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Abstract

This work deals with the effects of jet plate size and plate spacing (jet height) on the heat transfer characteristics for a confined circular
air jet vertically impinging on a flat plate. The jet after impingement was restricted to flow in two opposite directions. A constant surface
heat flux of 1000 W/m2 was arranged. Totally 88 experiments were performed. Jet orifices individually with diameter of 1.5, 3, 6 and
9 mm were adopted. Jet Reynolds number (Re) was in the range 10,000–30,000 and plate spacing-to-jet diameter ratio (H/d) was in
the range 1–6. Eleven jet plate width-to-jet diameter ratios (W/d = 4.17–41.7) and seven jet plate length-to-jet diameter ratios
(L/d = 5.5–166.7) were individually considered. The measured data were correlated into a simple equation. It was found that the stag-
nation Nusselt number is proportional to the 0.638 power of the Re and inversely proportional to the 0.3 power of the H/d. The stag-
nation Nusselt number was also found to be a function of exp[�0.044(W/d) � 0.011(L/d)]. Through comparisons among the present
obtained data and documented results, it may infer that, for a jet impingement, the impingement-plate heating condition and flow
arrangement of the jet after impingement are two important factors affecting the dependence of the stagnation Nusselt number on H/d.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Jet impingement is an effective technique to generate a
high cooling rate on the surface of a hot object. In steel
or glass industry, impinging jets are used to quench prod-
ucts after rolling. In gas turbine engines, impinging jets
are applied for cooling of turbine blades/vanes. In laser/
plasma cutting processes, with jet impingement cooling,
thermal deformation of products can be reduced. Besides
the above applications, impinging jets are also adopted to
enhance electronic cooling.

Jambunathan et al. [1] did a detailed survey on jet
impingement cooling. They concluded that the simplest
correlation for local heat transfer coefficient is a function
of jet Reynolds number (Re), jet height-to-jet diameter
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ratio (H/d), radial distance-to-jet diameter ratio (r/d) and
Prandtl number (Pr). Goldstein and Behbahani [2] defined
a recovery factor to express the non-dimensional adiabatic
wall temperature. The recovery factor was found depen-
dent on the plate spacing-to-jet diameter ratio, but irrele-
vant to the jet Reynolds number. Goldstein et al. [3]
investigated the effect of entrainment on the heat transfer
to a circular air jet impinging on a flat plate. They found
that both the Nusselt number and heat transfer effective-
ness would not be affected by the temperature difference
between the ambient air and jet.

Bouchez and Goldstein [4] investigated the impingement
cooling of a circular jet with/without a cross flow. The
result shows that, for a moderate jet-to-cross flow mass flux
ratio, the jet was deflected by the cross flow. Sparrow et al.
[5] also investigated the heat transfer of a confined jet
impingement with a cross flow. It was found that the con-
vective heat transfer coefficient for case with jet impinge-
ment could be tenfold that without jet impingement.
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Nomenclature

d jet diameter (m)
h convective 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
Pr Prandtl number, m/a
q surface heat flux (W/m2)
Re jet Reynolds number, Ud/m
Taw adiabatic wall temperature (�C)
Tw local wall temperature (�C)

U jet mean velocity (m/s)
W jet plate width or heated surface width (m)
x x-coordinate (m)
y y-coordinate (m)

Greek symbols

a thermal diffusivity (m2/s)
m kinematic viscosity (m2/s)

Subscript
sg stagnation point
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Goldstein et al. [6] performed an experiment on a confined
circular jet with/without a cross flow. They concluded that,
at large plate spacing, the cross flow diminishes the heat
transfer coefficient; at small plate spacing, the cross flow
would increase the peak heat transfer coefficient.

Sparrow et al. [7] developed an analogy technique, by
measuring the amount of sublimation of naphthalene on
a jet impingement surface, for evaluation of the convective
heat transfer coefficient. It was found that the dimension-
less mass transfer coefficient varies with the 0.8 power of
the jet Reynolds number. An optical technique developed
by Goldstein and Timmers [8] and Goldstein and Franchett
[9] was used in measuring the heat transfer of an impinging
jet with different inclined angles. The isothermal lines on
the impingement plate were clearly observed. Huang and
EL-Genk [10] investigated the heat transfer of an uncon-
fined jet with low jet Reynolds numbers and small jet
height-to-jet diameter ratios. The average Nusselt number
was found proportional to Re0.76. San et al. [11] performed
an experiment on the local Nusselt number for a confined
circular air jet vertically impinging on a flat plate. It was
found that the local Nusselt number is proportional to
Re0.638. Lytle and Webb [12] performed a heat transfer
measurement for an impinging jet with jet height-to-jet
diameter ratios less than 1.0. The result indicates that the
stagnation Nusselt number is proportional to the 0.53
power of the jet Reynolds number and �0.191 power of
the jet height-to-jet diameter ratio. Li and Garimella [13]
investigated the stagnation and area-averaged Nusselt
numbers for a confined jet impinging on a small and dis-
crete heat-source area. The stagnation Nusselt number
was found proportional to the 0.444 power of the Prandtl
number and 0.483 power of the jet Reynolds number.

Garimella and Rice [14] and Fitzerald and Garimella
[15] performed experiments to examine the flow field of a
confined jet impingement. A toroidal recirculation-flow
pattern in the downstream was clearly shown. Angibletti
et al. [16] investigated the flow field and heat transfer for
a jet impinging on a flat plate. The flow structure was used
to interpret the heat transfer characteristics of the jet
impingement. Narayanan et al. [17] investigated the flow
and heat transfer characteristics of a slot jet impinging on
a flat plate. The result indicates that, for transitional jet
impingement, the heat transfer coefficient monotonically
decays in the flow direction; for potential-core jet impinge-
ment, a secondary peak in heat transfer appears at 3.2
times the hydraulic diameter from the jet centerline. Zhou
and Lee [18] performed an experiment on the heat transfer
of an impinging jet with a mesh screen installed in front of
jet nozzle. The result shows that, with the mesh screen, the
heat transfer can be slightly upgraded.

Huber and Viskanta [19] investigated the effect of jet-to-
jet spacing on the heat transfer for a confined impinging jet
array. It was found that, for large plate spacing, jet inter-
ference causes a significant degradation of the heat trans-
fer. San and Lai [20] had also investigated the effect of jet
interference on the heat transfer for staggered arrays of
impinging jets. An optimum jet-to-jet spacing of heat trans-
fer was found. Dano et al. [21] 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.

From the results indicated in the literature, besides noz-
zle geometry and jet Reynolds number, the heat transfer
characteristics of a confined jet are also dependent on
geometry of jet plate and that of impingement plate. Yet,
up to date, this geometry effect on the heat transfer has
not been thoroughly investigated. This leaves a blind spot
in design of jet-impingement cooling systems. In this work,
the stagnation Nusselt number of a confined circular air jet
vertically impinging on a flat plate (Fig. 1) was investi-
gated. Jet Reynolds number (Re), jet plate width-to-jet
diameter ratio (W/d), jet plate length-to-jet diameter ratio
(L/d) and plate spacing-to-jet diameter ratio (H/d) were
treated as variables. The main objective of this work was
to realize the effects of plate spacing, jet plate width and
length on the jet-impingement heat transfer. To this end,
it expected that the measured data of stagnation Nusselt
number could be correlated into a simple function using
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the above parameters. The obtained correlation will be use-
ful to apply the impinging jet for electronic cooling.

2. Local Nusselt number

The local heat transfer coefficient, h, for a confined cir-
cular air jet impinging on a constant heat-flux plate is a
function of several variables. This local heat transfer coef-
ficient, combined with k and d, forms a local Nusselt num-
ber (Nu). As indicated in previous work [2], this local
Nusselt number is relevant to heated-surface geometry,
surface heat flux, jet diameter, plate spacing, 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 [2,11]. Thus in the analysis this vari-
able was excluded and a fixed value equal to 1000 W/m2

was employed. Besides that, in this work, the aspect ratio
of jet orifice was selected as 1.0; the jet flow after impinge-
ment was restricted to leave through two opposite sides.
With these specifications, the remaining variables can be
grouped into several non-dimensional parameters. These
parameters are the H/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;Re;W =d; L=d; x=d; y=dÞ ð1Þ

As indicated above, the function of the local Nusselt
number is quite complex. For simplicity of this analysis,
only the measured heat transfer data at the stagnation
point (x = y = 0) were investigated. In this work, the con-
sidered H/d value was in the range 1–6; the Re value was in
the range 10,000–30,000; the W/d value was in the range
4.17–41.7 and the L/d value was in the range 5.5–166.7.
3. Apparatus and experimental procedure

The experimental set-up for the measurement is shown
in Fig. 2. During operations, a large reciprocating air com-
pressor supplied the high-pressure air for jet impingement.
This high-pressure air was stored in a large surge tank. The
air pressure in this tank was in the range 7–8 atm. A pres-
sure regulator was installed at the exit of the tank to stabi-
lize the pressure of the supply air. In the air supply line, two
vapor-compression type dehumidifiers and three adsorp-
tion columns filled with granular activated carbon were
individually used for dehydration and oil removal. After
the air passed through the dehumidifiers and adsorption
columns, it was stored in another large surge tank. The
air pressure in this tank was maintained at 4 atm. At the
exit of this surge tank, there was another pressure regulator
to control the exit air pressure. The volumetric flow rate of
the air before delivered to the jet plate was measured using
a calibrated rotameter.

The configurations of the jet plate and impingement
plate are individually shown in Fig. 1. Nine 0.01 mm-thick-
ness stainless heating foils were stuck on the impingement
plate. During operations, the high-pressure air passed
through the jet orifice directly impinging on the middle
heating foil. The jet after impingement was restricted to
flow in two opposite directions parallel to the x-axis. An
electric current, supplied by an Agilent E3610A DC power
supply, was arranged to flow through the heating foils to
generate a uniform surface heat flux. The width of each
heating foil was 12.5 mm and the length was 400 mm. Sev-
enty-six thermocouples were orderly embedded below the
middle heating foil. The spacing between any two neigh-
boring thermocouples was 3 mm.

The jet plate was designed to be able to move in the x

and y directions (Fig. 1) individually by adjusting two



Fig. 2. Experimental set-up.
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screws. Two linear photo-electronic scales with a smallest
readout of 0.001 mm were used to position the jet plate.
The thickness of the bakelite-made impingement plate
was 15 mm. The bottom of the impingement plate was
insulated with a fiberglass material. This fiberglass insula-
tion material was supported by another bakelite-made
plate with thickness of 20 mm. During jet impingement
cooling, a 20 mm-thickness styrofoam was placed on the
acrylic jet plate to reduce the heat loss. The heat loss from
the jet plate might result in a decrease of the temperature of
recirculation flow and consequently affects the heat trans-
fer. This flow recirculation phenomenon will be explained
later in this paper. During each measurement, it requires
a two-hour waiting period for the system to reach a ther-
mally steady-state condition. The measured temperatures
were recorded by a HP-3856 data acquisition system. The
experiment was conducted in a room with air conditioning.
The room temperature was controlled within a deviation of
±1.0 �C from the jet total temperature.

Eighty-eight experiments were arranged by varying the
jet plate, air volumetric flow rate and heated-surface width.
The heated-surface width was the same as the jet plate
width. In this work, totally six jet plates were used. In four
of them, the jet plate length (L) was 500 mm, but their jet
diameters were individually 1.5, 3, 6 and 9 mm. For the
other two, the jet diameter was 6 mm, but their jet plate
lengths were individually 90 and 150 mm. For every indi-
vidual experiment, by metering an appropriate air volumet-
ric flow rate passing through the jet orifice, a desired jet
Reynolds number was achieved. By wiring a different num-
ber (3, 5 or 7) of the heating foils in series and positioning
the two removable bars (Fig. 1) individually at proper loca-
tions, a different heated-surface width was obtained. Fig. 3
shows the wiring of the heating foils. For instances, by con-
necting points 5A and 5B individually to the positive and
negative connectors on the DC power supply, the inner five
heating foils will be electrically arranged in series. This
arrangement provides a heated-surface width of 62.5 mm.

4. Uncertainty analysis and comparison of experimental data

An uncertainty analysis was performed. In this experi-
ment, there are two uncertainties relevant to the measured
data. One resulted from the flow-rate measurement and the
other arose from the heat transfer measurement. In the
flow-rate measurement, a rotameter was used. According
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to the manufacturer’s supplied data, the inaccuracy of this
rotameter would give rise to a maximum 5% error on the
jet Reynolds number. In the heat transfer measurement,
according to Eq. (1), both the inaccuracy due to the tem-
perature measurement and the inaccuracy of the surface
heat flux would result in the uncertainty of the local Nus-
selt number. In this work, the same thermocouple was used
to measure the adiabatic and heated-wall temperatures.
Moreover, the temperature difference between the middle
heating foil and thermocouple was verified to be less than
0.05 �C. Thus in the analysis the inaccuracy of the temper-
ature measurement was 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%). Based on the above data,
the uncertainty of the measured Nusselt number was eval-
uated to be 5.81%.

Many experiments regarding to single jet impingement
were performed in the past few decades. However, none
of these experiments are the same as this work, which con-
siders the jet after impingement restricted to flow only in
two opposite directions. For purpose of comparison, a heat
transfer measurement for an unconfined jet impinging on a
flat plate was performed using the present experimental
apparatus. These measured data were compared with those
obtained by Goldstein and Franchett [9]. In their work, a
liquid-crystal thermal-image technique was used and the
thermal condition on their impingement plate was verified
to fall between the conditions of constant heat flux and
constant temperature. The comparison of the results is pre-
sented in Fig. 4. In the diagram, the solid line represents
their correlation result. It reveals that, except for the region
Fig. 4. Comparison of experimental data.
near to the stagnation point, the current obtained data are
only slightly lower than theirs. The current measured data
also indicates that the local Nusselt number would decrease
with an increase of the heated-surface width. In our mea-
surement, the width of the heated surface is smaller than
theirs. If this width is enlarged, a better match between
our data and their result in the region away from the stag-
nation point is expected. As indicated in Fig. 4, in the
region near to the stagnation point, apparently their data
are larger than ours. The largest discrepancy appears at
the stagnation point. However, as their measured data [9]
were carefully examined, it was found that their measured
stagnation Nusselt number is 20% lower than their correla-
tion result. The heat transfer characteristic in the region
near to the stagnation point is different from that in the
region far away from the stagnation point. Goldstein and
Franchett [9] used a simple exponential function to fit
entire spanwise local Nusselt number. Inevitably, a rela-
tively large discrepancy between their measurement data
and their correlation result would appear at the stagnation
point. If their correlation is corrected, the deviation in
Fig. 4 should be reduced.

5. Results

The specifications of the 88 experiments were summa-
rized in Table 1. For some of these experiments, the local
Nusselt number distributions on the x-axis were measured.
Fig. 5 shows two typical results of these measurements.
Since the jet flow is symmetric about the y-axis, for simplic-
ity, only the data on the positive x-axis are presented. In
the diagram, x/d = 0 represents the location of the stagna-
tion point. As shown, the local Nusselt number increases
with the jet Reynolds number (Re). In the literature
[14,17,19], for a jet impinging on a heated flat surface,
two local maxima of Nusselt number were observed. The
current result also shows that, for Re = 30,000, there
appears two peaks on the local Nusselt number distribu-
tion. The first peak locates at x/d � 1.0 and the second
peak can be roughly observed at x/d � 2.4. The first peak
indicates the location of the transition point from impinge-
ment region to wall jet region; the second peak could be
corresponding to the location having a strong turbulence
Table 1
Category of Experiments

Exp. No. Re H/d W/d L/d

1–3 15,000 1, 2, 4 6.25 5.5
4 15,000 2 10.42 16.7
5–8 10,000, 15,000 1 4.17, 6.94 27.8
9–20 10,000, 15,000 2, 4 4.17, 6.94, 9.72 27.8
21–23 15,000 1, 2, 4 10.42 33.3
24 30,000 1 10.42 33.3
25–26 15,000, 30,000 1 10.42 41.7
27–53 10,000, 15,000, 30,000 2, 4, 6 6.25, 10.42, 14.58 41.7
54–80 10,000, 15,000, 30,000 2, 4, 6 12.5, 20.83, 29.17 83.3
81–86 10,000, 15,000 2, 4, 6 25 166.7
87–88 10,000, 15,000 2 41.7 166.7



Fig. 5. Local Nusselt number distributions.

Fig. 6. Effect of W/d on Nusg: (a) H/d = 2.0, (b) H/d = 4.0.
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[17]. However, for Re = 10,000, the above phenomenon is
not pronounced.

5.1. Effect of W/d on Nusg

Fig. 6(a) and (b) indicate that the stagnation Nusselt
number (Nusg) decreases with an increase of the jet plate
width-to-jet diameter ratio (W/d). But the decreasing rate
decreases with an increase of the W/d.

Garimella and Rice [14] and Fitzgerald and Garimella
[15] had shown that, for a confined jet impingement, a
recirculation flow would form at up to 10 times the jet
diameter downstream the jet centerline. This flow recircula-
tion would bring the air in the downstream to the vicinity
of the jet orifice. Due to entrainment effect, this recircula-
tion flow would mix with the flow emanating from the jet
orifice and affects the heat transfer. Moreover, the stronger
the flow mixing or the higher the temperature of the air in
the downstream, the greater the degradation of the heat
transfer. In the considered jet plate-to-impingement plate
configuration, the jet after impingement was restricted to
flow only in two opposite directions parallel to the x-axis.
An increase of the jet plate width means an increase of
the heated-surface area in the direction (y-direction) per-
pendicular to the main flow. For a certain amount of air
emanating from the jet orifice, this would give rise to a
decrease of the air velocity in the downstream. In this
work, a constant surface heat-flux condition was consid-
ered. This implies that the air temperature in the down-
stream would rise. As explained in the above, due to the
flow-recirculation effect, this would cause the degradation
of the heat transfer at the stagnation point. Thus,
Fig. 6(a) and (b) indicate that the Nusg decreases with an
increase of the W/d.
5.2. Effect of L/d on Nusg

Fig. 7 indicates that the stagnation Nusselt number also
decreases with an increase of the jet plate length-to-jet
diameter ratio (L/d). Similar to the result shown in
Fig. 6(a) and (b), the decreasing rate of the stagnation Nus-
selt number appears to decrease with an increase of the
L/d. For an increase of the jet plate length, without varying
the amount of air emanating from the jet orifice, basically
the air temperature at the same location in the downstream
would remain unchanged. However, as the jet plate
length increases, the pressure difference between the jet



Fig. 7. Effect of L/d on Nusg.

Fig. 8. Effect of H/d on Nusg: (a) W/d = 6.25, (b) W/d = 10.42.
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and ambient air (outside the channel) would increase. This
increase in the pressure difference is suspected to cause an
enhancement of the flow mixing near the stagnation point.
It eventually makes the stagnation Nusselt number
decrease with an increase of the L/d.

Comparing Fig. 7 with Fig. 6(a) and (b), it shows that
the effect of L/d on the stagnation Nusselt number is
slightly weaker than that of W/d. As mentioned in the ear-
lier, for an increase of the W/d, hotter air in the down-
stream would be brought to the vicinity of the jet orifice
and mixes with the jet. This flow-recirculation and mixing
process would degrade the heat transfer at the stagnation
point. It has also been explained in the above, for an
increase of the L/d, the decrease of the stagnation Nusselt
number is simply considered to be due to an enhancement
of the flow mixing near the stagnation point. However, for
jet impingement, the flow mixing near the jet orifice origi-
nally is strong, thus the effect of this flow-mixing enhance-
ment on the heat transfer is limited. This might render that
the effect of L/d on the stagnation Nusselt number is
weaker than that of W/d.

5.3. Effect of H/d on Nusg

Fig. 8(a) and (b) indicate that the stagnation Nusselt
number decreases with an increase of the plate spacing-
to-jet diameter ratio (H/d). A larger spacing between the
jet plate and impingement plate allows a longer distance
for the jet to mix with the recirculation flow before the
jet reaches the impingement plate. This flow mixing would
deteriorate the heat transfer. Thus the result shows that the
stagnation Nusselt number decreases with an increase of
the H/d.
Garimella and Rice [14] and Fitzgerald and Garimella
[15] had investigated the effect of H/d on the stagnation
Nusselt number. They found that, for the H/d less than
6.0, this effect is insignificant. Their result is different from
that obtained in the present work. In their experiments, a
small and discrete heated surface with dimensions of
10 mm by 10 mm, under a large jet plate, was considered.
To such an experimental arrangement, the area covered
by the jet plate would be much larger than the area of
the heated surface. Thus the temperature of the recircula-
tion air in their experiment should be lower than that in
this work, provided that the same surface heat flux and



Fig. 9. ln(Nusg/Re0.638) versus ln(H/d).
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jet temperature were considered. Besides that, in their
experiment the jet after impingement was free to flow in
any radial direction; but in our experiment the jet was
restricted to flow only in two opposite directions. Hence,
in their jet impingement, the effect of flow mixing (between
the jet and recirculation flow) on the stagnation Nusselt
number would be smaller than that in our jet impingement.
This could be the reason resulting in the deviation.

Gardon and Akfirat [22] had also investigated the effect
of jet height on the stagnation Nusselt number for an
unconfined two-dimensional jet impingement. An optimum
jet height, approximately five times the hydraulic jet diam-
eter, was found. This optimum jet height affords a maxi-
mum stagnation Nusselt number. The appearance of this
maximum stagnation Nusselt number was attributed to
an increase of the jet-centerline turbulence intensity with
the jet height in the potential-core region. This renders
that, for the jet height less than five times the hydraulic
jet diameter (approximately the potential-core length), the
stagnation Nusselt number increases with the jet height.
This trend is different from those obtained by Garimella
and Rice [14] and Fitzgerald and Garimella [15], and it is
also converse to our result. In their experiment, an uncon-
fined jet impinging on an isothermal plate was considered,
thus the temperature of the reentry air through the entrain-
ment effect could be much lower than that in our work.
This might cause that, in their jet impingement, the effect
of jet-centerline turbulence intensity on the stagnation
Nusselt number becomes much stronger than that of flow
mixing. Consequently, their result reveals a different depen-
dence of the stagnation Nusselt number on jet height.

Sparrow et al. [5] had also investigated the effect of jet
height on the impingement heat transfer for a jet in a cross
flow. They also found a maximum Nusselt number for the
H/d in the range 5–6. In their experiment, the total temper-
ature of the cross flow is close to that of the jet. This cross
flow would diminish the flow-recirculation effect. Thus
the jet-centerline turbulence-intensity effect might domi-
nate the dependence of the stagnation Nusselt number on
H/d. Similar to the work performed by Gardon and Akfirat
[22], it results in the appearance of the maximum Nusselt
number.

The above results reveal that the dependence of the stag-
nation Nusselt number on H/d is quite complex. However,
based on the comparisons, it may infer that the surface
heating condition (boundary condition) on an impinge-
ment plate and the flow arrangement of a jet after impinge-
ment are two important factors governing the dependence
of the stagnation Nusselt number on H/d.

Fig. 8(a) and (b) show that, for the H/d in the range 4.0–
6.0, the influence of H/d on the stagnation Nusselt number
is quite small. The potential-core length of a jet generally is
4–6 times the jet diameters. As the plate spacing
approaches this length, near the stagnation point, the jet-
centerline turbulence intensity would largely increase. As
mentioned in the above, this would enhance the heat trans-
fer at the stagnation point. Under this circumstance, the
flow-mixing effect could be considerably offset by this jet-
centerline turbulence-intensity effect. Thus the result shows
that, for the H/d in the range 4.0–6.0, the effect of H/d on
the stagnation Nusselt number is small.

6. Correlation of stagnation Nusselt number

As mentioned earlier, the stagnation Nusselt number for
the confined jet impingement is a function of Re, H/d, W/d
and L/d. Following is a brief description of the procedure
in correlating the measured data.

Existing correlations express the Nusselt number for jet
impingement as a function of Rec [7,10–13]. The exponent,
c, is a constant and it is in the range 0.45–0.8. In this work,
the exponent for the jet Reynolds number was found to be
0.638. This value is consistent to that obtained in an earlier
work [11] performed in the same laboratory.

In Fig. 9, the abscissa is ln(H/d) and the ordinate is
ln(Nusg/Re0.638). After plotting the measured data into
the diagram, those data with the same W/d and L/d values
were successfully fitted into a straight line. For different
sets of W/d and L/d values, different straight lines were
obtained. As indicated, the slopes of all these straight lines
are quite close to �0.3. This ensures that the relationship,
Nusg / (H/d)�0.3, exists.

In Fig. 10, the abscissa is W/d and the ordinate is
ln{Nusg/[Re0.638(H/d)�0.3]}. As the measured data were
plotted into the diagram, those data with the same L/d
value were also successfully fitted into a straight line. Sim-
ilarly, for different L/d values, different straight lines were
obtained. Moreover, the slopes of all these straight lines
were also quite close. In the analysis, a common slope,
equal to �0.044, was selected. This means that the stagna-
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tion Nusselt number was set proportional to an exponen-
tial function with exponent of [�0.044(W/d)]. However, it
has to mention here that in this work the available experi-
mental data in the low L/d range were not sufficient. Thus
Fig. 10 was plotted only based on the data with the L/d
value in the range 27.8–166.7.

After accomplishing the correlations of the stagnation
Nusselt number with Re, H/d and W/d, all the 88 sets of
measured data were plotted into a diagram with L/d as
the abscissa and ln{Nusg/[Re0.638(H/d)�0.3e�0.044(W/d)]} as
the ordinate. The result is shown in Fig. 11. As indicated,
Fig. 11. ln{Nusg/[Re0.638(H/d)�0.3e�0.044(W/d)]} versus L/d.
all the measured data were also fitted well into a straight
line. The slope of this straight line is �0.011, and its inter-
section with the ordinate corresponds to a value of 0.426.

Based on the above analysis, a complete correlation for
the stagnation Nusselt number was found and it can be
expressed as follows:

Nusg ¼ 0:426Re0:638ðH=dÞ�0:3e�½0:044ðW =dÞþ0:011ðL=dÞ�

for
10;000 6 Re 6 30;000; 1 6 H=d 6 6

4:17 6 W =d 6 41:7; 5:5 6 L=d 6 166:7

ð2Þ

Eq. (2) can be used to predict the stagnation Nusselt num-
ber in the indicated range of operating conditions. In the
analysis, the deviations between the measured data and
corresponding predicted values were evaluated. The result
shows that the mean deviation is 6% and maximum devia-
tion is 16.9%. This maximum deviation occurs at
Re = 15,000, H/d = 1, W/d = 6.25 and L/d = 5.5. At this
operating condition, the predicted value is greater than
the measured data.

7. Conclusions

For the jet Reynolds number (Re) of 30,000, the transi-
tion of the confined jet from impingement region to wall-jet
region can be observed from a peak Nusselt number in the
flow direction. This transition locates at x/d � 1.0. A sec-
ondary peak Nusselt number can also be roughly observed
at x/d � 2.4. For Re = 10,000, these two peaks cannot be
clearly observed from the Nusselt number distribution.

The stagnation Nusselt number increases with the Re,
but decreases with an increase of the jet plate width-to-jet
diameter ratio (W/d) and jet plate length-to-jet diameter
ratio (L/d). The considered jet plate-to-impingement plate
configuration restricts the jet after impingement to flow
only in two opposite directions (aligned to the direction
of jet plate length). It turns out that the influence of W/d
on the stagnation Nusselt number is stronger than that of
L/d.

It is known that, in the potential-core region, the jet-cen-
terline turbulence intensity increases with the plate spacing-
to-jet diameter ratio (H/d). This would result that the
stagnation Nusselt number increases with the H/d. For
the confined jet impingement, the flow mixing between
the jet and recirculation flow is believed to be another fac-
tor affecting the dependence of the stagnation Nusselt num-
ber on H/d. As the H/d increases, the flow-mixing length
also increases. This would result in a decrease of the stag-
nation Nusselt number. Moreover, the higher the recircula-
tion flow temperature, the stronger the effect of flow mixing
on the stagnation Nusselt number. In this work, a
restricted-flow arrangement and a continuous heated sur-
face were considered. This might cause that, for an increase
of the H/d, the flow-mixing effect is stronger than the jet-
centerline turbulence intensity effect. Thus the result reveals
that the stagnation Nusselt number decreases with an
increase of the H/d.
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The stagnation Nusselt number was successfully corre-
lated into a simple equation using the limited experimental
data. It is a function of the 0.638 power of the Re. The H/d,
W/d and L/d were verified to be the other three parameters
affecting the stagnation Nusselt number. The result shows
that the stagnation Nusselt number is proportional to the
�0.3 power of the H/d. It is also proportional to an
exponential function with exponent of [�0.044(W/d) �
0.011(L/d)].
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