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Turbulent f low and heat transfer 
measurements on a curved surface 
with a fully developed round impinging jet 
D. H. Lee,* Y. S. Chung,*  and D. S. Kim t 
* D e p a r t m e n t  of M e c h a n i c a l  Eng inee r i ng ,  In je Un ivers i ty ,  K imhae ,  K y u n g n a m ,  Sou th  Korea,  and 
tResea rch  Ins t i tu te  of M e c h a n i c a l  Techno logy ,  Pusan Nat iona l  Un ivers i ty ,  Pusan,  Sou th  Korea 

The effects of the convex surface curvature on the local heat transfer from an axisymmetr ic 
impinging jet  were investigated. The f low at the nozzle exit has a ful ly developed velocity 
profile. The jet Reynolds number (Re) ranges from 11,000 to 50,000, the dimensionless 
nozzle-to-surface distance (L/d) from 2 to 10, and the dimensionless surface curvature 
(d/D) from 0.034 to 0.089. The results show that the stagnation point Nusselt number 
(Nust) increases wi th  increasing value of d/D. The maximum Nusselt number at the 
stagnation point occurs at Lid = 6 to 8 for all Res and d/Ds tested. Both the stagnation 
point and the average Nusselt number over the curved surface are wel l  correlated wi th  Re, 
L/d, and diD. For larger L/d, Nust dependency on Re is stronger because of an increase of 
turbulence in the approaching jet as a result of the more active exchange of momentum 
wi th a surrounding air. The local Nusselt number decreases monotonical ly from its 
maximum value at the stagnation point. However, for L/d=2 and Re=23,000,  and for 
L/d_< 4 and Re=50,O00, the streamwise Nusselt number distr ibutions exhibit secondary 
maxima at r/d ~- 2.2. © 1997 by Elsevier Science Inc. 

Keywords: impinging jet; heat transfer on the curved surface; l iquid crystal; uniform heat 
f lux boundary condit ion 

Introduction 

Numerous studies of the heat transfer and flow characteristics 
for jet impingement on surfaces have been reported. These 
studies have dealt with the effects of the Reynolds number, 
nozzle-to-surface distance, nozzle geometry, jet temperature, ori- 
entation, multiple jets, cross flow, and impinging surface shape 
on the resulting flow and heat transfer. Critical reviews of 
impinging jet heat transfer studies have been published by 
Martin (1977), Jambunathan et al. (1992), and Viskanta (1993). 
Heat transfer measurements for various nozzle geometries and 
flow conditions have been made by many researchers. 

Works by Gardon and co-workers (Gardon and Cobonpue 
1962; Gardon and Akfirat (1965; 1966) investigated the local heat 
transfer coefficients for axisymmetric and planner, single or 
arrays of jets by using a very sensitive heat flux meter (Gardon or 
thin circular foil meter). Hoogendoorn (1977) studied the effect 
of turbulence on the heat transfer at the stagnation point with 
long straight pipe and smoothly convergent nozzle. Goldstein and 
Franchett (1988) studied heat transfer to a jet impinging at 
different oblique angles to a plane surface. Baughn and Shimizu 
(1989) and Yan (1993) have carried out heat transfer measure- 
ments with a fully developed round jet impinging on the flat 
surface. More recently, Lee et al. (1994; 1995) have studied the 
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heat transfer characteristics with an air jet issuing from an 
elliptical nozzle and from a long straight pipe nozzle, respec- 
tively. All of the studies referenced above have investigated the 
heat transfer and flow characteristics for jets impinging on the 
fiat surface. However, many industrial applications of jet im- 
pingement cooling on the curved surface may be encountered. 

A few papers have studied the impinging heat transfer from 
the curved surface. Chupp et al. (1969) studied the local and 
average heat transfer with an array of round jets impinging on a 
concave surface. Thomann (1968) investigated the wall curvature 
effect on the turbulent heat transfer and found that heat transfer 
on the concave surface is around 20% higher than that on the 
fiat surface. Hrycak (1981; 1982) reported the total heat transfer 
at the stagnation point on the concave surface is higher than for 
the flat surface geometry due to a larger surface area, especially 
for small nozzle-to-surface distances. Gau and Chung (1991) 
studied the effect of surface curvature on slot jet impingement 
heat transfer along semicylindrical concave and convex surfaces. 
They reported that at the stagnation point of the convex surface, 
the momentum transport in the flow is increased due to a series 
of three-dimensional (3-D) counterrotating vortices initiated near 
the wall, and subsequently the heat transfer rate is augmented. 
In the wall jet region, the flow is stabilized because of the 
centrifugal force, resulting in a decrease in the heat transfer rate. 
They also found that on a concave surface, the heat transfer rate 
on and around the stagnation point increases with increasing 
surface curvature because of an earlier initiation of vortices in 
the mixing region of a wider jet, which causes an earlier termina- 
tion of the potential core and the enhancement in the momen- 
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tum and energy transport along the wall. Yang et al. (1995) 
investigated jet impingement cooling on the semicircular concave 
surface with two different nozzles (round-edges nozzle and rect- 
angular-edged nozzle). They also studied characteristics of free 
jets issuing from two nozzles. 

In the present study, the local heat transfer coefficients are 
measured for an air jet issuing from a long straight pipe and 
impinging perpendicularly on a hemispherically convex surface. 
The experiments are made for Re = 11,000-50,000, L/d = 2-10, 
and d/D = 0.034-0.089. An electrically heated gold film Intrex 
(a thin gold-coated polyester sheet) is used to create a uniform 
heat flux on the surface. The temperature on the surface is 
determined using a thermochromic liquid crystal and a color 
image processing system as a means of the quantitative color 
determination on the liquid crystal. 

Experimental apparatus 

A diagram of the apparatus used in the experiment is shown in 
Figure 1. Laboratory air, delivered by a 2 h.p. centrifugal blower, 
first enters a 6.35-cm i.d. copper pipe that contains a cross-flow 
heat exchanger with water from a constant temperature bath 
circulating inside the heat exchanger. Then, the copper pipe 
connects to a 6.3-cm i.d. cast acrylic pipe in which an ASME 
orifice flow meter is installed. Located 150 cm downstream end 
of this pipe is a smooth transition into the smaller cast acrylic 
pipe with three inner diameters of d = 1.3, 2.15, and 3.4 cm and 
three lengths of L = 76, 125, and 197 cm. Therefore, a fully 
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developed round jet resulting from the development length-to- 
pipe diameter ratio of 58 impinges perpendicularly upon a con- 
vex hemispherical surface. 

The jet temperature is measured by 0.025-cm chromel-alumel 
thermocouple inserted through a hole in the pipe 10-cm up- 
stream from the pipe. Three thermocouples of the same type and 
gauge are used to measure the ambient temperature. These 
thermocouples are then connected to the data-acquisition system 
(STRAWBERRY TREE/DATAshut t le -12  and IBM-486/PC) 
and calibrated against a PRT (platinum resistance thermometer) 
in the constant temperature bath (NESLAB/RTE-221D) to 
within + 0.1 °C accuracy. The pipe system is in the piston-cylin- 
der type that permits the nozzle-to-surface distance to be changed 
a maximum value of L = 40 cm with an accuracy of 0.5 mm. 

A heat exchanger is used to adjust the air temperature so that 
the jet issuing from the nozzle is maintained to within + 0.2 °C of 
the ambient temperature. The fan speed is controlled by an 
inverter, and the corresponding flow rate is measured with an 
ASME orifice and micromanometer (MERIAM/34MB2-TM) 
that has an accuracy of 0.001 cm water. 

The test model consists of a 1.25-mm thick and 38.1-cm 
diameter Plexiglas convex hemisphere to which three 60-cm long 
strips (one 2.5-cm wide strip in the middle as a main heater and 
two 1.5-cm wide strips on both sides as guard heaters) of the 
gold-coated Intrex is attached. The Intrex consists of a 0.13-mm 
thick transparent polyester film on which an approximately 20 
angstroms thick of gold coating is applied by means of vacuum 
deposition. Copper foil strip "electrodes" are attached to both 
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Re 

surface area of the gold film Intrex 
wall pressure coefficient 
[ = Pw - P ~ ) / ( O . 5 p U ~ ) ]  
pipe nozzle diameter 
outer diameter of the hemisphere 
surface curvature 
binary diffusion coefficient 
gold-coating uniformity factor 
current across the gold film Intrex 
thermal conductivity of air 
nozzle-to-surface distance 
dimensionless nozzle-to-surface 
distance 
local Nusselt number ( =  hd/k) 
average Nusselt number over 
the curved surface 
stagnation point Nusselt number 
wall pressure on the 
hemisphere surface 
atmospheric pressure 
conduction heat loss 
net heat flux 
streamwise distance from the 
stagnation point 
dimensionless streamwise distance 
from the stagnation point 
radius of the pipe nozzle 
Reynolds number based on mean 

velocity and nozzle diameter ( =  Ud/v) 

Renlax 

Sc 
To 
Tj 
Tw 
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f -J  /Uce 

Umax 

V 

Y 

Greek 

Reynolds number based on 
maximum velocity ( =  Urea x d/v) 
Schmidt number, (=  v/DAB) 
ambient temperature 
jet temperature 
wall temperature of the 
convex surface 
fluctuating velocity in the 
axial direction on the jet centerline 
jet centerline mean velocity 
jet centerline mean velocity 
at the nozzle exit 

turbulent intensity 

at the nozzle exit 
maximum mean velocity 
inside the nozzle 
voltage across the gold film Intrex 
radial position measured 
from the pipe wall 

emissivity of the liquid crystal and 
black paint coated surface (measured by 
infrared radiation thermometer: 
Minolta/505S) 
kinematic viscosity of air 
density of air 
Stefan-Boltzmann constant 
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F i g u r e  1 Schemat i c  d iagram of the  test appara tus  for the je t  i m p i n g e m e n t  on the curved surface 

ends of the Intrex strip surfaces and silver-loaded paint is applied 
to establish a good electrical contact between the copper elec- 
trodes and the strip surfaces. The copper electrodes are con- 
nected to an adjustable dc power supplier in series with a current 
shunt (rated 50 mV and 5 amps), allowing an adjustable voltage 
to be supplied to the electrodes and the voltage drop across and 
current input to the Intrex to be measured. Two Fluke 8842A 
Multimeters with a precision to 0.1 I~V are used to measure the 
voltages across the Intrex and current shunt. By passing dc 
current through a uniformly coated gold on the Intrex, an essen- 
tially uniform heat flux boundary condition is created. 

The Intrex strip surface is air-brushed with a thin layer of 
black backing paint and liquid crystal. The liquid crystal used in 
this experiment is HALLCREST "R35C1W" microencapsulated 
thermochromic liquid crystal. It has a narrow band of approxi- 
mately 1 °C over which the entire color spectrum occurs (the 
color red nominally starting at 35 °C and the color blue starting 
at 36 °C). As a last step after all these processes, to smooth out 
the edge created between the liquid crystal coated Intrex strips, 
the entire hemisphere is covered with an extremely thin flexible 
Mylar sheet. 

To minimize the conduction heat loss and radiative heat gain, 
care is taken; the other side of the test section was tightly packed 
with urethane foam insulation and a fiber-optic cold light source 
was used to illuminate the liquid crystal surface. The test section 
is then mounted against the vertical plane and perpendicular to 
the direction of the jet flow. Because the actual color image is 
affected by such factors as the thickness of liquid crystal, the 
angle and distance of the light illuminating the liquid crystal 
coated surface, a careful color calibration was carried out under 
the particular conditions mentioned above and later the experi- 
ments were carried out under the same conditions as those for 
the calibration. To determine the particular color quantitatively 
and to minimize a visual bias, a digital color image processing 
system was used. It consisted of a color video camera 
(SAMSUNG/SV-F12),  a color frame grabber (DARIM/Video -  
Catcher), and IBM-PC/486. 

To ensure that the flow just before the pipe exist has a fully 
developed velocity profile, the mean velocity distribution for 
Rema x = 50,000 (Re = 42,000) was measured inside the 3.4-cm 
diameter pipe. The jet centerline velocity and turbulent intensity 
for Re = 11,000, 23,000 and 50,000 were also measured 
with/without the impinging convex surface being present. These 
measurements were made using TSI IFA-100 Constant Tempera- 
ture Anemometer  (CTA) with a TSI-1210 single straight hot-wire 

probe. The hot-wire output signals were low-pass filtered at 5 
kHz through a TSI-1057 signal conditioner, then digitized by a 
universal waveform analyzer (Data Precision-D6000) that has a 
14-bit A / D  converter with a sampling frequency of 10 kHz. A 
total of 20 ensembles of 4,096 datasets were averaged and stored 
in a hard disk of a personal computer (IBM-PC/486). During the 
experiment, the ambient temperature compensation was made to 
the hot-wire signals. The hot-wire probe was calibrated before 
and after the experiment using a TSI-1125 calibrator. 

To measure the wall pressure, 25 stainless steel tubes with 
1-mm diameter were imbedded vertically on the curved surface. 
To prevent the pressure taps from interfering with one another, 
they were located spirally from the geometric center with a 
separation distance from the center increasing and with each tap 
90 ° apart (i.e., 1 cm from tap #1 at the center to #2, 2 cm to #3, 
3 cm to #4  etc.) The average pressure at a 10-s period was 
measured using a digital micromanometer (Furness FC012), and 
the ambient temperature compensation was made to minimize 
the uncertainty. 

Data  reduct ion  

The measurement technique in this study, described by Lee et al. 
(1995) provides a method for determining the surface isotherm 
using liquid crystal. By electrically heating a very thin gold 
coating on the Intrex, an essentially uniform wall heat flux 
condition is established. The heat flux can be adjusted by chang- 
ing the current through the Intrex, which changes the surface 
temperature. Under the constant heat flux condition, an isotherm 
on the Intrex surface corresponds to a contour of a constant heat 
transfer coefficient. As the heat flux changes, the position of the 
color isotherm is also moved. The local heat transfer coefficient 
at the position of the particular color being observed is calcu- 
lated from 

h = q , , / ( T  w - T j )  (1) 

where, T w is the wall temperature determined by liquid crystal, Tj 
is the jet temperature, and % is the net heat flux, which is 
obtained by subtracting the heat losses from the total heat flux 
on the Intrex; i.e., 

q ,  = f l V / A  - s ¢ r ( T  4 - T 4 )  - qc (2) 
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The ratio of the local electrical heating to the average heating f 
is a measure of the uniformity of the gold coating. Baughn et al. 
(1989) found the uniformity to be as high as 98% when the test 
section of Intrex is small and selected from the middle of a roll 
where the gold-coating is most uniform, which has been the case 
of the present experiment. Therefore,  we assume f = 1 for the 
heat flux calculation, but  f is maintained in Equat ion 2, because 
it contributes to the overall uncertainty (see Table 1). The 
conduction loss qc through the back of the plate is small com- 
pared to the surface heating and is assumed to be zero. However, 
it is included in the equation, because it contributes to the 
overall uncertainty. 

The uncertainty analysis has been carried out using the 
method by Kline and McKlintock (1953). It is shown in Table 1 
that  the uncertainty in the Nusselt number  for d/D = 0.034, 
L / d  = 10, and r/d = 5.54 at Re = 11,000 is 4.0%. The uncer- 
tainty in the gold coating uniformity is the largest contribution to 
the uncertainty. Ano the r  important  source of uncertainty is the 
emissivity of liquid crystal and black paint. 

Discussion of results 

Mean velocity, turbulent  intensity, and wal l  pressure 
coeff ic ient 

In Figure 2, the mean  velocity profile at the pipe nozzle exit for 
Re = 42,000 (Rema x = 50,000) is compared to the fully developed 
mean velocity profile by Laufer (1954) for Rema x = 50,000 (based 
on maximum mean velocity at the nozzle exit). It can be seen 
that the present velocity profile is in excellent agreement  with 
Laufer's, because the maximum difference between the two 
results is only 4%. In addition, the profiles were measured across 
the full diameter  of the pipe and were found to be symmetrical 
from top to bottom. Based on this comparison, although compar- 
ison was made for Re = 42,000 (Rema x = 50,000), the jet  flow at 
the nozzle exit can be considered to have a fully developed 
velocity profile for all Reynolds numbers  used in the present 
experiment. 

Figures 3 and 4 show the profiles of the free jet  centerline 
velocity and turbulent  intensity (referenced to the free jet  center- 
line velocity at the nozzle exit) for Re = 11,000, 23,000, and 
50,000 for d/D = 0.056. Giralt  et al. (1977) defined the potential  
core of the free jet  to be the distance from the nozzle exit to a 
point where the centerl ine velocity U c is 98% of the velocity at 
the nozzle exit U~e. Using this definition, it is derived from Figure 
3 that the potential  core lengths are 3.1, 3.7, and 4.2 nozzle 
diameters from the nozzle exit for Re = 11,000, 23,000, and 
50,000, respectively (i.e., longer potential  core length for higher 
Re). Beyond the potential  core, the free jet  centerline velocity 
rapidly decays and for L > 8d it decreases with the inverse of 

Table 1 Nusselt number  uncerta inty analysis 

x i Value 8x i 
( $x i 3Nu ) 

- - - -  x 100(%)  
Nu OX i 

f 1.0 0.02 2.62 
0.9 0.05 2.0 

qc 0 (W/m 2) 4 .58  1.26 
T w 35.7, °C 0.20 1.15 
T i 13.0, °C 0.15 0.86 
A 0 .166 ,  m 2 8.3 × 10 - 5  0.66 
/ 0.183, A 7 . 7 7 × 1 0  - 4  0.56 
d 13, mm 0.05 0.46 
V 41.6, V 0.125 0.39 

Total Nu uncertainty:  SNu /Nu=4 .0% 
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Figure 2 Mean veloci ty profi les (normalized by max imum 
velocity) at the nozzle exit  

distance. The velocity profiles in three zones are well approxi- 
mated as follows: 

For  Re = 11,000, 

Uc/Ge = 1.0 - O.O057(L/d); 

Uc/Uce = 1.04 - O.044(L/d); 

and 

UJU~e = 6 .9 / (1 .7  + L/d);  

For Re = 23,000 and 50,000, 

UdUce = 10 - O.O047(L/d); 

UJU~e = 1.26 - O.058(L/d); 

and 

Uc/Uce = 7.45/(1 .33 + L/d);  

L /d  < 3.5 

3.5 _< L /d  <_ 8 

8 < L /d  

L / d  < 5 
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8 < L / d  

1.1] ~ Re=11,000 I 
I "---'d=-- Re=Z3,000 

1.0 

0.9 

o" 
0.8 

u 

0 . 7  

0 . 6  

0 . 5  

0 . 4  . , • , . . . . .  , . , . , • , . , • i . , . , . , . , . 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
L / d  

Figure 3 M e a n  velocity profiles a long t he  f ree- je t  cen te r l ine  
for d/D= 0.056.  
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Figure 4 Turbulent intensity profiles along the free-jet  cen- 
ter l ine for d/D= 0.056 
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Figure 6 Free- and impinging-jet centerl ine furbulent inten- 
sity profiles for Re= 23,000 and d/D=O.056 

in good agreement with data by Boguslawski and Popiel (1979) 
for a fully developed free jet, which show the jet potential core 
extending for approximately 3.6 nozzle diameters for Re = 41,000. 

It is observed from Figure 4 that the turbulent intensity 
remains roughly the same at the level of 3% in the potential core 
region. Beyond the potential core region, the turbulent intensity 
rapidly increases because of an increase of the surrounding air 
entrainment. After the point of L/d -= 8 where the jet becomes 
fully developed, the turbulent intensity slowly decays. This be- 
haviour is in good agreement with previous results by 
Boguslawski and Popiel (1979) and Giralt et al. (1977). 

Superimposed on the free jet data given in Figures 3 and 4 for 
Re = 23,000 and d/D = 0.056, Figures 5 and 6 present the cen- 
terline velocity and turbulent intensity (referenced to the jet 
centerline mean velocity U c) in the impinging jet situation as the 
jet approaches the convex surface for five nozzle-to-surface dis- 
tances. Figure 5 shows the the impinging jet centerline velocity 
profiles coincide with the free jet velocity profile down to the 
region (i.e., the beginning of the impingement region) approxi- 
mately 1.3 diameters above the surface and drastically decay 
afterward as the jet approaches close to the surface, which agrees 
with flat surface results by Giralt et al. (1977) and Rajaratnam 
(1976). 
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Free- and impinging-jet  center l ine  velocity profiles 
for Re = 23,000 and d /D=  0.056 

Similarly, the turbulent intensity profiles for both free jet and 
impinging jet (see Figure 6) remain the same down to the region 
corresponding to 1.3d from the surface and suddenly increase 
afterward, which suggests the size of impinging region. This 
sudden increase of the turbulent intensity and drastic decrease of 
the velocity on the jet centerline occurs, because high pressure 
created at the stagnation point due to the jet impingement 
obstructs the oncoming jet flow, which causes the deflection of 
the jet flow toward the radial direction. It has been seen from 
Figures 5 and 6 that deviations from the free jet flow clearly 
demonstrate the influence of the impinging surface on the on- 
coming jet flow and indicate the boundary where all impinge- 
ment flow parameters have to be evaluated. 

The profiles of the wall pressure coefficient along the convex 
surface for Re = 23,000 are shown in Figure 7. In general, Cp 
monotonically decreases from its maximum value at the stagna- 
tion point to zero Cp at r/d = 1.5 to negative Cp in the region 
corresponding to 1.5 < r/d < 5.5. It is also observed that Cp at 
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Figure 7 Profiles of the wal l  pressure coefficient along the 
convex surface for Re= 23,000 and d/D=O.056 
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Figure 8 Effect of Reynolds n u m b e r  and convex  sur face 
cu rva tu re  on the s tagna t ion  po in t  Nusse l t  n u m b e r  

the stagnation point for L i d  = 4 is as high as 96% of that  for 
L i d  = 2, because the impinging surface is within the potential  
core length for both  cases according to Figure 3. For L i d  > 6, 
Cp decreases significantly with L i d  as the jet centerline velocity 
decays rapidly. 

It is also worth noting that profiles of Cp intersect at rid -- 
0.77 for all Reynolds numbers  (Re = 11,000 and 50,000 cases are 
not shown here because of a limited space) tested. According to 
Rajaratnam (1976), this intersection point of Cp may be regarded 
as a virtual origin of the wall jet  and a violent mixing of the jet  
impinging on the surface may occur around the point. However, 
to unders tand the exact flow behaviour better,  detailed wall jet  
velocity and turbulence measurements  must be made in that  
region. 

Heat t ransfer  resul ts 

The stagnation point Nusselt number  (Nust) versus the dimen- 
sionless nozzle-to-surface distance (Lid)  is plotted in Figure 8 
for various surface curvatures (diD) and Reynolds numbers.  It is 
observed that  Nust increases with increasing surface curvature 
(i.e., wider jet). This is at tr ibuted to increased acceleration from 
the stagnation point for the higher curvature, which in turn 
increases the heat transfer rate. In the mean time, according to 
Figure 9, the surface curvature effect in the wall jet region 
corresponding to rid > 2.5 is not as significant as in the stagna- 
tion point region. Gau and Chung (1991) who investigated the 
surface curvature effect on a two-dimensional slot (2-D) imping- 
ing jet  heat  transfer from the convex semicylindrical surface also 
report the Nust increases with increasing surface curvature. 

It is also seem from Figure 8 that  Nust gradually increases 
with L i d  and reaches a maximum of L i d  = 6 at Re = 11,000 
and 23,000, and at L i d  = 8 for Re = 50,000, respectively. The 
location of the maximum Nust shifts downstream from L i d  = 6 
to L i d  = 8 because the potential  core length increases with 
increasing Reynolds number  as shown in Figure 3. According to 
Figure 3 and 4, the physical mechanism for the maximum Nust to 
occur at L i d =  6 ~ 8 is that a change in the jet  centerline 
velocity from the initial centerline velocity is not only small, but 
the turbulent  intensity reaches roughly a maximum value in that 
region. This agrees well with the results of Kataoka et al. (1987), 
Yan (1993), and Lee et al. (1995) for a round isothermal jet 
impinging upon the flat surface for 10,000 < Re < 50,000. 

Correlations of Nust in terms of Re, L / d  and d/D are 
plotted in Figures 10 and 11 and obtained as follows: 

& d / D  = 0 . 0 5 6  I I 
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Figure 9 Effect of the convex  sur face curva tu re  on the local 
Nussel t  number  for R e = 5 0 , O 0 0 :  (a) L id=2 ;  (b) L id=4 ;  (c) 
L id=  8 

For 2 _< L i d  < 6, 

Nust = 1.68(Re)°48(L/d)°1(d/D) °'18 

with a scatter of 0.3% 
For 6 < L i d  < 10, 

0 5 7  0 2 8  0 18 
Nust = 1 . 3 8 ( R e ) ' ( L / d ) - ' ( d / D )  

with a scatter of 1.0% 
The correlations above are valid for 11,000 _< Re _< 50,000 and 

0.034 _< diD <_ 0.089. It should be noted that for 2 _< L i d  < 6, 
Nust varies according to Nust ~ Re °48, which approximately 
agrees with the Re °5 laminar boundary-layer flow result and also 
agrees with the experimental results by Gau and Chung (1991) 
and Hoogendoorn (1977) for the convex surface case and flat 
surface case, respectively. For the longer distances, the Reynolds 
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Figure I 0  Correlat ion of the stagnat ion point  Nusselt  num- 
ber on the convex surface on 2 < L id  < 6 

number  dependence is stronger (Nust ~ Re °'57 for 6 < L / d  <_ 10) 
due mainly to an increase of turbulence in the approaching jet as 
a result of the stronger exchange of momentum with surrounding 
ambient  air. Gau and Chung also show that NUst ot Re °5 for 
2 < Z / b  < 8 and Nust ot Re °'54 for 8 _< Z / b  < 16 (where, Z / b  is 
the dimensionless nozzle-to-surface distance). 

The local Nusselt number  distributions along the convex 
surface are presented in Figures 12-15 for four nozzle-to-surface 
distances of L / d =  2, 4, 6, and 10, three jet  Reynolds numbers of 
Re = 11,000, 23,000, and 50,000, and three nozzle-to-hemisphere 
diameter  ratios of d / D  = 0.034, 0.056, and 0.089. In general, the 
Nusselt number  increases with increasing Reynolds number  and 
surface curvature. The Nusselt number  monotonically decreases 
from its maximum value at the stagnation point up to r /d  -- 1.3. 
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Figure 11 Correlat ion of the stagnat ion point  Nusselt  num- 
ber on the convex surface for 6 < L/d<_ 10 

In general, for Re = 11,000, a gradual reduction in the Nus- 
selt number  continues (beyond r /d  --- 1.3) as the thermal bound- 
ary-layer thickness grows with r/d. According to Figures 12 and 
13, however, for L / d  = 2 and Re = 23,000, and for L / d <  4 and 
Re = 50,000, the local Nusselt number  distributions exhibit in- 
creasing values in the region 1.3 < r /d  _< 1.5 and attain secondary 
maxima at r /d  -- 2.2. An occurrence of the secondary maxima in 
the Nusselt number  is attributed to the fact that when the 
impinging surface is within the potential core region, the poten- 
tial core of the jet flow can reach the impinging surface so that 
the wall jet can experience a transition from laminar to turbulent 
flow, resulting in a sudden increase in the heat transfer rate. 

When the surface is positioned outside of the potential core 
region (i.e., L / d  > 4), the jet flow approaching the surface is 
turbulent  due to a large entrainment  of ambient air to the jet 
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Figure 12 Streamwise  d is t r ibut ions of the local Nusselt 
number  for L / D = 2 ;  (a) d/D=O.089;  (b) d/D=O.056;  (c) d/D = 
0.034 
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Figure 13 Streamwise distributions of the local Nusselt Figure 14 Streamwise distributions of the local Nusselt 
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0.034 0.034 

flow. Therefore,  a significantly 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 
Figures 14 and 15. We have previously learned from Figure 11 
that for 6 < L / d  < 10, Nust varies according to NUst at Re °'57, 
which is another  evidence that  the jet  flow approaching the 
surface is turbulent. 

The secondary maxima were also previously reported in the 
flat surface study by Yan (1993) and in the convex surface study 
by Gau and Chung (1991) at r/d --- 2 for L / d  > 4 and 23,000 < 
Re < 70,000, and r/b -- 7 for Z/b  = 4 and Re = 11,000, respec- 
tively. 

The average Nusselt number  (Nuav e) is obtained by integrat- 
ing the local Nusselt number  data over the curved surface. Nuav e 
is also correlated with the Reynolds number,  the nozzle-to-surface 
distance, and the nozzle-to-sphere diameter  ratio for 11,000 _< Re 

< 50,000 and 0.034 _< d/D <_ 0.089. 
For 2 < L / d  < 6, 

Nuav e = 0.6(Re)°6(L/d)-°'Z(d/D) °'38 

with a scatter of 1.0% 
For 6 < L / d  <_ 10, 

0 64 0 12 0 37 NUave=O.5(Re)" ( L / d ) -  " (d /D)"  

with a scatter of 1.0% 
Figures 16 and 17 present results of least-square fit to the 

average Nusselt number  data. Similar to the stagnation point 
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n u m b e r  fo r  L /d= lO :  (a) d/D=O.089; (b) d/D=O.056; (c) 
d /D= 0 . 0 3 4  

Nusselt number  case, for larger L/d,  Nuav e dependency on Re is 
stronger (Nuav e cc Re °'64 for 6 _< L / d  <_ 10, and Nuaw cI Re °'6 for 
2 <_ L / d  < 6) due to an increased momentum exchange with a 
surrounding air. 

C o n c l u s i o n s  

The experimental study has been carried out to investigate the 
effects of the hemispherically convex surface curvature on the 
local heat transfer of a round impinging jet  issuing from a long, 
straight pipe nozzle. The flow results show the jet potential core 
extending for approximately 3.1-4.2 nozzle diameters for Re = 
11,000 to 50,000. In the fully developed region corresponding to 
L > 8d, the jet centerline velocity decreases with the inverse of 
distance. 
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Figure 16 Corre la t ion  of the average Nusse l t  number  on 
the convex  sur face  fo r  2 < Lid < 6 

Nust increases with increasing surface curvature due to in- 
creased acceleration from the stagnation point for the higher 
surface curvature. At  the same time, the surface curvature effect 
on the heat transfer is less in the wall jet region compared to the 
stagnation point region. 

For all Res and d/D s tested, the maximum Nust occurs at 
L / d  -- 6 to 8 where a change in the jet  centerline velocity from 
the initial velocity is not only 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 2 _< L/d  < 6, the correlation agrees roughly with the 
Re °5 laminar boundary-layer flow result. For the larger distances 
(L /d  >_ 6), the Reynolds number  dependence is stronger (Nust cx 
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Figure 17 Cor re la t ion  of the average Nusse l t  number  on 
t he  convex sur face  for 6 _< Lid < 1 0 
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Re°57).  Th i s  m a y  be  due  to an  inc rease  o f  t u rbu l ence  levels in 
the  a p p r o a c h i n g  je t  flow as a resul t  o f  the  s t ronge r  exchange  o f  
m o m e n t u m  with the  s u r r o u n d i n g  a m b i e n t  air. T h e  average  Nus-  
selt  n u m b e r s  over  the  curved  sur face  a re  also well  co r re la ted  
with Re ,  L / d ,  and  d / D  and  show a s t r onge r  d e p e n d e n c y  on  R e  
(NUav eot  R e  °'64 for 6 < L / d <  10, and  Nuav e ct R e  °-6 for 2 < L / d  
< 6) for  longer  L / d .  

T h e  local Nusse l t  n u m b e r  dec reases  mono ton ica l ly  f r o m  its 
m a x i m u m  va lue  at the  s t agna t ion  point .  However ,  for  L / d  = 2 
and  Re  = 23,000, and  for  L / d  < 4 and  R e  = 50,000, the  local 
Nusse l t  n u m b e r  d is t r ibu t ions  exhibit  increas ing  va lues  in the  
region 1.3 < r / d <  1.5 a n d  a t ta in  s econda ry  m a x i m a  at r / d  --- 2.2. 
T h e  fo rma t ion  o f  the  s econda ry  m a x i m a  is a t t r ibu ted  to an  
increase  in t he  t u rbu lence  level resu l t ing  f rom the  t rans i t ion  
f rom a l amina r  to a t u rbu l en t  b o u n d a r y  layer. 
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