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Abstract

An experimental study has been carried out for jet impingement cooling on a semi!circular concave surface when jet
~ows were ejected from three di}erent slot nozzles*round shaped nozzle\ rectangular shaped nozzle and 1D contoured
nozzle[ Experiments have been conducted with variations of nozzle exit Reynolds number "Re1B# in the range of
4819 ¾ Re1B ¾ 14499 and nozzle!to!surface distance "zn# in the range of 0:1 ¾ zn:B ¾ 19 to determine the heat transfer
coe.cients under a constant heat ~ux condition[ The developing structures of free jets were measured by hot!wire
anemometer to understand the characteristics of heat transfer in conjunction with measured jet ~ows[ Markedly di}erent
~ow and heat transfer characteristics have been observed depending on di}erent nozzle shapes[ Average heat transfer
rates for impingement on the concave surface are found to be more enhanced than the ~at plate results due to the e}ect
of curvature[ Comparisons between the present results and the existing experimental results have also been made[
Þ 0888 Elsevier Science Ltd[ All rights reserved[

Nomenclature

A target surface area
B slot jet width
D inner diameter of circular concave surface
h convective heat transfer coe.cient
I electrical current
k thermal conductivity
Nu1B local Nusselt number
Nuavg"TW# average Nusselt number
Nu1B\o stagnation point Nusselt number
Re1B nozzle exit Reynolds number
qloss heat loss
qg generated heat ~ux
qw convective heat ~ux
s distance from the stagnation point along the cooled
surface
Tj jet temperature
Tw wall temperature
u ~uctuating velocity component
zu1 RMS value of ~uctuating velocity
Uavg average velocity in jet width direction at nozzle exit

� Corresponding author

Uj time!averaged mean velocity at the center of nozzle
exit
Um time!average local mean velocity
V voltage drop across the surface
x\ y\ z coordinates measured from nozzle center
zn nozzle!to!target separation distance[

Greek symbols
y kinematic viscosity
cos f power factor[

0[ Introduction

Jet impingement cooling has been widely used to cool
elements exposed to high temperature and high heat ~ux
environments because of its advantages in the e}ective
removal of locally concentrated heat and the easy adjust!
ment to the location where the cooling is needed[ Jet
impingement techniques have been applied to many pro!
duction processes including the drying of textiles\ _lm
and paper^ the annealing of glass^ the postprocessing of
some metals and glass^ the cooling of electronic equip!
ment^ and the freezing of tissue in cryosurgery[ In particu!
lar\ this jet impingement cooling has been e}ectively used
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to eliminate excessive thermal load near the leading edge
of the inner surface of gas turbine blades and the outer
wall of combustors[

Jet impingement cooling has been extensively studied
for many years\ and has been well recognized and
reviewed[ Empirical equations on jet impingement cool!
ing for single round or slot nozzle and arrays of round
or slot nozzles were provided for prediction of heat and
mass transfer coe.cients of many engineering appli!
cations ð0Ł[ Jambunathan et al[ ð1Ł reviewed previous data
of single circular jet impingement cooling orthogonally
onto a plane surface and clearly explained the signi_cant
e}ects of the nozzle geometry\ the con_nement of ~ow
and the generation of turbulence from the jet nozzles on
the jet impingement heat transfer[ Heat transfer charac!
teristics of single and multiple isothermal turbulent air
jet impingement were also reviewed by Viskanta ð2Ł[

The impingement cooling has been studied mainly on
a ~at plate[ When the impingement cooling is applied on
a curved surface as in the jet impingement cooling onto
the turbine blade inner surface\ the curvature e}ect
should be taken into consideration to understand the
di}erent phenomena between the ~at plate case and the
curved surface case[ In general\ for a ~ow on a surface
with concave curvature\ the centripetal force due to the
curvature makes the ~ow unstable and a so!called
TaylorÐGo�rtler type vortex is produced ð3\ 4Ł[ Such a
vortex has its axis parallel to the ~ow direction and is
known to enhance momentum and energy transfer and
thereby heat transfer rate on the surface[ However\ the
studies of jet impingement cooling on a curved surface
are not encountered as frequently as those on a ~at plate[
Chupp et al[ ð5Ł\ Metzger et al[ ð6Ł\ and Tabako} and
Clevenger ð7Ł measured impingement cooling on a semi!
circled surface and investigated the e}ects of jet!to!jet
spacing\ the distance between the jet and the cooled
surface\ and various jet!hole arrangements[ Dyban and
Mazur ð8Ł measured heat transfer coe.cient on a para!
bolic concave surface and studied the e}ects of jet!~ow
passage curvature[ Metzger et al[ ð09Ł and Bunker and
Metzger ð00Ł studied heat transfer characteristics for the
di}erent leading edge shapes of the cooled surface[ Gau
and Chung ð01Ł visualized the jet ~ow impinging on both
convex and concave semi!circular surfaces and showed
the distinctive characteristics of ~ow and heat transfer on
these surfaces[ The nozzle con_gurations in~uence the jet
impingement cooling e.ciency signi_cantly[ Garimella
and Nenaydykh ð02Ł considered the e}ect of nozzle aspect
ratios and diameters on ~at plate cases[ A wide variety
of nozzles were tested to determine the e}ect of nozzle
geometry on local convective heat transfer rate for jet
impingement cooling on ~at plate\ and the heat transfer
rate was changed depending on the jet ~ow structures
developed from di}erent nozzle conditions ð03Ð05Ł[

Most of the above studies of jet impingement cooling
mainly focused on the heat and mass transfer charac!

teristics\ but the turbulent jet ~ow characteristics should
be identi_ed for a clear understanding of heat transfer
phenomena and it is evident that the turbulent ~ow struc!
ture changes signi_cantly depending on the nozzle shapes
and thereby the heat transfer on the wall[ Gardon and
Ak_rat ð06\ 07Ł\ Hoogendoorn ð08Ł\ and Lytle and Webb
ð19Ł investigated the e}ect of turbulence on the heat trans!
fer characteristics for jet impingement on ~at plate[
Therefore\ it is important to specify jet ~ow conditions at
nozzle exit in _guring out how the ~ow and the turbulence
intensity vary for di}erent nozzle shapes and how this
~ow structure a}ects the heat transfer characteristics[ In
this study\ the e}ects of jet ~ows developed from three
di}erent slot nozzles "round shaped nozzle\ rectangular
shaped nozzle and 1D contoured nozzle# have been stud!
ied for the impingement heat transfer characteristics on
a semi!circular concave surface[ The present study is con!
cerned with the e}ects of Reynolds number "Re1B#\ cur!
vature "concave surface case and ~at plate case#\ and the
spacing between the nozzle and the stagnation point on
the target surface "zn:B#[ The objective of the study is to
explain the heat transfer characteristics of jet impinge!
ment cooling on a concave surface in relation to the
turbulent jet!~ow structure ejected from di}erent shaped
slot nozzles\ and to _gure out the curvature e}ect which
may enhance the convective heat transfer rate[

1[ Experimental apparatus and procedure

Figure 0 shows a schematic of the experimental appar!
atus for heat transfer measurement[ The air was supplied
from a blower and the total ~ow rate was controlled by
an inverter[ The heat exchanger was installed to obtain
the constant temperature ~ow at the nozzle exit and to
reduce the temperature di}erence between the ambient
and the nozzle exit ~ow within 29[4>C[ A uniform and
stable ~ow distribution was established at the jet exit
using a settling chamber of 399×399×599 mm in volume
and an acrylic duct 799 mm in length[ To investigate the
surface curvature e}ect\ the semi!circular concave surface
with 049 mm inner diameter and the ~at plate were con!
sidered[ The surface temperatures or the heat transfer
coe.cients along the cooled surface have been measured
under a constant heat ~ux condition[ In order to obtain
the constant heat ~ux condition\ high electric current
was supplied through a thin stainless steel foil 29 mm in
thickness[ The generated heat ~ux "qg# in the heating foil
was controlled by the variation of output voltage\ and
calculated by measuring the voltage drop "V# between
the voltage taps soldered in heating foil\ the electrical
current "I# and the power factor "cosf#[ The thin stainless
steel foil was bonded to the inner surface of the acrylic
semi!circular surface by double!sided adhesive tape[
Thermocouples were attached on the foil from an outer
acrylic surface through drilled holes\ and the void space
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Fig[ 0[ Experimental apparatus for heat transfer measurements[

was completely _lled with thermal epoxy[ The outer acry!
lic surface was insulated with Styrofoam to reduce the
conductive heat losses through the backward surface[ To
accomplish the negligible electrical contact resistance and
the perfect contact between thin foil and bus bars\ each
end of heating thin foil was placed within two copper bus
bars and bolted _rmly[ The wall temperature distribution
"Tw#\ the ambient temperature "T�# and the jet tem!
perature "Tj# were measured by T!type thermocouples
9[14 mm in diameter[ Eighteen thermocouples were
attached on the cooled surface along the ~ow direction
from the stagnation point with an interval of 4 mm
between each thermocouple to measure the wall tem!
perature distribution\ and the jet temperature was
measured in the settling chamber to avoid the disturbance
of the jet ~ow at the nozzle exit[ The measured tempera!

tures were recorded by a multi!channel recorder "Hybrid
Recorder\ YOKOKAWA# and stored in a personal com!
puter through GPIB[

The experimental apparatus for ~ow measurements of
jet ~ow and coordinate system is depicted in Fig[ 1"a#[
Since jet impingement cooling e.ciency is governed by
forced convective heat transfer\ the experiment of jet ~ow
measurements was conducted separately without surface
heating[ The axial and spanwise variations of jet ~ow
quantities ejected from three di}erent nozzles were mea!
sured by hot!wire anemometer[ The measured signals by
using I!type hot!wire 4 mm in diameter "KANOMAX#
and CTA module "45C90\ DANTEC# were _ltered and
ampli_ed in a signal processor "45N19\ DANTEC# at 29
kHz cuto} frequency\ then the output analog signals
were converted and recorded at the personal computer
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Fig[ 1[ Experimental apparatus for ~ow measurements and nozzle geometry] "a# schematic of ~ow measurement^ "b# nozzle geometry[
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including the A:D board "DT1727\ Data Translation#
with 05 bit resolution[ To obtain mean velocity and tur!
bulence intensity of jet ~ow\ the hot!wire signals were
sampled at 19 kHz and 599 999 acquisition data at a
measuring position were converted to instantaneous vel!
ocities by using the correlation curve based on King|s
law[ To evaluate the turbulence intensity of jet ~ow\ the
RMS value of velocity ~uctuation "zu1# is normalized
by the jet velocity "Uj# at the nozzle exit center instead
of local mean velocity "Um#\ and this normalized value
indicates the absolute magnitude of velocity ~uctuation
at the measuring point ð06\ 19Ł[ A two!axes traversing
device with stepping motors controlled through a digital
output from an I:O board in a personal computer enables
a hot!wire probe and a pitot tube to be located at the
right measuring point within 04 mm spatial resolution[

To take account of the distinctive behavior of ~ow and
heat transfer\ particularly of ~ow turbulence for di}erent
nozzle shapes\ three nozzles of 4 mm in slot width were
considered "shown in Fig[ 1"b##[ The round shaped nozzle
and the rectangular shaped nozzle were made by cutting
an acrylic tube 59 mm inner diameter and 79 mm outer
diameter[ The inlet of the round shaped nozzle was
rounded with a radius of curvature of 09 mm\ and the
exit of the rectangular shaped nozzles was made into a
rectangular channel with aspect ratio equal to 1[ The 1D
contoured nozzle was designed according to the method
suggested by Morel ð10Ł for the 1D contraction part of a
wind tunnel[

When the jet ~ow ejected from three di}erent slot noz!
zles impinges on the semi!circular concave surface and
~at plate under a constant heat ~ux condition\ wall tem!
peratures have been measured with variations of nozzle
exit Reynolds number "Re1B# in the range of
4819 ¾ Re1B ¾ 14499 and the nozzle!to!surface distance
"zn# in the range of 0:1 ¾ zn:B ¾ 19 to determine the
heat transfer coe.cients[ About 0 h was required for the
achievement of thermal steady condition after the startup
of wall heating[

Mean velocities have been evaluated from the di}er!
ence between total and static pressures of pitot tube along
the spanwise direction to calculate the average velocity
"Uavg# over the slot width at the nozzle exit[ The Reynolds
and Nusselt numbers were calculated on the basis of the
hydraulic diameter for slot nozzle\ 1B\ properties at jet
temperature and measured data[

Re1B �
Uavg = 1B

y
"0#

Nu1B �
h = 1B

k
�

qw

Tw−Tj

1B
k

"1#

The minimum temperature di}erence "Tw−Tj# between
the wall temperature and jet temperature has been made
larger than 04>C to minimize the e}ect of temperature
measurement errors[ The convective heat ~ux "qw# was
calculated as follows]

qw � qg−qloss ¼
VI cos f

A
"2#

When the heat ~ux is determined\ several heat losses
have been estimated[ The conduction heat losses through
insulation material\ through thermocouple wires and
from the side edge of the stainless steel foil were estimated
to be less than 9[4\ 9[0 and 9[91) of the total generation
of heat in the foil\ respectively\ because of the 29 mm
thickness of the foil and small conductivity of insulating
material "Styrofoam] k � 9[92 W m−0 K−0#[ The heat
loss due to radiation was estimated by using the emissivity
of stainless steel foil "o � 9[06# and view factor value of
one\ and was found to be less than 0[7) because of low
wall temperatures[

The uncertainty analysis was performed for the
measurement values by using methods suggested by Kline
and McClintock ð11Ł with 84) con_dence level[ For
given conditions "Uj � 39 m s−0\ zn:B � 0:1 for a round
shaped nozzle# the relative uncertainties of heat ~ux and
heat transfer coe.cient are 0[5 and 4[3)\ respectively[
The overall relative uncertainty in the Nusselt number is
estimated as 5[3) and the relative uncertainty in the
Reynolds number is estimated to be 2[7)[

2[ Results and discussion

To characterize three nozzles used\ spanwise dis!
tributions of mean velocities "Fig[ 2# and velocity ~uc!
tuations "Fig[ 3# of free jets have been measured for
di}erent axial distances from the nozzle exit in the range
of 9[1 ¾ z:B ¾ 01 when center velocity at the nozzle exit\
Uj\ was equal to 39 m s−0[ The distributions of normalized
mean velocity in the spanwise direction for the round
shaped nozzle "Fig[ 2"a## and the rectangular shaped
nozzle "Fig[ 2"b## show markedly di}erent jet ~ow
characteristics[ For round shaped nozzle results\ mean
velocity at z:B � 9[1 is almost equal to the nozzle exit
velocity throughout the nozzle width[ It is shown that the
shear ~ow region developed from the edge of the nozzle
is expanding due to the mixing of jet ~ow and ambient
air\ and beyond z:B � 5 the e}ect of entrainment pen!
etrates up to the center line[ When the jet ~ow develops
to the downstream with the increase of axial distance
"z:B#\ ambient ~ows are entrained up to the potential
core region of a jet ~ow and the uniform distribution of
velocity that occurred at the nozzle exit becomes the bell!
shaped distribution[ The overall trend is similar irres!
pective of nozzle exit velocities[ For the rectangular
shaped nozzle case\ the region with uniform velocities
along the jet width does not appear\ and the rectangular
shaped nozzle yields less ~at velocities and a faster
reduction of the center velocity than the round shaped
nozzle[ This would be due to the pre!development of jet
~ow along the rectangular shaped ~ow passage[ Because
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Fig[ 2[ Widthwise variations of mean velocity for di}erent nozzle
shapes at Uj � 39 m s−0] "a# round shaped nozzle^ "b# rectangular
shaped nozzle[

of non!uniform velocity at the nozzle exit\ the shear layer
grows earlier than for the case of a round shaped nozzle
and the vigorous entrainment of ambient ~ow is expected[
The jet velocity structure of 1D contoured nozzle is simi!
lar to the round shaped nozzle results due to the similarity
of the edge shape at the nozzle exit[

Figure 3 shows the normalized velocity ~uctuations\
i[e[ turbulence intensities\ in the widthwise direction for
a round shaped nozzle and a rectangular shaped nozzle
at Uj � 39 m s−0[ For the round shaped nozzle "Fig[
3"a##\ the region with uniform and low turbulence inten!
sities exists near the nozzle exit[ Turbulence intensity
grows sharply near the nozzle edge\ y:B � 29[4\ due to
the mixing in the shear layers where large velocity gradi!
ents exist[ Since the mixing layer expands as the axial
distance increases\ the location where the maximum tur!
bulence intensity occurs becomes farther from the nozzle
centerline with the increase of z:B[ At z:B � 7 the

Fig[ 3[ Widthwise variations of velocity ~uctuations for di}erent
nozzle shaped at Uj � 39 m s−0] "a# round shaped nozzle^ "b#
rectangular shaped nozzle[

maximum turbulence intensity is about 03) near
y:B � 29[7\ and in the downstream region the maximum
turbulence intensity in the spanwise direction decreases[
Turbulence intensities at the jet centerline increase with
the increase of z:B until z:B ¾ 09[ Turbulence intensity
at the exit of the rectangular shaped nozzle is not uniform
along the jet width\ and larger than that for the round
shaped nozzle\ which is resulted from the di}erent ~ow
passage within the nozzle[ A jet ~ow ejected from the
rectangular shaped nozzle can be developed to some
extent while ~owing in a rectangular shaped ~ow passage\
and the widthwise distribution of jet ~ow at the nozzle
exit is similar to that obtainable from a developing chan!
nel ~ow[ It is emphasized that the ~ow development along
the ~ow passage resulted in less ~at velocities at the exit
of a rectangular shaped nozzle "see Fig[ 2"b##[ Although
the centerline turbulence intensities for a rectangular
shaped nozzle are a little larger than those for a round
shaped nozzle\ the maximum turbulence intensity which
occurs o} the centerline is smaller because of smaller
velocity gradient near the shear layer^ the maximum tur!



G[ Yan` et al[:Int[ J[ Heat Mass Transfer 31 "0888# 1088Ð1198 1194

bulence intensity for the rectangular shaped nozzle is
about 01) at z:B � 7[

The di}erent developing structure of jet ~ows which
depend on nozzle shapes can be seen from the dis!
tributions of mean velocity and turbulence intensity
along the centerline "Fig[ 4#[ Figure 4 shows the axial
variations of jet ~ows along the centerline for three
di}erent nozzles with the increase of axial distance from
nozzle exit in the range of at 9 ¾ z:B ¾ 19 at Uj � 09 and
39 m s−0[ Mean velocities at the nozzle exit maintain for
some distances within the potential core region\ then
decrease in di}erent ways depending on nozzle shapes[
Potential core length for a round shaped nozzle is longer
than those for two other nozzles\ and the rectangular
shaped nozzle results in the shortest potential core length[
The round shaped nozzle and 1D contoured nozzle can
carry ~uids in the centerline to the farther downstream
region with a little loss of momentum by preventing the
penetration of shear e}ect into the jet centerline due to

Fig[ 4[ Axial variations of jet ~ow structure for di}erent nozzle
shapes] "a# Uj � 09 m s−0^ "b# Uj � 39 m s−0[

the uniform velocity along the jet width at the nozzle exit
"see Fig[ 2"a##[ Turbulence intensities for round shaped
and 1D contoured nozzles maintain nozzle exit value up
to z equal to 1B\ and increase sharply before reaching the
maximum value that occurs near 7B ½ 09B[ However\
the rectangular shaped nozzle shows the increase of tur!
bulence intensity from the nozzle exit without the region
of constant turbulence intensity\ which can be inferred
from the fact of the ~ow pre!development through the
~ow passage[ The maximum turbulence intensity for the
round shaped nozzle is about 06) at Uj � 09 m s−0 and
00) at Uj � 39m s−0\ respectively[ Near the nozzle exit\
the rectangular shaped nozzle results in larger turbulence
intensity than round shaped and 1D contoured nozzles
because of the pre!development of a jet ~ow[

These di}erent jet ~ow structures for di}erent nozzle
shapes should in~uence the impinging jet ~ow structure\
and _nally the heat transfer characteristics[ Figure 5
shows the stagnation point and average Nusselt numbers
for di}erent nozzles and jet Reynolds numbers with the

Fig[ 5[ Heat transfer results for di}erent nozzle shapes] "a#
stagnation point Nusselt numbers^ "b# average Nusselt numbers[



G[ Yan` et al[:Int[ J[ Heat Mass Transfer 31 "0888# 1088Ð11981195

increase of nozzle!to!surface distance in the range of
0:1 ¾ zn:B ¾ 19[ For the case of the round shaped nozzle\
the stagnation point Nusselt number is the highest at the
smallest spacing\ zn:B � 0:1 and decreases as the distance
between the nozzle exit and target surface "zn:B# is
increased[ From zn:B equal to approximately 1Ð3\ the
Nusselt number again increases up to a peak occurred
near zn:B � 09[ This spacing where a peak occurs\
approximately coincides with the location of the
maximum turbulence intensity at the centerline "see Fig[
4#[ Within this region "zn:B ¾ 09# mean velocities do not
vary signi_cantly\ but the magnitude of velocity ~uc!
tuations increases substantially\ which causes the heat
transfer rate to increase[ For the case of a rectangular
shaped nozzle\ a similar trend has been observed[
However\ a peak Nusselt number occurs at the smaller
spacing^ zn:B � 3Ð5 compared to the case of a round
shaped nozzle because the decay of centerline velocity
commences at shorter distance from the nozzle exit "see
Fig[ 4#[ Di}erent ~ow characteristics obviously resulted
in di}erent heat transfer behavior and can explain why
the peak of heat transfer rate occurred at the spacing of
zn:B ¼ 09 for a round shaped nozzle and zn:B � 3Ð5 for
a rectangular shaped nozzle\ respectively[ For large spa!
cings\ the stagnation point Nusselt number for a round
shaped nozzle becomes larger than those for 1D con!
toured and rectangular shaped nozzles\ which can be
inferred from the fact that mean velocity for the round
shaped nozzle is larger in the free jet downstream region
than the case of other two nozzles "see Fig[ 4#[ For all
nozzles considered\ the highest heat transfer rates at the
stagnation point occur at the smallest spacing\ at
zn:B � 0:1[ This seems to be due to the e}ect of ~uid
acceleration between the nozzle exit and impingement
surface ð19Ł[ Gardon and Ak_rat ð06Ł reported that the
boundary layer thickness near the stagnation region in
which the velocity varies from free jet condition to zero
on the surface was approximately equal to 0[0Ð0[1 nozzle
diameter for a single round jet[ The boundary layer thick!
ness in the stagnation region for a slot jet impingement
varies depending on the nozzle!to!surface distances and
nozzle exit velocities ð12Ł[ The small spacings\ zn:B ¾ 2
for round shaped and 1D contoured nozzle\ seem to
be within the boundary layer for the stagnation region[
Therefore\ smaller spacings can cause larger axial velocity
gradients and also larger temperature gradients on the
surface than cases with zn:B × 2\ which enhances the heat
transfer rate[ For average Nusselt numbers based on
mean wall temperature "Fig[ 5"b##\ the average heat
transfer rate of 1D contoured nozzle is better than other
two nozzles at small zn:B[ As zn:B increase\ average Nus!
selt numbers for round shaped nozzle become larger due
to larger mean velocities than those for other two nozzles[
The average Nusselt number for the 1D contoured nozzle
is more uniform in the broad range of zn:B[ From the
view point of stagnation point Nusselt number\ shorter

spacings from the nozzle exit to the impinging surface
seem to be necessary if the rectangular shaped nozzle is
used\ while larger spacing would be desirable for round
shaped and 1D contoured nozzles if very small spacings
are avoided[

The variations of local Nusselt numbers for three noz!
zles along the concave surface from the stagnation point
have been compared with the results reported by Gau
and Chung ð01Ł in Fig[ 6[ The present results for all
nozzles considered show similar trend to Gau and Chung
ð01Ł for zn:B � 01\ however\ for zn:B � 3 "Fig[ 6"a##\ rec!
tangular shaped nozzle results in much di}erent Nusselt
numbers from the other cases[ The higher Nusselt number
at the stagnation point "s:B � 9 case in Fig[ 6"a## for a
rectangular shaped nozzle would be inferred from higher
turbulence intensity along the jet centerline for a free jet
"shown in Fig[ 4"b##[ However\ higher Nusselt number
observed up to the circumferential distance s:B equal
to about 5 for a rectangular shaped nozzle can not be

Fig[ 6[ Comparison of local Nusselt numbers with Gau and
Jung ð01Ł results for di}erent nozzle shapes] "a# zn:B � 3^ "b#
zn:B � 01[
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explained from the free jet measurements alone\ but the
additional data for the distribution of developing wall jet
should be measured for a proper explanation "this has
not been done in the present study#[ Even though free
jet turbulence intensity distribution in the jet widthwise
direction for a rectangular shaped nozzle seems to show
smaller values as a whole than for a round shaped nozzle\
the distribution of wall jet ~ow turbulence can produce
di}erent trends since the wall jet has been developed from
the stagnation point where the rectangular shaped nozzle
shows higher turbulence intensity of a free jet[ The sec!
ondary peaks have been observed at small spacings such
as zn:B � 3 shown in Fig[ 6"a# except for the rectangular
shaped nozzle\ while peaks did not occur for large spa!
cings of zn:B � 01[ The existence of secondary peaks has
been thought to be due to the transition of the stagnation
~ow from a laminar wall jet ~ow to a turbulent wall jet
~ow ð06\ 19Ł[ The fact that the rectangular shaped nozzle
produced su.ciently large turbulence of a free jet at
zn:B � 3 "shown in Fig[ 4# would suggest that a notable
increase of turbulence intensity along the curved surface
may not occur\ correspondingly\ heat transfer rates may
decrease monotonously along the surface without a sec!
ondary peak[ Gardon and Ak_rat ð06Ł also reported that
the secondary peak disappeared for the impinging jet
with arti_cially induced turbulence at the nozzle exit[ To
_gure out the e}ect of jet exit velocity on the secondary
peak phenomena of heat transfer rate along the stre!
amwise direction\ the local Nusselt numbers for the round
shaped nozzle are plotted in Fig[ 7 for di}erent jet Rey!
nolds numbers in the range of at 5299 ¾ Re1B ¾ 14499
at zn:B � 0:1[ As the Reynolds number increases\ the
secondary peak of local Nusselt number occurs more
prominently and the location where the secondary peak
occurs moves toward the stagnation point because of the

Fig[ 7[ Variations of secondary peak of local Nusselt numbers
with increasing Reynolds number for round shaped nozzle at
zn:B � 0:1[

earlier occurrence of transition for higher jet Reynolds
numbers[

Figure 8 shows the comparisons of heat transfer rates
for impingement on the semi!circular concave surface
"D:B � 29# and the ~at plate^ Fig[ 8"a#] stagnation point
Nusselt numbers^ Fig[ 8"b#] average Nusselt numbers[
The heat transfer rates at the stagnation point are almost
similar for two cases\ however\ the average heat transfer
rates are di}erent and this trend becomes more prominent
for higher Reynolds numbers[ While the stagnation
region is not a}ected seriously by the surface curvature\
the instabilities such as TaylorÐGo�rtler vortex induced by
the concave curvature would grow along the streamwise
direction and enhance the heat transfer rates further in
the downstream region apart from the stagnation point[
Correspondingly\ the average Nusselt numbers should be
more in~uenced by curvature than the stagnation point

Fig[ 8[ Comparison of Nusselt numbers on concave surface
and on ~at plate for round shaped nozzle] "a# stagnation point
Nusselt numbers^ "b# average Nusselt numbers[
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Nusselt numbers and are shown to become larger than
~at plate results[

3[ Conclusions

Jet impingement cooling on the concave surface has
been studied for three di}erent nozzle con_gurations[
The e}ects of nozzle shapes\ the curvature\ Reynolds
numbers and the spacings between the nozzle exit and
cooled surface are of primary interests[ The following
conclusions have been drawn[

"0# Markedly di}erent ~ow characteristics have been
observed when di}erent nozzles were used\ and heat
transfer characteristics were also signi_cantly di}er!
ent for di}erent nozzles and have been successfully
explained in conjunction with the measured ~ow
characteristics[

"1# As the spacing between the nozzle exit and the cooled
concave surface was increased\ there was a region
where the stagnation point Nusselt number increased
before reaching a peak[ This phenomenon results
from the increase of turbulence intensity of jet ~ow
within the potential core region[ The spacing where
a peak stagnation point Nusselt number occurs cor!
responds approximately to the location of the
maximum turbulence intensity of a free jet for round
shaped and 1D contoured nozzles[ Since the jet ~ow
issued from the rectangular shaped nozzle is
developed earlier and the turbulence intensity
increases sharply when the jet ~ow passes through
the sharp nozzle edge\ the rectangular shaped nozzle
results in an earlier increase of stagnation point Nus!
selt number as the spacing is increased[

"2# Secondary peaks have been observed for small spa!
cings between nozzle exit and concave surface[ As
jet Reynolds number increases\ the secondary peak
occurs more prominently and the location where the
secondary peak occurs moves toward the stagnation
point because of the earlier occurrence of transition
for higher Reynolds numbers[

"3# The e}ect of curvature has been studied by com!
paring with ~at plate results and is shown to be
signi_cant[ For D:B � 29\ the average heat transfer
rates were enhanced even though the heat transfer
rates at the stagnation point for concave surface were
almost same as those on ~at surface[ The e}ect of
curvature becomes more prominent as Reynolds
number increases[
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