10.42, 14.58 and 18.75, respectively. As indicated, for a
set of H/d, S/d, L/d and W/d values, the three Nusg values
individually corresponding to the Re values of 5000, 10,000
and 15,000 were successfully fitted into a straight line in a
diagram with ln(Re) as the abscissa and with ln(Nu) as the
ordinate. Different sets of H/d, S/d, L/d and W/d values
yield different straight lines. However, their slopes are quite
close. In the analysis, a common slope of 0.7 was selected
Fig. 6. Relationship between Nusg and Re for W/d = 6.25.

Fig. 7. Relationship between Nusg and Re for W/d = 10.42.

Fig. 8. Relationship between Nusg and Re for W/d = 14.58.

Fig. 9. Relationship between Nusg and Re for W/d = 18.75.
for all these straight lines. This means that the exponent,
c, was selected as 0.7.

In Fig. 10, the abscissa is ln(W/d) and the ordinate is
ln(Nusg/Re0.7). After plotting the measured data into the
diagram, those data with the same H/d, S/d and L/d values
were also fitted with a straight line. As indicated, the slopes
of all these straight lines are close to �0.49. This means
that the relationship, Nusg / (W/d)�0.49, exists. Fig. 10 also
shows that, for the cases with the same ln(W/d) value,
the deviation among the corresponding ln(Nusg/Re0.7) val-
ues is not large. This implies that the dependence of the



Fig. 10. Relationship between Nusg and W/d.
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stagnation Nusselt number on H/d, S/d and L/d is small.
Based on the current measured data, the following is a
detailed analysis of the effects of H/d, S/d and L/d on the
stagnation Nusselt number.

Fig. 11 indicates that the Nusg slightly decreases with an
increase of the H/d. For a confined single-jet impinging on
a flat plate [6], the stagnation Nusselt number was found to
be proportional to the �0.3 power of the H/d. This phe-
nomenon was attributed to a larger spacing between the
jet plate and impingement plate allowing a longer distance
for the jet to mix with the downstream recirculation flow.
Hence, the stagnation Nusselt number decreases with an
Fig. 11. Effect of H/d on Nusg.
increase of the H/d. For a jet impinging on a flat plate,
the pattern of its recirculation flow is in the form of a tor-
oid [2]. In other words, the recirculation flow would flow
from all the directions toward the jet and then mix with
it. For the present considered multi-jet impingement, a
recirculation flow is also expected to flow from all the
directions toward the jet arrays and then mixes with the
jet arrays. However, to the center jets of the jet arrays, this
recirculation flow is largely blocked by the four neighbor-
ing jets. This might lessen the influence of recirculation flow
on the stagnation Nusselt number. Consequently, the
dependence of the stagnation Nusselt number on H/d
becomes small.

Fig. 12 shows that the effect of S/d on the stagnation
Nusselt number is also weak. In a previous work [21], for
confined jet arrays an optimum S/d was found. This opti-
mum S/d corresponds to a maximum Nusg for the center
jet. In that work, similar to the one considered in Fig. 3,
the heating foil width-to-jet diameter ratio is less than the
jet plate width-to-jet diameter ratio (W/d). The former is
equal to 37.5 and the latter is 86.6. The existence of the
maximum Nusg was mainly attributed to two reasons.
One of the reasons is the occurrence of a jet interference
within the jet arrays for small S/d. This jet interference
weakens the strength of the center jet and it also enhances
the flow mixing between the jet array and recirculation
flow. The smaller the S/d, the stronger the jet interference.
Hence, for small S/d, the Nusg tends to decrease with the
S/d. The other reason to cause the maximum Nusg results
from an increase of the heat transfer area within the jet
array for an increase of the S/d. This increase in the heat
transfer area would deteriorate the heat transfer at the
stagnation point. Moreover, for an increase of the S/d,
more recirculation flow might penetrate through the spac-
Fig. 12. Effect of S/d on Nusg.
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ings between the neighboring jets. Before encountering the
center jet, this recirculation flow might also experience a
weaker flow mixing with the neighboring jets. This could
result in a higher recirculation flow temperature and conse-
quently deteriorate the heat transfer at the stagnation
point. Hence, for large S/d, the Nusg tends to decrease with
an increase of the S/d.

In the present work, the y-direction flow was blocked by
the two removable bars individually locating on the two
outer edges of the heated foils. Hence, the traveling dis-
tance for the y-direction recirculation flow is equal to a half
of the heating foil width (=W/2). As long as the W/d
remains the same, this traveling distance would not change.
Moreover, in this work the considered heating foil width-
to-jet diameter ratios (=W/d) are in the range 6.25–18.75
which are much smaller than that considered in the previ-
ous work. A strong flow mixing is expected not only within
the jet arrays, but also between the jet arrays and side walls
(removable bars). Hence, the effect of S/d on the tempera-
ture of the y-direction recirculation flow could be small.
This might result in a weak dependence of the stagnation
Nusselt number on S/d. The significance of the y-direction
recirculation flow in affecting the stagnation Nusselt num-
ber will be explained later in this paper.

In Fig. 13, the abscissa is L/d and the ordinate is ln{Nusg

/[Re0.7(W/d)�0.49]}. After plotting all the 60 sets of experi-
mental data into the diagram, the result shows that the
Nusg tends to slightly decrease with an increase of the
L/d. For a confined single-jet impingement [6], the stagna-
tion Nusselt number was also found to be a function of
L/d. The larger the L/d, the smaller the stagnation Nusselt
number. This phenomenon was attributed to an increase of
the strength of the flow recirculation between the jet and
downstream heated flow for an increase of the L/d. How-
Fig. 13. Effect of L/d on Nusg.
ever, for the present considered multi-jet impingement,
the x-direction recirculation flow could be largely blocked
by the neighboring jets. Thus, the effect of L/d on the stag-
nation Nusselt number is much weaker than that for a con-
fined single-jet impingement [6].

Comparing Fig. 13 with Fig. 10, it clearly indicates that
the stagnation Nusselt number of the center jet consider-
ably decreases with an increase of the W/d, but it appears
to have a weak dependence on the L/d. As indicated in
Fig. 1, for the considered jet arrays, the spacing between
the two neighboring jets aligned perpendicular to the flow
direction of the spent air (S) is smaller than that parallel
to the flow direction of the spent air ð

ffiffiffi

3
p

SÞ. Hence, the y-
direction recirculation flow should be easier to penetrate
through the spacing between the neighboring jets than
the x-direction recirculation flow does. Moreover, in this
work, the spent air was restricted to flow only in two oppo-
site directions (x-direction) and the y-direction flow was
completely blocked by the side walls. Hence, the y-direc-
tion recirculation flow should be much stronger than the
x-direction recirculation flow. This two reasons might
cause the flow mixing between the center jet and y-direction
recirculation flow to be much stronger than that between
the center jet and x-direction recirculation flow. For an
increase of the W/d, the heat transfer area covered by the
y-direction recirculation flow would increase. This results
in a temperature rise of the y-direction recirculation flow.
Following, through the strong flow mixing between the
center jet and y-direction recirculation flow, the stagnation
Nusselt number is thus considerably affected. For an
increase of the L/d, the strength of the x-direction recircu-
lation flow would also increase. As explained in the above,
this x-direction recirculation flow might be largely blocked
by the neighboring jets aligned perpendicular to the direc-
tion of the spent air. Hence, the effect of W/d on the stag-
nation Nusselt number appears to be much stronger than
that of L/d.

Based on the above analysis, a correlation for the stag-
nation Nusselt number of the center jet was established. In
the correlation, the effects of H/d, S/d and L/d on the stag-
nation Nusselt number were neglected. This correlation can
be expressed as follows:

Nusg ¼ 0:41Re0:7ðW =dÞ�0:49

For
5000 6 Re 6 15; 000; 1 6 H=d 6 4

6:25 6 W =d 6 18:75; 31:7 6 L=d 6 83:3:

ð2Þ

Eq. (2) can be used to predict the stagnation Nusselt num-
ber of the center jet for the considered jet arrays in the indi-
cated range of operating conditions. However, it has to
mention here, due to limitation of the current experimental
apparatus, only three sets of data with different jet Rey-
nolds numbers were measured for the W/d value of 6.25.
Hence, a stricter range of W/d for the above correlation
should be 10.42 6W/d 6 18.75. In this work, a compari-
son between the measured data and corresponding pre-
dicted values was performed. It shows that the mean
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deviation and maximum deviation are 5.4% and 10.6%,
respectively.

In this work, small jet arrays containing only five
impinging jets were considered. The result shows that the
effect of H/d on the stagnation Nusselt number of the cen-
ter jet can be neglected. For large jet arrays, such as those
applied for cooling turbine vanes in gas turbine engines, the
downstream jets would encounter a strong cross flow
resulting from the spent air of the upstream jets. For an
increase of the H/d, this cross flow might significantly
weaken the strength of the downstream jets and thus dete-
riorate the heat transfer. Hence, the H/d could be an
important factor affecting the stagnation Nusselt number
of the downstream jets. This should be noticed in using
the present obtained correlation.

6. Conclusions

In this work, the effect of Reynolds number of the four
neighboring jets on the stagnation Nusselt number of the
center jet was investigated. The result shows that, for the
center jet with a fixed Reynolds number, the stagnation
Nusselt number almost linearly increases with the Rey-
nolds number of the four neighboring jets.

For the five jets with the same Reynolds number, like-
wise, the stagnation Nusselt number of the center jet also
increases with the Reynolds number. In the considered
range of operating conditions, the experimental data reveal
that the dependence of the stagnation Nusselt number on
jet height-to-jet diameter ratio (H/d) and jet spacing-to-
jet diameter ratio (S/d) is weak. This probably is because
there is a strong flow mixing within the jet arrays and
between the jet arrays and side walls. This strong flow mix-
ing causes the effect of H/d and S/d on the stagnation Nus-
selt number to become insignificant.

The result also shows that the stagnation Nusselt num-
ber of the center jet considerably decreases with an increase
of the jet plate width-to-jet diameter ratio (W/d), but it
appears to have a weak dependence on the jet plate
length-to-jet diameter ratio (L/d). For a confined single-
jet impingement [6], it is known that an increase of the
jet plate length would enhance the mixing between the jet
and downstream recirculation flow. Consequently, it
results in a decrease of the stagnation Nusselt number.
To the center jets of the present considered jet arrays, the
x-direction downstream recirculation flow might be largely
blocked by the four neighboring jets. Thus the effect of jet
plate length on the stagnation Nusselt number becomes
insignificant. For the considered staggered arrays of
impinging jets, the spacing between the two neighboring
jets aligned perpendicular to the flow direction of the spent
air (S) is smaller than that parallel to the flow direction of
the spent air ð

ffiffiffi

3
p

SÞ. Hence, the y-direction recirculation
flow should be easier to penetrate through the spacing
between the neighboring jets than the x-direction recircula-
tion flow does. Moreover, in this work, the spent air was
restricted to flow only in two opposite directions (x-direc-
tion) and the y-direction flow was completely blocked by
the side walls. Hence, the y-direction recirculation flow is
expected to be stronger than the x-direction recirculation
flow. These two reasons might cause the effect of W/d on
the stagnation Nusselt number to be much stronger than
that of L/d.

The measured data of stagnation Nusselt number were
correlated into a simple form. The result indicates that
the stagnation Nusselt number is proportional to the 0.7
power of the jet Reynolds number and the �0.49 power
of the jet plate width-to-jet diameter ratio (W/d). The effect
of H/d, S/d and L/d on the stagnation Nusselt number
appears to be insignificant.
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