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1. Introduction

Impinging jet heat transfer has been established as
an effective technique for heating, cooling, or drying a
target surface and has a variety of engineering appli-
cations. Many previous investigations have been car-
ried out to understand the heat and mass transfer
characteristics of impinging jet through experiments
and numerical calculations [1,2].

There have been a few studies which investigated the
effects of nozzle configurations on the impinging jet
heat transfer. Gardon and Akfirat [3] investigated the
flow and heat transfer characteristics of two-dimen-
sional and axisymmetric impinging jets. Hoogendoorn
[4] studied the effect of flow turbulence on the stagna-
tion heat transfer of impinging jets issuing from both a
long straight pipe and a smoothly convergent nozzle.
Obot et al. [5] investigated the effects of three different
nozzle geometries on the flow and heat transfer charac-
teristics of round impinging jets, which focused on the
nozzle length-to-diameter ratio. Popiel and Bogus-
lawski [6] showed that the nozzle exit configuration is
the most important factor affecting the stagnation
point heat transfer. Pan et al. [7] investigated the
effects of nozzle configuration on the stagnation region
heat transfer of axisymmetric free surface liquid
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impinging jets. Oyakawa et al. [8] measured the local
and average heat transfer for three square-edged orifice
nozzles with different cross-sections; round, elliptic and
cross-shaped.

The objective of this study is to understand the
effects of nozzle exit configurations on the heat transfer
enhancement of an axisymmetric impinging orifice jet
in the stagnation region. Three different orifice nozzles
having the same exit diameter D; (1) sharp-edged ori-
fice nozzle, (2) standard-edged orifice nozzle, and (3)
square-edged orifice nozzle, were tested for the nozzle-
to-plate spacings of L/D =2, 4, 6 and 10. The jet Rey-
nolds numbers were ranged from 5,000 to 30,000. A
relatively large nozzle diameter of D = 25 mm and the
liquid crystal thermometry technique were employed in
this study to achieve better spatial resolution in the
stagnation region heat transfer measurement. As the
heat transfer rate on the impingement surface has a
close relationship with the momentum transfer rate of
the impinging jet, velocity measurements at the nozzle
exit were also performed to get a better understanding
on the heat transfer characteristics with respect to noz-
zle configuration.

2. Experimental apparatus and analysis

The experimental apparatus consists of an axial
blower, a heat exchanger, a honeycomb, screens, an
orifice flowmeter, a long straight pipe and a heated
impingement plate. The air flow rate was measured
with an ASME standard orifice flowmeter. The
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Nomenclature

D nozzle exit diameter

h local heat transfer coefficient, Eq. (1)

k thermal conductivity of air

L distance between nozzle exit and impingement
plate

L/D dimensionless nozzle-to-plate spacing

Nu local Nusselt number, Eq. (1)

Nug stagnation point Nusselt number

Nu average Nusselt number, Eq. (2)

qv  convection heat flux

R radial distance from the stagnation point

R/D dimensionless radial distance from the stagna-
tion point Re Reynolds number based on the
nozzle exit diameter, (= U.D/v)

T;  jet exit temperature

Ty local wall temperature (liquid crystal tempera-

ture on heated surface)
thickness of orifice nozzle

~

u;  fluctuating streamwise velocity at nozzle cen-
terline

U. mean streamwise velocity on the jet centerline

U. mean velocity at the nozzle exit

Z  axial distance from the nozzle exit along jet
centerline

Z/D dimensionless axial distance from the nozzle
exit

Greek symbols

€ emissivity of liquid crystal coating
a Stefan—Boltzmann constant

v kinematic viscosity of air

heated impingement plate is composed of Plexiglas,
gold-coated film and thermochromic liquid crystal.
A transparent gold-coated film of 127 pm thick, 20
x 15 cm in size was glued on the Plexiglas plate of
30.3 x 30.3 cm to provide a nearly constant heat flux
on the heated plate. A black backing paint and a ther-
mochromic liquid crystal (TLC) were uniformly
sprayed on the back side of the gold-coated film. The
combined thickness of the TLC and black paint was
about 60 pm. The liquid crystal used in present study
was ‘R35CIW’ microencapsulated TLC purchased
from Hallcrest. An image processing system was used
to quantitatively determine the surface temperature
corresponding to isothermal contours of liquid crystal.
The experimental apparatus and the digital image pro-
cessing system used in this study are described in detail
by Lee and Lee [9,10].

Fig. 1 shows three orifice nozzles having different
exit configuration tested in this study; (1) sharp-
edged orifice nozzle, (2) standard-edged orifice noz-
zle and (3) square-edged orifice nozzle were attached
at the pipe end. All nozzles have the same exit di-
ameter of D =25 mm and the same nozzle length-
to-diameter ratio of ¢/D =0.2. Each orifice nozzle
was attached at the end of the long straight PVC
pipe with an internal diameter of 52.3 mm and
length of 2.5 m.

Since the impingement surface has constant heat
flux, an isotherm on the impingement surface corre-
sponds to a contour of constant heat transfer coef-
ficient. As the heat flux input changes, the isothermal
contour is also changed according to the energy bal-
ance. The local convective heat transfer coefficient was
calculated from

hD
- 1
To—T, and Nu B 1)

where convective heat flux ¢, is obtained by subtract-
ing the energy losses from the total imposed heat flux
input through the gold-coated film. In present study,
the thermal entrainment effects of ambient air were
minimized by maintaining the impinging air jet tem-
perature as close as the ambient temperature for all ex-
periments (7, — 7j = £0.1°C). Therefore, the jet exit
temperature was used to calculate the local heat trans-
fer coefficient instead of the local adiabatic wall tem-
perature. The wall temperature 7,, was measured by
tracing the red-to-yellow color transition of liquid crys-
tal on the heated flat plate. The spatial resolution in
determining the isotherm was estimated to be 0.3 +
0.05 mm. The TLC calibration results showed that the
isotherm for the red-to-yellow color transition was 34.8
+ 0.15°C. More detailed heat transfer measurement
procedures are described by Lee [11].

The local Nusselt number distribution was averaged
to obtain an average Nusselt number. The average
Nusselt number is defined as

— D 2 (R
Nu = h? = FJ{) Nu(r) dr 2)

The integral equation was calculated using the New-
ton—Cotes formula with three-point correlation based
on measured local Nusselt numbers.

The uncertainty of local Nusselt numbers measured
in this study has been evaluated for all experimental
arrangements and procedures using the 20:1 odds
method suggested by Kline and McClintock [12]. The
total uncertainty of the local Nusselt numbers was ran-
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ged from 3.02 to 5.79%. The nonuniformity factor of
gold coating was the largest contributor to the total
uncertainty and its uncertainty was ranged from 2.17
to 4.13%. Another important source of uncertainty
was the wall temperature 7, of which the uncertainty
was in the range of 1.57-3.98%. The average Nusselt
number Nu has uncertainty in the range of 3.80—
6.53%. The uncertainties in the Reynolds number cal-
culation and the radial position (R/D) determination
on the plate were estimated to be within 2.0-4.5% and
0.8%, respectively.

A single hot-wire probe (Dantec 55P11) was used to
measure the streamwise mean velocity (U) and turbu-
lence intensity (@ 2)'/?/U,)). The hot-wire probe was
connected to a constant temperature anemometer (TSI
IFA-100). The analog velocity signal from the anem-
ometer was digitized at 2 kHz sampling rate for 10 s
by an A/D converter (DT2838) after 800 Hz low-pass
filtering. Then the mean velocity and turbulence inten-
sity were obtained statistically. The uncertainties of the
measured mean velocity and turbulence intensity were
estimated to be less than 1.5 and 3.5%, respectively.

Circular
PVC Pipe
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3. Results and discussion

The mean velocity decay and turbulence intensity
measured along the jet centerline of three different ori-
fice nozzles are compared in Fig. 2. The centerline
mean velocity decay is suddenly decreased from the
nozzle exit and the jet potential core exists up to
Z/D = 4. This sudden decrease is strongly attributed
to the vena contracta that commonly encountered in
orifice jets. At Z/D = 0.5, all orifice jets show initial
rapid increase and subsequent decrease of the center-
line velocity. It should be also mentioned that the
mean velocity decay for the sharp-edged orifice jet is
larger than the other jets. The turbulence intensity dis-
tribution measured along the jet centerline shows a
gradual increase with going downstream and obtains a
peak value at Z/D = 7. Behind the locations of maxi-
mum turbulence intensity, the velocity fluctuations
gradually decrease. The maximum turbulence intensity
for the sharp-edged orifice nozzle case is higher than
the other two nozzles. The sharp-edged orifice nozzle
produces a thin momentum thickness, causing strong

| 100mm

Nozzle Cross-Section

Nozzle exit diameter of D = 25 mm

Nozzle Type Nozzle Name t t/D
A Square-edged orifice
B Standard-edged orifice 5 0.2
Cc Sharp-edged orifice

Fig. 1. Configuration of orifice nozzles tested in this study.
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azimuthal variations and large entrainment before the
vortical structure is diffused by viscosity [13,14]. Fig. 3
shows the mean velocity and turbulence intensity pro-
files at the nozzle exit plane (Z/D = 0). The mean vel-
ocity and turbulence intensity profiles have a nearly
top-hat shape, except the edge side of the nozzle. The
mean velocity and turbulence intensity profiles have
peak values in the nozzle exit plane at R/D = 0.38,

0.40 and 0.45, for the sharp-edged, standard-edged and
square-edged orifice nozzle, respectively. The difference
in the peak location results from the intrinsic flow
characteristics related with different nozzle configur-
ations. The sharp-edged orifice nozzle causes more vig-
orous turbulence behaviors, compared to the other two
orifice jets.

The effects of nozzle configurations on the stagna-

U 1.04
U, o9
0.8
0.7 O : Sharp-edged
A : Standard-edged
0.6 O : Square-edged
0_5.I.I.I.I. | I NN ST I NI N
0 1 2 3 4 6 7 8 9 10 11 12

0.2

0.1

: Sharp-edged
: Standard-edged
: Square-edged

opo

Z/D

(b) Turbulence intensity

Fig. 2. Mean velocity decay and turbulence intensity measured along the jet centerline at Re = 10,000.
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tion point heat transfer are shown in Fig. 4 as a func-
tion of jet Reynolds number. At L/D = 2, the stagna-
tion Nusselt number varies according to Nugoc Re%4,
Re®3% and Re®!, for the sharp-edged, standard-edged
and square-edged orifice nozzle, respectively. These
results nearly agree with the laminar boundary layer
flow case [1]. The Reynolds number dependency of the
sharp-edged orifice is larger than that of the other two
jets. The effect of nozzle exit configuration on the stag-

nation point heat transfer is more sensible at shorter
nozzle-to-plate spacing. With increasing the nozzle-to-
plate spacing, the Reynolds number dependence
becomes stronger. Comparative results of the con-
toured nozzle [3] and fully-developed pipe nozzle [9] at
L/D =2 are also included. The present Nuy data (ori-
fice nozzle jet) for L/D =2 are about 25-55% higher
than the fully-developed pipe jet [9] and approximately
50-75% higher than the contoured jet [3]. These heat

O : Sharp-edged
A : Standard-edged
O : Square-edged

1.4

R/D

(a) Mean velocity

O : Sharp-edged
A : Standard-edged
c O : Square-edged

0.05

R/D

(b) Turbulence intensity

Fig. 3. Mean velocity and turbulence intensity profiles at the nozzle exits for Re = 10,000.
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Fig. 4. Reynolds number dependency of stagnation Nusselt numbers at the nozzle-to-plate spacings of L/D =2, 4, 6, and 10.
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transfer enhancements are attributed to the larger vel-
ocity gradient and higher turbulence intensity of the
orifice jets. As the nozzle-to-plate spacing increases
beyond the potential core (=~4D), the exponents of
Reynolds number become nearly equivalent. Note that
while the stagnation point heat transfer rate is sensitive

to the nozzle exit configuration for small nozzle-to-
plate spacings, the subsequent invariance on the Rey-
nolds number exponent is exhibited at large nozzle-to-
plate spacing.

For all tested experimental data, the stagnation
point Nusselt numbers are correlated with the jet Rey-

280
i L/D =2
260
i ® : Sharp-edged
, 1st Peak A : Standard-edged
40 : Square-edged

220
200
180
160
Nu 140
120

100

(1)R/D < 1

80 I"stagnation Region

-

60

AP

40 o)

20

— 1 (2)1.0<R/ID<2.0
AP . Transition Region
1

1 1 1 '} | | — 1 1

L} Re = 10,000

(3) R/D > 2.0
Wall Jet Region

1 1 | _— l 1 1 1 1 l L1 1 il l | — 1 1

0.0 0.5 1.0 1.5

2.0 2.5 3.0 3.5 4.0
R/D

Fig. 5. Local Nusslet number distribution at the nozzle-to-plate spacing of L/D = 2.



3504 J. Lee, S.-J. Lee | Int. J. Heat Mass Transfer 43 (2000) 3497-3509

nolds number Re and nozzle-to-plate spacing L/D. The
least-square curve fittings of the stagnation point heat
transfer data have following correlations

Nug = 0.698Re®373(L/ D) 0118

3)
sharp-edged orifice
Nug = 0.661Re™"! (L) D) 002
4)
standard-edged orifice
Nug = 0.641Re">%(L/D)~"":
®)

square-edged orifice

The Reynolds number dependence (Nugoc Re®73) for
the sharp-edged orifice jet is stronger than the other
two jets. Thus, the sharp-edged orifice nozzle is more
favorable on the heat transfer enhancements at the
stagnation point than any other nozzle configurations.

The local Nusselt number distributions for L/D =2
are shown in Fig. 5. The local Nusselt numbers at the
first peaks (Nuy) are approximately 3.3-6.5% higher
than the stagnation point values (Nug) and their ratios
(Nuyg/Nug) are nearly invariant with increasing the jet
Reynolds number. The first peak values of the sharp-
edged orifice jet are about 5-6% higher than the stag-
nation point values. This correspondingly coincides
with the result of Pan et al. [7]. However, the local
Nusselt numbers at the second peaks (Nup,q) are ap-
proximately 2-14% less than the stagnation point
values. The Nusselt number ratio of the second peak
to the stagnation point value (Nupnq/Nug) is decreased
with increasing the jet Reynolds number contrary to
the ratio of Nujg/Nug. The ratio of Nup,g/Nuyg is
weakly dependent on the jet Reynolds number. These
results indicate that the heat transfer mechanism
between these two peaks is nearly independent of the
jet Reynolds number.

The first peaks in local Nusselt number distributions
corresponding to the maximum heat transfer rates
occur at the vicinity of lateral edge (R/D =2 0.5) of the
orifice nozzles. The first peak is strongly attributed to
the high turbulence intensity at the nozzle edge. For
the case of sharp-edged orifice jet, the first peak lo-
cation (R/D = 0.45) is well agreed with the velocity
data shown in Fig. 3. The large-scale toroidal vortices
strike the impingement plate at which the heat transfer
rates have the local maximum [10]. The secondary
peaks occur in the range of 1.35<R/D<1.7 for all
nozzle configurations and Reynolds numbers tested.
With increasing the Reynolds number, the location of
the secondary peak moves outward in the radial direc-
tion and the peak values are also increased. For the

sharp-edged orifice nozzle, the secondary peak is
located at R/D = 1.4 and this agrees approximately
with the location of induced interacting toroidal vor-
tices as shown in Lee and Lee [10].

From these results, we can conjecture that the sec-
ondary peak was attributed to the transition from
laminar to turbulent boundary layer in the spreading
wall jet as suggested by Gardon and Akfirat [3]. This
transition seems to be triggered by disappearance of
pressure gradient which exists in the stagnation region.
The pressure gradient serves to stabilize the laminar
boundary layer, despite of high turbulence levels in the
free jet stream [15]. For the case of standard-edged
and square-edged orifice nozzle, the secondary peaks
are located a little downstream locations (R/D =
1.5-1.7) compared to the sharp-edged orifice nozzle
(R/D =2 1.4). This is mainly caused by the fact that the
boundary layer transition of the sharp-edged orifice jet
occurs ahead of the other two jets inside the transition
region. This is also closely related with the fact that
the velocity decay rate of the sharp-edged orifice jet is
faster than the other two jets as shown in Fig. 2. Thus,
in the wall jet region, the heat transfer rates of the
sharp-edged orifice are smaller than those of the other
two jets.

The local heat transfer distributions for the nozzle-
to-plate spacing of L/D = 6 are shown in Fig. 6. The
local Nusselt numbers decrease monotonically and do
not show the secondary maxima at all. Both the sharp-
edged and standard-edged orifice jets, the local heat
transfer distributions show nearly similar shapes in the
wall jet region. The off-stagnation peak is still apparent
and the maximum heat transfer rates occur at R/D =~
0.1. In the stagnation region, the sharp-edged orifice
jet has higher heat transfer rates than the other two
jets. The stagnation point Nusselt numbers of the
sharp-edged orifice jet are approximately 7-9% higher
than those of the square-edged orifice jet. However, in
the transition and wall jet regions, the local heat trans-
fer rates of the square-edged orifice jet are higher than
the sharp-edged and standard-edged orifice jet. The
maximum heat transfer rate occurs in the stagnation
region for the nozzle-to-plate spacing of L/D = 6, irre-
spective of the jet Reynolds number. This attributes to
the highest turbulent intensity of impinging jet near
L/D = 6 as shown in Fig. 2.

The local Nusselt number distributions for different
nozzle configurations at Reynolds number of 20,000
are compared in Fig. 7. Fig. 7(a) shows the effect of
nozzle configuration on local heat transfer rates at
L/D = 2. The results for the fully developed pipe jet
[9] and contoured jet [3] at the same Reynolds number
are included for comparison. The stagnation point
heat transfer rate of the sharp-edged orifice nozzle is
9.5, 13.6, 45.2 and 73.7% higher than that of the stan-
dard-edged orifice, square-edged orifice, fully-devel-
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oped pipe and contoured nozzle, respectively. Among
these nozzle configurations, the sharp-edged orifice
nozzle was found to be the most effective for en-
hancing the local heat transfer rate in the stagnation
region. Fig. 7(b) represents the local heat transfer rate

280

distributions at L/D = 10. The present Nusselt number
distributions of orifice jets are compared with those for
the fully developed pipe jet [9] and squared-edged ori-
fice jet with /D = 1.0 [16]. The stagnation point Nus-
selt number of the sharp-edged orifice jet is about 1.9,

260
240 A
220 LA
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180
160

Nu 140
120
100
80
60
40 |

20 -

0 1 1 — l Ll 1 1 l 1 1 1 1 l '} 1 1 1 l 1 F ] l /| 1 1 1 l i 1 l A 1 1 1

L/D=6

® : Sharp-edged
A : Standard-edged
B : Square-edged

—» Re =10,000

0.0 0.5 1.0 1.5

2.0 2.5 3.0 3.5 4.0

R/D

Fig. 6. Local Nusslet number distribution at the nozzle-to-plate spacing of L/D = 6.
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L/D =2, Re = 20,000

O : Sharp-edged

160 o, A : Standard-edged
o= AL O : Square-edged

© : fully-developed [9]

N

60 — : Contoured [3]

40 1 | I 1 A | 1 1 1 | 1 | 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
R/D

(a) L/D =2 for Re = 20,000

L/D = 10, Re = 20.000

O: Sharp-edged
A Standard-edged
: Square-edged

O

120 : fully-developed [9]
Nu 100
o+~ 0 TTOeg, B
60
40r — Square-edged (t/D = 1.0 ) [16] -
20 1 | 1 | 1 | 1 | 1 | 1 1 1 | Il
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
R/D

(b) L/D = 10 for Re = 20,000

Fig. 7. Effects of nozzle configuration on local Nusselt number distributions at Re = 20,000.
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Fig. 8. Variations of average Nusselt numbers with nozzle-to-plate spacing at Re = 20,000.
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7.2, 13.6 and 14.7% higher than that of the standard-
edged orifice, square-edged orifice with /D = 0.2 and
1.0 [16], and fully-developed pipe nozzle, respectively.
The influence of nozzle configuration on local heat
transfer rates is significantly decreased, compared to
the case of L/D = 2. However, the orifice jets tested in
this study give still higher heat transfer rates than the
fully-developed pipe jet. This indicates that the nozzle
configuration affects the velocity profile at the nozzle
exit and the toroidal vortices around the jet circumfer-
ence consecutively influence the local heat transfer
rate.

The average Nusselt numbers for the three regions
of R/D =1.0, 2.0 and 4.0 at jet Reynolds number of
20,000 are shown in Fig. 8. In the stagnation region
(R/D < 1.0), the average heat transfer rate of the
sharp-edged orifice jet is about 9% higher than that of
the square-edged orifice jet at L/D = 2. For the other
nozzle-to-plate spacings, the sharp-edged orifice jet
gives also higher values than the square-edged orifice
jet. This indicates that the sharp-edged orifice nozzle is
useful for heat transfer enhancement in the stagnation
region. In the transition and wall jet region, the aver-
age heat transfer rates decrease with increasing the
nozzle-to-plate spacings due to the boundary layer
transition on the impingement surface. At L/D =2,
the average heat transfer rate for three orifice nozzles
is about 40% higher than that of the fully developed
pipe nozzle in the transition region. The difference in
the average heat transfer rate between the orifice noz-
zles and the fully-developed pipe nozzle is decreased
with increasing L/D. In the wall jet region, the average
heat transfer rate of the standard-edged orifice jet is 12
and 40% higher than that of the sharp-edged orifice
and fully-developed jet at L/D = 2. This attributes to
the fact that the sharp-edged orifice jet experiences the
boundary layer transition earlier than the square-edged
orifice, and consequently has relatively smaller heat
transfer rates in the wall jet region as shown in the
local Nusselt number distributions.

4. Conclusions

The effects of nozzle exit configuration on turbulent
heat transfer enhancements were experimentally inves-
tigated for an axisymmetric submerged air jet im-
pinging normal to a heated flat plate. Three orifice
nozzles having different nozzle exit configuration, the
sharp-edged, standard edged and square-edged nozzle,
were tested in this study. In the stagnation region, the
sharp-edged orifice jet yields significantly higher heat
transfer rates than either the standard-edged orifice jet
or square-edged orifice jet. The stagnation point Nus-
selt number was correlated with the jet Reynolds num-
ber and the nozzle-to-plate spacing as

Nugoc ReS3(L/D) 18 Nug(Re™51(L/D) %2, and
Nugoc Re®566(L/D) ™98 for the sharp-edged, standard
edged and square-edged orifice jet, respectively.

For the nozzle-to-plate spacing of L/D = 2, the stag-
nation point Nusselt numbers of orifice jets are nearly
25-55% higher than those of fully-developed pipe jet
and approximately 50-75% higher than those of con-
toured nozzle jet. These heat transfer enhancements
are attributed to the large velocity gradient and high
turbulence intensity of the orifice jets. The variation in
nozzle exit configuration alters the initial flow structure
at the nozzle exit, and hence influences on the local
heat transfer characteristics.

Consequently, the nozzle exit configuration can be
used as an effective passive control technique for heat
transfer enhancement. Among three orifice nozzles
tested in present study, the sharp-edged orifice nozzle
gives the highest local and average heat transfer rates
in the stagnation region.
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