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Nomenclature

C speci_c heat of the Plexiglas "J:kg K#
CP wall pressure coe.cient "�"pw−p�#:9[4rU1

ce#
d pipe nozzle diameter "m#
d0 height of the rib "mm#
D outer diameter of the convex hemisphere "m#
hc convective heat transfer coe.cient "W:m1 K#
hr radiation heat transfer coe.cient "W:m1 K#
k thermal conductivity of the Plexiglas "W:m K#
L nozzle!to!surface distance "m#
Nu local Nusselt number
Nuave average Nusselt number over the curved surface
p pitch of the rib "mm#
p:d0 dimensionless pitch!to!rib height
pw wall pressure on the hemisphere surface "N:m1#
p� atmospheric pressure "N:m1#
r streamwise distance from the stagnation point "m#
Re Reynolds number based on mean velocity and
nozzle diameter "�Ud:n#
t time for the surface temperature di}erence "Ti−TLC#
to occur"s#
Ti initial temperature of the hemisphere ">C#
T� ambient temperature ">C#
TLC convex surface temperature measured by the liquid
crystal ">C#
Tref average surface temperature "�9[4"Ti¦TLC## ">C#
T� dimensionless surface temperature[

Greek symbols
o emissivity of the liquid crystal and black paint coated
surface "measured by infrared radiation thermometer]
Minolta:494S#

� Corresponding author

n kinematic viscosity of air "m1:s#
r density of the Plexiglas "kg:m2#
s StefanÐBoltzmann constant "�4[558×09−7 W:m1

K3#[

0[ Introduction

Numerous studies of the impinging jet heat transfer
and ~ow characteristics have been reported by Martin
ð0Ł\ Jambunathan et al[ ð1Ł\ Viskanta ð2Ł\ Baughn and
Shimizu ð3Ł\ and Lee et al[ ð4Ł[ Most of these studies
have focused on the heat transfer enhancement in the
stagnation point region[ However\ in order to increase
an overall average heat transfer in the impinging surface\
it is necessary to increase the heat transfer rate in the
wall jet region where the heat transfer is relatively low
compared to the stagnation point region[ Miyake et al[
ð5Ł\ Cha et al[ ð6Ł\ and Hrycak ð7Ł have investigated the
heat transfer from the rib!roughened ~at surface to
impinging jets and presented the optimum conditions
"i[e[\ rib height\ shape\ pitch\ and nozzle!to!surface
distance\ etc[# for the maximum heat transfer to occur[

In the mean time\ a literature search does not show
any research results that deal with the impinging jet heat
transfer from the rib!roughened curved surface[ But\
there are a few papers that studied the impinging jet
heat transfer from the smooth curved surface[ Hrycak ð8Ł
studied the heat transfer characteristics with round jets
impinging on a concave surface[ Gau and Chung ð09Ł
studied the e}ects of surface curvature on slot jet
impingement heat transfer along the semi!cylindrical con!
cave and convex surfaces[ Yang et al[ ð00Ł investigated
jet impingement cooling on the semi!cylindrical concave
surface with round!edged and rectangular!edged nozzles[
Lee et al[ ð01Ł studied the e}ects of the convex surface
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curvature on the local heat transfer by a fully developed
round impinging jet[

The present study focuses on the heat transfer enhance!
ment by the fully developed round jet impinging upon
the rib!roughened convex surface[ Heat transfer measure!
ments were carried out using liquid crystal:transient tech!
nique for Re � 12999\ L:d � 5Ð09\ and three types of rib
roughness elements "see Table 0#[

1[ Experimental apparatus and technique

A diagram of the test apparatus used in the experiment
is shown in Fig[ 0[ The apparatus consists of a blower\ a
heat exchanger\ an ori_ce ~ow meter\ cast acrylic pipes
with an inner diameter of d � 1[04 cm\ and a rib!rough!
ened convex surface[ The development length!to!pipe
diameter ratio of 47 results in a fully developed velocity
pro_le of the jet ~ow at the nozzle exit[

Table 0
Speci_cations of the rib types

Types Height "d0# Pitch "p# p:d0

"mm# "mm#

A 1 01 5
B 1 11 00
C 1 21 05

Fig[ 0[ Schematic diagram of the test apparatus for the jet impingement on the rib!roughened convex surface[

Figure 1 shows a schematic diagram of the test model
and shroud[ The test model consists of a 2[4 mm thick
and 27[0 cm diameter Plexiglas convex hemisphere[ Cir!
cular ribs with a diameter of d0 � 1 mm are mounted on
the convex surface with 01\ 11\ and 21 mm gaps between
the ribs "see Table 0#[ In order to make a strong contact
between the surface and the ribs\ a liquid type super glue
is used[ An air brush is used to apply _rst the micro!
encapsulated thermochromic liquid crystal "HALLCR!
EST {R18C3W|# and then black backing paint on the test
model surface[ The test model is placed in a specially
designed constant temperature air oven\ made of 5 cm
thick Styrofoam insulation\ which is in the form of
shroud[ Now the test model is heated in the oven for 3Ð4
h during which the temperature of the test model becomes
uniform within 29[1>C[ When the test model reaches a
desired temperature "about 7>C above the temperature
in which the liquid crystal color begins to occur#\ the
shroud is suddenly removed and the test model is exposed
to the impinging jet ~ow[ The fast removal of the shroud
initiates the transient process[ As the test model is cooled
down\ the color change of the liquid crystal occurs at a
given time[ A digital color image processing system is
used to quantitatively determine the temperature cor!
responding to a particular color of liquid crystal[

The principle of the liquid crystal:transient technique
is to calculate the local heat transfer coe.cient using a
temperature di}erence between surface and ambient
~uid\ and an elapsed time for this di}erence to occur[ A
one!dimensional heat conduction approximation is used
since the surface temperature response is limited to a
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Fig[ 1[ Schematic diagram of the test model[

thin layer near the surface and lateral conduction can be
shown to be small "Baughn and Yan ð02Ł#[ Therefore\
one!dimensional conduction into a semi!in_nite medium
with a convective boundary condition is assumed and it
has the following solution

T� �
TLC−T�

Ti−T�

� eg1

erfc"g# "0#

where TLC is the surface temperature determined by liquid
crystal\ T� is the ambient ~uid temperature\ and Ti is the
initial surface temperature[ In eqn "0#

g �
"hc¦hr#zt

zrCk
"1#

Now\ the convective heat transfer coe.cient hc is cal!
culated as

hc �
gzrCk

zt
−hr "2#

where t represents the time for the surface temperature
di}erence "Ti−TLC# to occur\ hr is the radiation heat
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transfer coe.cient "�os"Tref¦T�# "T1
ref¦T1

�##\ o is the
emissivity of the liquid crystal:black paint coated surface\
and Tref is the average surface temperature
"�9[4"Ti¦TLC##[

The uncertainty analysis has been carried out using the
method suggested by Kline and McKlintock ð03Ł[ It is
shown in Table 1 that the overall uncertainty in the Nus!
selt number for L:d � 09\ r:d � 9[6\ and p:d0 � 00 at
Re � 12999 is 5[84)[ It should be noted that this uncer!
tainty represents the maximum uncertainty in the Nusselt
number under the given conditions[ The uncertainty in
the property of Plexiglas is the largest contribution to the
overall uncertainty[

2[ Results and discussion

Figure 2 shows the ~ow pattern models\ suggested by
Webb et al[ ð04Ł\ on the ~at surface with repeated!rib
roughness for the dimensionless pitch!to!rib height of
p:d0 � 5 and p:d0 − 09[ For p:d0 � 5\ the free ~ow passing
over the rib reattaches on the ~oor\ and for p:d0 − 09\
the boundary layer begins to grow after the ~ow reat!
tachment on the ~oor[ Webb et al[ ð04Ł also showed that
the ~ow separation occurs on top of the rib element and
the ~ow reattaches at p:d0 ¼ 5Ð7 depending on the shape
of the rib roughness[

The pro_les of the wall pressure coe.cient along the
smooth and rib!roughened surfaces "rib type C# for
L:d � 5 and 09 at Re � 12999 are shown in Fig[ 3[ For
the smooth surface case\ Cp gradually decreases from its
maximum value at the stagnation point to zero at
r:d 4 0[4 to slight negative value in the region beyond
r:d � 0[4\ and the pressure recovers to positive value at
r:d44[4[ But\ for the rib!roughened surface case\ the
pressure suddenly increases when the ~ow collides on the
upstream of the rib[ As the ~uid ~ows over the rib\ the
~ow separation occurs on top of the rib\ which in turn
creates a low pressure region downstream of the rib[
However\ although we can see a tiny but _nite change in

Table 1
Nusselt number uncertainty analysis

Xi Value dXi 0
dXi

Nu
1Nu
1Xi 1×099 ")#

T� 10[34 ">C# 9[04 0[31
TLC 18[95 ">C# 9[14 3[34
Ti 26[6 ">C# 9[04 0[14
t 1[6 "s# 9[92 9[5
zrCk 224 05[64 3[84
o 9[8 9[94 9[0
d 9[9104 "m# 4[9×09−4 9[1

Total Nu uncertainty] dNu:Nu � 5[84)[

pressure coe.cient around r:d 4 5[9 for the rib!rough!
ened surface\ the pressure coe.cient is hardly changed in
the region beyond r:d 4 5[9[ This may be attributed to a
drastic decrease of the ~ow momentum in the region far
away from the stagnation point when the ~uid ~ows over
the curved surface[ This behavior is in good agreement
with the heat transfer results to be introduced shortly[

The local Nusselt number distributions along the con!
vex surfaces with three rib types "A\ B\ C# are presented
in Figs 4Ð6 for d0 � 1 mm and p:d0 � 5\ 00\ 05 at L:d � 5
and 09[ Figure 4 shows the local Nusselt number dis!
tributions with rib type A "i[e[\ p:d � 5#[ From the stag!
nation point to the _rst rib position "r:d 4 9[45#\ the
Nusselt numbers on the rib!roughened surface are slightly
lower than those on the smooth surface[ Apparently\ the
rib obstructs the ~ow and the momentum of the ~ow is
reduced\ which in turn reduces the heat transfer rate[
This phenomenon is more marked for L:d � 09 than for
L:d � 5[ However\ after the _rst rib position\ due to an
increase of the turbulent intensity and active mixing of
the ~ow caused by the ~ow separation\ the Nusselt num!
bers on the rib!roughened surface are higher than those
on the smooth surface[ This trend appears to continue
until r:d 4 4[9[

Figure 5 shows the Nusselt number distributions with
rib type B "i[e[\ p:d0 �00#[ Near the stagnation point\ the
Nusselt number distributions for both smooth surface and
rib!roughened surface are similar[ Unlike Fig[ 4\ the Nus!
selt number sharply decreases and increases just before
and after the _rst rib position[ In the case of p:d0 − 09\ the
heat transfer rate increases due to both the ~ow separation
and the reattachment\ as shown in Fig[ 2[ Consequently\
the rate of heat transfer enhancement with rib type B is
higher than with rib type A[ After the ~ow reattachment\
the boundary layer begins to grow and as a result\ the
Nusselt number sharply decreases[ When the ~ow
approaches the second rib position\ the ~ow separation\
reattachment\ and boundary layer growth are repeated
and the Nusselt number either increases or decreases
accordingly[ This can be seen up to the third rib position
"r:d4 2[9#[ It should also be noted that the rate of the
heat transfer enhancement by the _rst rib is more than 3
times as high as that by the second rib[

Figure 6 shows the Nusselt number distributions with
rib type C "i[e[\ p:b0 � 05#[ In the region corresponding
to 9 ¾ r:d ³ 0[9\ because of the large gap between ribs\
the Nusselt number distributions are similar to those on
the smooth surface[ In the region of r:d − 0[9\ due to a
momentum loss by the increasing pressure just before
the _rst rib position\ the Nusselt number on the rib!
roughened surface tends to be lower than that on the
smooth surface and attains a minimum value at r:d 4 0[2[
Further downstream\ the Nusselt number sharply
increases and attains a secondary peak "approximately
82 and 85) of the stagnation point Nusselt number for
L:d � 5 and L:d � 09\ respectively# at r:d 4 0[6[ As the
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Fig[ 2[ A model of ~ow pattern on a rib!roughened surface[

Fig[ 3[ Pro_les of the wall pressure coe.cient along the convex surface without rib and with rib type C at Re � 12999[

boundary layer grows\ the Nusselt number sharply
decreases from its secondary maximum value[ Especially
for L:d � 5\ it drops down below the value on the smooth

surface[ On the other hand\ the Nusselt number before
and after the second rib position decreases and increases\
respectively\ due to similar ~ow phenomena previously
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Fig[ 4[ Comparison between the Nusselt number on the convex surface without rib and with rib type A for p:d0 � 5[

described and its variation is less than 19) of that which
occurred at the _rst rib[ It turns out that the third rib
"r:d 4 4[9# does not a}ect the heat transfer rate any more[

All of the heat transfer behaviors described above are in
excellent agreement with the pro_les of the wall pressure
coe.cient shown in Fig[ 3[
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Fig[ 5[ Comparison between the Nusselt number on the convex surface without rib and with rib type B for p:d0 � 00[
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Fig[ 6[ Comparison between the Nusselt number on the convex surface without rib and with rib type C for p:d0 � 05[
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Fig[ 7[ Comparison between the average Nusselt number on the convex surface without rib and with rib types of A\ B and C[

The average Nusselt number distributions on the
smooth and rib!roughened surfaces for L:d � 5\ 7\ 09 are
shown in Fig[ 7[ It follows that compared with the smooth
surface\ the average Nusselt number on the rib!rough!
ened surface increases by maximum 03\ 16\ and 23) for
rib types A\ B\ and C\ respectively[ This is attributed to
an increase of the turbulent intensity caused by the ~ow
separation\ recirculation\ and reattachment[ On the other
hand\ rib types B and C produce a higher average heat
transfer rate than rib type A[ It is due to a di}erent
heat transfer enhancement mechanism\ i[e[\ by the ~ow
separation and recirculation for p:d0 − 09 and by the ~ow
separation only for p:d0 ¾ 5[ This result is in a good
agreement with results of Webb et al[ ð04Ł[

3[ Conclusions

The experimental study has been carried out to inves!
tigate the ~ow and heat transfer characteristics by jets
impinging upon the rib!roughened convex surface[ For
p:d0 � 5\ near the stagnation point\ the Nusselt number
distributions for both smooth and rib!roughened surfaces
are similar[ However\ after the _rst rib position\ due to
an increase of the turbulent intensity and active mixing
of the ~ow caused by the ~ow separation\ the Nusselt
numbers on the rib!roughened surface are higher than

those on the smooth surface[ And\ in the case of
p:d0 − 09\ the heat transfer rate increases due to both the
~ow separation and the reattachment[

The average Nusselt number on the rib!roughened sur!
face increases by maximum 03\ 16\ and 23) for three rib
types A\ B\ and C\ respectively\ compared with that on
the smooth surface[ This is attributed to an increase of
the turbulent intensity caused by the ~ow separation\
reattachment and recirculation[ On the other hand\ rib
types B and C produce a higher heat transfer rate than rib
type A[ It is due to a di}erent heat transfer enhancement
mechanism\ i[e[\ by the ~ow separation and recirculation
for p:d0 − 09 and by the ~ow separation only for p:d0 ¾ 5[
Beyond the region corresponding to r:d 4 3[9Ð5[9\ the
rib roughness does not a}ect the heat transfer any more[
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