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Nomenclature

A surface area of the gold _lm Intrex
Cp wall pressure coe.cient "�"Pw−P�#:"9[4 r U1

ce##
d pipe nozzle diameter
D inner diameter of the concave hemisphere
d:D concave surface curvature
h local heat transfer coe.cient
I current across the gold _lm Intrex
I[D[ inner diameter of upstream pipe
k thermal conductivity of air
L nozzle!to!surface distance
Nu local Nusselt number "�h d:k#
Nust stagnation point Nusselt number
Pw wall pressure on the concave hemisphere
P� atmospheric pressure
qc conduction heat loss
qv net heat ~ux
r streamwise distance from the stagnation point
Re Reynolds number based on mean velocity and
nozzle diameter "�Ud:n#
Ta ambient temperature
Tj jet temperature
Tw concave surface temperature measured by liquid
crystal
Uce jet centerline mean velocity at the nozzle exit
V voltage across the gold _lm Intrex[

Greek symbols
o emissivity of the liquid crystal and black paint coated
surface
n kinematic viscosity of air

� Corresponding author[

r density of air
s StefanÐBoltzmann constant[

0[ Introduction

Due to a high heat and mass transfer enhancement\
impinging jets have been widely used in a variety of
engineering applications such as cooling of hot steel
plates\ tempering of glass\ drying of papers and _lms\
and cooling of turbine blades and electronic components[
Heat transfer studies have dealt with the e}ects of Rey!
nolds number\ nozzle!to!plate distance\ nozzle geometry\
jet temperature\ target surface orientation\ multiple jets\
cross ~ow\ and surface shape on the ~ow and heat trans!
fer characteristics[

Several review and summary papers on the impinging
jet heat transfer have been published by Martin ð0Ł\ Jam!
bunathan et al[ ð1Ł and Viskanta ð2Ł[ A great majority of
impinging jet studies in the past were on a ~at surface[
However\ many industrial applications of jet impinge!
ment cooling on a curved surface may be encountered[

A few papers have studied the impinging heat transfer
from a curved surface[ Chupp et al[ ð3Ł studied the heat
transfer characteristics with an array of round jets
impinging on a concave surface[ Thomann ð4Ł found that
the heat transfer on a concave surface is around 19)
higher than that on a ~at surface because the concave
surface curvature destabilizes the boundary layer ~ow
and increases the intensity of the turbulent mixing\ which
in turn produces large scale vortices "called TaylorÐGo�r!
tler vortices# with axes in the ~ow direction[ Hrycak ð5Ł
also reported that the total heat transfer on a concave
surface is higher than that on a ~at plate geometry due to
larger surface area\ especially for small nozzle!to!surface
distances[ Gau and Chung ð6Ł studied the e}ects of sur!
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face curvature on the two!dimensional slot jet impinging
heat transfer along semi!cylindrical concave and convex
surfaces[ They reported that at the stagnation point
region on a convex surface\ the momentum transport in
the ~ow is increased due to a series of three!dimensional
counterrotating vortices initiated near the wall\ and sub!
sequently the heat transfer rate is augmented[ They also
found that on a concave surface\ the heat transfer rate on
and around the stagnation point increases with increasing
surface curvature[

Yang et al[ ð7Ł investigated jet impingement cooling on
a semi!circular concave surface with two di}erent nozzles
"round edged and rectangular edged nozzles#[ They also
studied characteristics of free jets issuing from two
nozzles[ Most recently\ Lee et al[ ð8Ł studied the e}ects of
a hemispherically convex surface curvature on the local
heat transfer by a round impinging jet issuing from a
long straight pipe nozzle[ They found that the stagnation
point Nusselt number increases with increasing surface
curvature due to an increased acceleration from the stag!
nation point for a higher convex surface curvature[

In the present study\ the local heat transfer coe.cients
and the wall pressure coe.cient pro_les are measured for
a round turbulent jet impinging on a concave hemi!
spherical surface[ This is an extension of the previous
study by Lee et al[ ð8Ł on a convex hemispherical surface[
The experiments are made for the jet Reynolds number
"based on the pipe diameter# of Re � 00 999Ð49 999\
nozzle!to!plate distance of L:d � 1Ð09\ and surface cur!
vature of d:D � 9[923Ð9[978[ An electrically heated gold
_lm Intrex "a thin gold!coated polyester sheet# is used to
create a uniform heat ~ux on the surface[ The surface
temperature is determined using thermochromic liquid
crystal and a color image processing system as a means of
the quantitative color determination of the liquid crystal[

1[ Test apparatus and analysis

Figure 0 shows a schematic diagram of the test appar!
atus\ which is nearly identical to the impinging jet study
by Lee et al[ ð8Ł except for the impinging surface
geometry[ The apparatus consists of a blower\ a heat
exchanger\ an ori_ce ~ow meter\ a cast acrylic pipe with
three inner diameters of d � 0[2\ 1[04 and 2[3 cm and
three lengths of L � 65\ 014 and 086 cm[ Therefore\ a
fully developed round jet resulting from the development
length!to!pipe diameter ratio of 47 impinges per!
pendicularly upon a concave hemispherical surface[ A
heat exchanger is used to maintain the jet temperature at
the nozzle exit within 29[1>C of the ambient tempera!
ture[

The test model consists of a 2[4 mm thick and 27[0 cm
diameter Plexiglas concave hemisphere to which three 59
cm long strips "one 1[4 cm wide strip in the middle as a
main heater and two 0[4 cm wide strips on both sides as

guard heaters# of the gold _lm Intrex are glued[ An air
brush is used to apply _rst the micro!encapsulated ther!
mochromic liquid crystal and then black backing paint
on the Intrex surface[ A digital color image processing
system is used to quantitatively determine the tem!
perature corresponding to a particular color of liquid
crystal[ To measure the wall pressure\ 14 stainless steel
tubes with mm diameter were imbedded vertically on
the curved surface[ To prevent the pressure taps from
interfering with one another\ they were circumferentially
positioned at 4Ð09 mm separation distances[ The average
pressure in a 09 s period was measured using a digital
micro!manometer "Furness FC901#[

The measurement technique in this study\ described by
Lee et al[ ð09\ 00Ł\ provides a method for determining the
surface isotherms using liquid crystals[ By electrically
heating a very thin gold coating on the Intrex\ an essen!
tially uniform wall heat ~ux condition is established[ The
heat ~ux can be adjusted by changing the current through
the Intrex\ which changes the surface temperature[ Under
the constant heat ~ux condition\ an isotherm on the
Intrex surface corresponds to a contour of a constant
heat transfer coe.cient[ The local heat transfer coe.cient
at the position of the particular color being observed is
calculated from

h � qv:"Tw−Tj# "0#

where\ the net heat ~ux qv is obtained by subtracting the
heat losses from the total heat ~ux through the Intrex^
i[e[

qv � IV:A−os"T3
w−T3

a #−qc[ "1#

The variables I\ V\ A\ o\ s\ Tw\ Tj\ Ta and qc are the
current across the Intrex\ voltage across the Intrex\ sur!
face area of the Intrex\ emissivity of the liquid crystal
and black paint coated surface "measured by infrared
radiation thermometer] Minolta:494S#\ StefanÐBoltz!
mann constant\ concave surface temperature measured
by liquid crystal\ jet temperature\ ambient temperature
and conduction loss through the back of the plate\ respec!
tively[

The Nusselt number uncertainty analysis on the basis
of 19 ] 0 odds "i[e[ 84) con_dence level of errors#
has been carried out using the method by Kline and
McKlintock ð01Ł[ And the maximum uncertainty in the
Nusselt number is estimated to be 3[4)[

2[ Discussion of results

Figure 1 shows the pro_les of the wall pressure
coe.cient Cp along the concave surface for Re � 12 999[
It should be noted that the wall pressure pro_les for
Re � 00 999 and 49 999 are not shown here due to a
similarity to those for Re � 12 999 as well as a space
limitation[ In general\ Cp monotonically decreases from
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Fig[ 0[ Schematic diagram of the test apparatus for the jet impingement on the concave surface[

its maximum value at the stagnation point to zero Cp at
r:d 3 2[7[ A value of Cp at the stagnation point for
L:d � 3 is as high as 86) of that for L:d � 1\ since the
impinging surface is within the potential core length[ For
L:d − 5\ Cp decreases signi_cantly with L:d as the jet
centerline velocity decays rapidly[ It is also worthy to
note that the pro_les of Cp intersect at r:d 3 9[7 for all
Reynolds numbers tested[ Beyond that point\ the wall
pressure appears to be unstable in the entire concave
surface[ A similar behavior reported by Thomann ð4Ł
that a boundary layer on a concave surface produces an
unstable moment!of!momentum distribution because a
particle displaced in the normal to the surface will not
return to its original streamline[

The stagnation point Nusselt number "Nust# on the
concave surface vs the dimensionless nozzle!to!surface
distance "L:d# is plotted in Fig[ 2 for di}erent surface
curvatures "d:D# and Reynolds numbers[ It is observed
that Nust increases with increasing surface curvature[ The
same heat transfer behavior for the wall jet region can
also be deduced from the streamwise Nusselt number
distributions "Figs 3Ð5#[ This behavior may be attributed
to a thinning of the boundary layer caused by the surface
curvature and a generation of TaylorÐGo�rtler vortices[
According to Thomann ð4Ł and Schlichting ð02Ł\ a cen!
trifugal force created due to the curvature e}ect can dest!
abilize the entire ~ow over the concave surface and pro!
duces series of large scale vortices with axes in the ~ow
direction "called TaylorÐGo�rtler vortices#\ which in turn
increase the intensity of the turbulent mixing and enhance
the heat transfer rate[ Viskanta ð2Ł has also suggested the
initiation of TaylorÐGo�rtler vorticies along the concave
surface and the heat transfer rate increases with increas!
ing surface curvature[

Figure 2 also shows that Nust gradually increases with

increasing L:d and reaches a maximum at L:d � 5 for
Re � 00 999 and 12 999\ and at L:d � 7 for Re � 49 999
except for d:D � 9[978[ It can be inferred that the
location of the maximum Nust depends on both Reynolds
number and the surface curvature "i[e[ the lower Re and
the larger surface curvature\ the shorter potential core
length#[ According to the ~ow data obtained by Lee et
al[ ð8Ł\ the physical mechanism for the maximum Nust to
occur at L:d � 5Ð7 is that not only the jet centerline
velocity has not changed much from the initial centerline
velocity\ but the turbulence intensity reaches roughly a
maximum value in that region[

Correlations of Nust in terms of Re\ L:d and d:D are
obtained as follows] Nust � 0[6 "Re#9[36 "L:d#9[00 "d:D#9[1

for 1 ¾ L:d ³ 5\ and Nust � 0[63 "Re#9[45 "L:d#−9[26

"d:D#9[1 for 5 ¾ L:d ¾ 09[
The above correlations are valid for 00 999¾

Re ¾ 49 999 and 9[923 ¾ d:D ¾ 9[978[ It should be noted
that for 1 ¾ L:d ³ 5\ Nust varies according to
Nust � Re9[36\ which approximately agrees with the Re9[4

laminar boundary layer ~ow result and also agrees with
the experimental results of Hoogendoorn ð03Ł for the ~at
plate case[ For the longer distances\ the Reynolds number
dependence is stronger "Nust � Re9[45 for 5¾ L:d ¾ 09#[
This is due to the fact that for 5¾ L:d ¾ 09\ the
impinging surface is positioned outside of the potential
core of the jet and a subsequent increase of the entrain!
ment of the surrounding air to the jet ~ow has a}ected
the heat transfer rate at the stagnation point region[

The local Nusselt number distributions along the con!
cave surface are presented in Figs 3Ð5 for four nozzle!to!
surface distances of L:d � 1\ 3\ 5 and 09\ three Reynolds
numbers of Re � 00 999\ 12 999 and 49 999\ and three
surface curvatures of d:D � 9[923\ 9[945 and 9[978[ In
general\ the Nusselt number increases with increasing
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Fig[ 1[ Pro_les of the wall pressure coe.cient along the concave surface for Re � 12 999 and d:D � 9[978[

Reynolds number and surface curvature[ The Nusselt
number monotonically decreases from its maximum
value at the stagnation point up to r:d ¼ 0[9 ½ 0[4[

For Re � 00 999\ a gradual reduction in the Nusselt
number continues "beyond r:d ¼ 0[4# as the thermal
boundary layer thickness grows with r:d[ However\ Figs
3 and 4 show that for L:d � 1 and Re � 12 999\ and
for L:d ¾ 3 and Re � 49 999\ the local Nusselt number
distributions exhibit increasing values in the region cor!
responding to 0[9 ¾ r:d ¾ 0[4 and attain secondary max!
ima at r:d 3 1[9Ð1[1[ An occurrence of the secondary
maxima in the Nusselt number is attributed to the fact
that because the impinging surface is within the potential
core region\ the potential core of the jet ~ow impinges

upon the surface so that initially the laminar boundary
layer develops from the stagnation point and a transition
process takes place until the ~ow becomes turbulent at
r:d 3 1[9Ð1[1\ resulting in a sudden increase in the heat
transfer rate[ Figures 3 and 4 show that the location of
the secondary maxima looks independent of Reynolds
number\ the surface curvature\ and the nozzle!to!surface
distance[ The same behavior has been observed in the
impinging jet heat transfer study on the convex surface
ð8Ł[

Secondary maxima have also been reported in the ~at
surface study by Yan ð04Ł and in the concave surface
study by Gau and Chung ð6Ł at r:d 3 1 for L:d � 1 and
12 999¾ Re ¾ 69 999\ and r:b 3 6 for Re � 00 999 and
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Fig[ 2[ E}ect of Reynolds number and concave surface curvature on the stagnation point Nusselt number[

Z:b � 3 "where\ Z:b is the dimensionless nozzle!to!sur!
face distance for the two!dimensional slot jet#\ respec!
tively[ Yan ð04Ł reported that as the Reynolds number
increases from 12 999 to 69 999 the secondary maximum
Nusselt number approaches the value at the stagnation
point[ In fact\ our results in Fig[ 3 show that for
Re � 49 999 and d:D � 9[923\ the secondary maximum
Nusselt number becomes greater than the stagnation
point Nusselt number[

When the impinging surface is positioned outside of
the potential core length "i[e[ L:d × 3#\ a turbulence level
in the jet ~ow approaching the surface is becoming high
due to an increased entrainment of surrounding air to
the jet ~ow[ Therefore\ a resulting higher Nusselt number
at the stagnation point and a monotonic decrease of the
local Nusselt number in the downstream region can be
expected as shown in Fig[ 5[

3[ Conclusions

The experimental study has been carried out to investi!
gate the e}ect of the hemispherically concave surface

curvature on the local heat transfer of a round impinging
jet issuing from a long straight pipe nozzle[ It was found
that the Nusselt numbers for both stagnation point region
and wall jet region increase with increasing surface cur!
vature[ This may be attributed to a thinning of the bound!
ary layer caused by the surface curvature and a gen!
eration of TaylorÐGo�rtler vortices\ which in turn enhance
the heat transfer rate[

For all values of Re and d:D tested\ the maximum Nust

occurs at L:d 3 5Ð7 where not only a change in the jet
centerline velocity from the initial velocity is small\ but
the turbulent intensity reaches roughly a maximum value
in that region[ The stagnation point Nusselt numbers are
well correlated with Re\ L:d and d:D[ For 1 ¾ L:d ³ 5\
the correlation agrees roughly with the Re9[4 laminar
boundary layer ~ow result[ For the larger distances
"L:d − 5#\ the Reynolds number dependence is stronger
"Nust � Re9[45#[ This may be due to an increase of tur!
bulence levels in the approaching jet as a result of the
stronger exchange of momentum with the surrounding
air since the impinging surface is positioned outside of
the potential core of the jet[

The local Nusselt number decreases monotonically
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Fig[ 3[ Streamwise distributions of the local Nusselt number along the concave surface for L:d � 1] "a# d:D � 9[978^ "b# d:D � 9[945^
"c# d:D � 9[923[
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Fig[ 4[ Streamwise distributions of the local Nusselt number along the concave surface for L:d � 3] "a# d:D � 9[978^ "b# d:D � 9[945^
"c# d:D � 9[923[
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Fig[ 5[ Streamwise distributions of the local Nusselt number along the concave surface for L:d � 09] "a# d:D � 9[978^ "b# d:D � 9[945^
"c# d:D � 9[923[
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from its maximum value at the stagnation point[
However\ for L:d � 1 and Re � 12 999\ and for L:d ¾ 3
and Re � 49 999\ the local Nusselt number distributions
exhibit increasing values in the region 0[9 ¾ r:d ¾ 0[4 and
attain secondary maxima at r:d 3 1[9Ð1[1[ The formation
of the secondary maxima is attributed to an increase in
the turbulence level resulting from the transition from a
laminar to a turbulent boundary layer[
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