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Abstract

An experimental study of fluid flow and heat transfer has been carried out for jet impingement cooling on a semi-
circular concave surface. The distributions of mean velocity and velocity fluctuation on the concave surface have
been measured in free, impinging and wall jet flow regions by using a Laser Doppler Anemometer. Local Nusselt
numbers have also been measured. Variations of jet Reynolds numbers, the spacing between the nozzle and the
target and the distance from the stagnation point in the circumferential direction have been considered. Emphasis
has been placed on measuring turbulent jet flow characteristics including impinging and evolving wall jets and
interpreting heat transfer data, particularly, the occurrence and its location of secondary peak in connection with
data of measured mean velocity and velocity fluctuations on the concave surface. © 2000 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

Jet impingement cooling has been widely used for el-
ements exposed to high temperatures and/or high heat
flux because of its advantages in effective removal of
locally concentrated heat and easy adjustment to the
location where cooling is needed. Typically, appli-
cations will include paper drying, electronics cooling,
annealing of glass. In particular, this jet impingement
cooling has been effectively used to eliminate excessive
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thermal load near the leading edge of gas turbine
blade inner surface [1].

Jet impingement cooling with its possible appli-
cations, has been extensively studied for many years,
and has been well recognized and reviewed [2-4] for
single round or slot nozzle and arrays of round or slot
nozzles.

When jet impingement cooling is applied to curved
surfaces such as the turbine blade surface, the curva-
ture effect should be taken into consideration. For
flows on the surface with concave curvature, the centri-
petal force due to the curvature makes the flow un-
stable usually and the so-called Taylor—Gortler type
vortex is produced [5,6]. Such a vortex has its axis par-
allel to the flow direction and is known to enhance
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Nomenclature

A heating surface area

a coordinate perpendicular to the concave
surface

B two-dimensional slot jet width

h convection heat transfer coefficient

H distance between nozzle exit and stagnation
point of target surface

1 electrical current (A)

k thermal conductivity

Nuyg  Nusselt number (Nuyp = h2B/k)

Nupp o Nusselt number at stagnation point

Re;p jet Reynolds number at nozzle exit
(Rezp = UangB/V)

Qloss heat loss

qw heat flux on the heating surface

©“

circumferential distance from the stagnation
point

T; jet temperature

T, wall temperature

U mean velocity

U; jet velocity at the center of the nozzle exit
U,

V

£

p

ve  area averaged jet velocity at the nozzle exit
velocity fluctuation
voltage drop

X, y, z coordinate system

Greek symbols
1% kinematic viscosity
cos ¢  power factor

momentum and energy transfer and thereby heat trans-
fer rate on the surface. McCormack et al. [7] found
that Nusselt numbers on the concave surface of the
test duct were increased by 100-150%. Kottke [8]
investigated how disturbances superimposed on the
mainstream interacted with the Taylor—Gortler vortex
for different mesh type, mesh size, mainstream velocity,
and the distance between the mesh and test duct front.
However, studies of jet impingement cooling on the
convexed or concaved surface are not encountered so
frequently as those on the flat plate. Chupp et al. [9]
and Metzger et al. [10] measured impingement cooling
by a row of circular jets on the semi-circular surface
and investigated the effects of jet-to-jet spacing and the
distance between jet and a cooling surface. Dyban and
Mazur [11] measured heat transfer coefficients on the
parabolic concave surface and studied the effects of
jet-flow passage curvature formed by the cooling sur-
face and the nozzle outer surface. Tabakoff and Cle-
venger [12] considered impingement cooling on a semi-
circular concave surface by a slot jet, a row jet and an
array jet to study the cooling effect of various jet-hole
arrangements. Metzger et al. [13] studied the heat
transfer characteristics according to variations of lead-
ing edge shape of the cooling surface and the gap
between the leading edge and jet exit. Hsueh and Chin
[14] measured mass transfer rate on a convex cylindri-
cal surface impinged by slot jets. Bunker and Metzger
[15], Metzger and Bunker [16] suggested that the major
influencing parameters were the Reynolds number,
leading edge shape, jet spacing and size, jet arrange-
ment, number of jet holes, and the distance between jet
exit and leading edge. They also conducted shower-
head type cooling experiments and showed that the

variation of heat transfer was significant depending on
different impinging jet and film hole locations. Gau
and Chung [17] visualized the jet flow impinging on
both convex and concave semi-circular surfaces and
showed the distinctive characteristics of flow and heat
transfer on these surfaces. They also showed that as
the curvature increased, so did the Nusselt number due
to the vigorous vortex motion in the jet mixing region.
Lee and Lim [18] considered heat transfer from a convex
hemispherical surface impinged by a round impinging
jet. Recently, a study of slot jet impingement cool-
ing on concave surface has been done to identify the
effects of nozzle shape and curvature (Yang et al. [19]).

Most of the above mentioned studies of jet impinge-
ment cooling on curved surfaces mainly focused on
heat and/or mass transfer measurements lacking flow
data. The turbulent jet flow characteristics should be
identified for a clear understanding of heat transfer
phenomena and, in particular, wall jet flows as well as
impinging jet flows need to be measured to explain
measured heat transfer characteristics correctly.
Measurements of turbulent impinging jet flows have
been done mainly on the flat plate [20,21]. However,
measurements of turbulent impinging jet flows on the
curved surface are rarely found. The intent of the
present study is to provide quantitative measurement
data of the turbulent jet flows on the semi-circular con-
cave surface including impinging and wall jets. Jet
impingement heat transfer on the curved surface has
also been measured and its characteristics has been
interpreted using measured impinging and wall jet
flows. The present turbulent jet flow data can also
serve as bench-marking data for turbulence modeling
of jet impingement on curved surfaces.
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2. Experimental apparatus and procedure

Turbulent jet flows and heat transfer have been
measured separately since forced convection is the
dominant heat transfer mechanism. The experimental
set-up for heat transfer measurement is depicted in
Fig. 1. The air jet was supplied by a compressor
through the orifice flow meter and the settling
chamber. An air dryer and a filter were attached on
the compressed air line to remove water mist, oil drops
and dust. A pressure regulator and a needle valve were
installed to control the flow rate. The settling chamber
with meshes provides uniform and low turbulence
intensity at the nozzle exit. Note that the target of
impingement has the semi-circular concave surface
with 150 mm diameter. The temperature difference
between the jet at nozzle exit and the ambient air was
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within +0.5°C. Spray atomizer has been installed in
the settling chamber to provide seed particles for LDV
measurements of turbulent flows.

During the measurement of heat transfer coefficients,
the surface was directly heated by applying an electric
current through the stainless steel foil of thickness 30
pm. This system can provide the constant heat flux
boundary condition on the test surface. Since the resis-
tivity of the stainless steel foil is very small (~70 x
107® Q m), the two stage transformers have been uti-
lized to produce low voltage with high electrical cur-
rent. The heat flux on the surface was controlled by
changing output voltage and determined by measuring
the electrical current (/) and the power factor (cos ¢)
and the voltage drop (V') between the voltage taps sol-
dered on the heated foil.

The concave surface was made by cutting a circular

Silicon Resin

Insulation—~__  \\ =\

Steel Blade

H: Nozzle-to-Target

Distance

Copper Bus Bar

e

»

Variable Power
Supply Line

for Jet Flow

Measurement

I

Flowmeter

Settling
Chamber

Fig. 1. Experimental apparatus for heat transfer measurements.
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acrylic tube and the stainless steel foil was attached to
the inner surface with double sided adhesive tape.
Thermocouples were installed from an outer acrylic
wall by drilling holes and the void space was com-
pletely filled with thermal epoxy. The exterior of the
target was insulated with Styrofoam to reduce the con-
ductive heat loss through the back surface. Surface
temperatures along the concave surface have been
measured by T-type thermocouples with 0.01 in. diam-
eter. Thermocouples were installed at 19 locations
along the circumferential direction with 5-10 mm sep-
aration. The measured temperature data were recorded
by a multi-channel recorder and transferred to the per-
sonal computer through the GPIB interface.
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Fig. 2 shows the experimental set-up for measuring
turbulent flows of free, impinging and wall jets. One
component back scattering type Laser Doppler Anem-
ometer (LDA, Macrodyne) measures the mean velocity
and velocity fluctuation distributions. The signal from
LDA was processed by FFT (Fast Fourier Transform)
analyzer and transferred to the personal computer for
further processing. The laser source for LDA is a
632.8 nm, 10 mW He—Ne laser. The frequency shift
was made by a Bragg cell. The mean velocity and the
velocity fluctuation at the local point were obtained
from collecting more than 5000 data. The seeding par-
ticles generated by a spray atomizer were supplied in
the settling chamber. Salt-water solution was used as
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Fig. 2. Experimental apparatus for flow measurements.
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an atomizing fluid. The atomizer evaporated the water
leaving micron-sized salt particles. A thin transparent
window was prepared on the acrylic wall, covered with
a transparent thin film of 50 pm thickness, to measure
mean velocities and velocity fluctuations from the
opposite side of the jet. To accurately position the
measuring volume, the computer controlled two-
dimensional traverse system was used. Nozzle used in
the study was manufactured by following the contour
design suggested by Morel [22]; two-dimensional slot
nozzle with 5 mm width and the shrinkage ratio of
12.2 : 1 (see Fig. 2).

Jet Reynolds number and RMS value of velocity
fluctuation are the two important parameters con-
sidered in the present study. The jet Reynolds number
and velocity fluctuation (7u) are defined as follows:

Uwg2B
Reyg = —"2— (1a)
14
Vi
Tu (%) = o X 100 (1b)

]

where U, is the area averaged velocity at the nozzle
exit, 2B is the hydraulic diameter of the two-dimen-
sional slot jet, and u is the velocity fluctuation.

The Nusselt number is calculated by

h2B qw 2B
N, = — = _
PR T T —T k

@

The air jet temperature is measured at the settling
chamber in order to avoid disturbing the flow field at
the nozzle exit. The temperature fluctuation due to the
ambient air entrainment is minimized by maintaining
the temperature difference between the jet and the
ambient air within +0.5°C. The heat flux on the wall
can be evaluated as described below:

Vicos ¢
A

qw = qg — loss = — {loss (3)

where ¢joss 1S the sum of heat losses. Heat losses
include conduction through the insulating materials,
the lead wires of thermocouples, the stainless steel foil
and radiation loss. Total heat loss is estimated to be
less than 3.2% of the generated heat flux, ¢,, therefore,
neglected. The uncertainty analysis was performed
with 95% confidence level for the measured values by
applying the methods suggested by Kline and McClin-
tock [23]. For given experimental conditions, the
uncertainties of heat transfer coefficient, Nusselt num-
ber and Reynolds number are 6.89, 7.94 and 3.45%,
respectively. Measurements of local Nusselt numbers
along the semi-circular concave surface using the same
nozzle and experimental apparatus has been done

before and found to be in a reasonable agreement with
the data of Gau and Chung [17,19]. More emphasis in
the present study has been placed on measuring turbu-
lent jet flow characteristics.

3. Results and discussion

Fig. 3 shows the evolution of the distributions of
axial mean velocity and velocity fluctuation for a free
jet at Reyp = 4740. Along the streamwise direction, the
jet expands. The jet core region remains up to z/B
equal to 6 approximately. The values of z/B on the
upper parallel coordinate in Fig. 3 designate the origin
for the results for each z/B; for example, the line for
z/B = 4 is the origin for the mean velocity and velocity
fluctuation distributions for z/B = 4. Near the nozzle
exit, the velocity fluctuations were very low near the
center of the nozzle but at the edge of the nozzle, the
values suddenly became high due to the mixing of the
jet and the ambient air. As the mixing layer expands
along the streamwise direction, the high turbulence
region moves toward the jet center line and the maxi-
mum velocity fluctuation exists at the jet center line
beyond z/B = 5-6. Around the edge of the jet, the dis-
tortion on the profile of the turbulence intensity would
be observed after z/D = 4.6, which could be caused by
flow entrainment.

Impinging jet flows along the centerline have been
measured for three different Reynolds numbers equal
to 1780, 2960 and 4740 as shown in Figs. 4 and 5. In
the figures, results for free jets were also included for
comparison. As the jet Reynolds number increases, the
center line velocity of a free jet drops at the earlier
axial locations. The mixing of the jet and the ambient
air can be enhanced for higher Reynolds numbers and
as a result, the effect of mixing can penetrate up to the
center line at the earlier axial location, which reduces
the mean velocity at the center and increases turbu-
lence intensity. The region where the center line vel-
ocity remains almost constant is known as potential
core. The potential core length can be defined as the
length of the region where the local velocity is main-
tained at not less than 95% of the jet velocity at the
nozzle exit [3]. The present study resulted in the poten-
tial core lengths equal approximately to 8B at Reyp =
1780 and 2960 and 5.5B at Re;p = 4740. Impinging jet
flows were measured for three different (nozzle to con-
cave target) spacings of H/B equal to 4, 6 and 10; the
target is inside the potential core (H/B = 4), near the
end of the potential core (H/B = 6), and outside the
potential core (H/B = 10). Impinging jet flows basi-
cally follow the trend of free jets initially and deviate
from the results of free jets at certain axial locations.

Stagnation region thickness can be defined as the
thickness of the region where the velocity profile devi-
ates from the free jet results. It is shown in Fig. 4 that
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Fig. 3. Evolution of the distributions of axial velocity and velocity fluctuation at Re,p = 4740 of a free jet.

the stagnation region thickness is approximately equal
to 2B.

The distributions of velocity fluctuation along the
centerline are also shown in Fig. 5. When the target
wall is inside the potential core region (H/B = 4), vel-
ocity fluctuations become higher than those of free jets
for all Reynolds numbers considered, which would be
mainly due to the sudden drop of streamwise velocity
in the stagnation region and its resulting mixing effect
while flows for free jets are within the potential core.
When the target wall is located outside the potential
core (H/B = 10), it seems the concave curvature makes
the flow entrainment difficult, consequently reducing
the turbulence level compared with the results of free
jets.

Fig. 6 shows stagnation Nusselt numbers as a func-
tion of the impinging distance normalized by the noz-

zle width (H/B) for three different Reynolds numbers.
The variation of stagnation Nusselt numbers can be
divided into three different parts as H/B increases: (1)
first decreasing part; (2) increasing part; and (3) second
decreasing part. For all Reynolds numbers considered,
the highest heat transfer rates at the stagnation point
occur at the smallest spacing (H/B = 0.2). This beha-
vior can be explained by considering the stagnation
region thickness. As mentioned earlier, stagnation
region thickness is shown to be approximately equal to
2B when the target plate is inside the potential core. If
the nozzle is placed closer to the target surface than
this thickness, the stagnation region thickness should
be proportionally reduced to the spacing between the
nozzle and the target; consequently, the thermal
boundary layer becomes thinner, and heat transfer
rates should be increased.
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Fig. 4. Axial mean velocity profile along the centerline for
free and impinging jet flows.

In the second part, the target wall is still located
within the potential core region, while the spacing is
larger than the stagnation thickness (2-3 < H/B < 5—
6). In this part, mean velocity of a jet does not vary
and the variation of impinging jet mean velocity also
does not vary significantly for different spacings as
shown in Fig. 4. However, as shown in Fig. 5, the tur-
bulence level for free and impinging jets increases sig-
nificantly in this part and the turbulence intensities
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Fig. 5. Normalized velocity fluctuations along the centerline
for free and impinging jet flows.

near the target surface for H/B =4 become higher
than those of free jets. These substantial increases of
turbulence intensity should be the cause to increase
heat transfer rates after reaching the minimum as H/B
increases as can be seen in Fig. 6. Various studies
reported that the heat transfer augmentation was
obtained at high turbulence level [24]. The peak of the
stagnation Nusselt number occurs at the spacing which
is approximately equal to the potential core length.
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Fig. 6. Variations of stagnation point Nusselt numbers for
different H/Bs.

Beyond this spacing, Nusselt numbers again decrease
as the spacing increases. In this part, mean velocities
decrease significantly although velocity fluctuations
remain high. The decrease of mean velocity would be
the main reason to lower heat transfer rates on the
stagnation point in this part.

Fig. 7 shows the distributions of local Nusselt num-
bers along the streamwise direction for twelve different
spacings at Repp = 4740. As shown in Fig. 7(a), Nus-
selt number distributions have secondary peaks near
s/B =4-5 when the normalized spacing between the
nozzle and the target is less than one. When the nor-
malized spacings are larger than one for Re,p = 4740,
the secondary peaks disappear as shown in Fig. 7(b)
and (c). The phenomenon of secondary peaks for
impinging jet heat transfer has been extensively studied
by many researchers. Gardon and Akfirat [25]
explained the secondary peak to be a result of the
laminar-turbulence transition of the wall jet, from a
flat plate impinging study. Den Ouden and Hoogen-
doorn [26] suggested that the location of the secondary
peak coincided with the point where the product of the
boundary layer velocity and the turbulent kinetic
energy became the maximum. Kataoka et al. [27] made
an effort to explain the secondary peak in connection
with the turbulent boundary layer eddy structure of
wall jets. Many studies reported that the secondary
peak disappeared when the target walls were placed
outside the potential core region.

Measurements of local Nusselt numbers have also
been made for different Reynolds numbers at two fixed
spacings; H/B =0.2 and 0.4. As shown in Fig. 8, the
secondary peak occurs closer to the stagnation point
as the Reynolds number increases. For different Rey-
nolds numbers of 2960, 4740 and 7100, the secondary
peaks occur at s/B =6, 4, 3, respectively, for the case
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Fig. 7. Distribution of local Nusselt numbers in the circumfer-
ential direction at Reyp = 4740.

of H/B=0.2. For H/B=0.4, the secondary peak
appears for Reyp = 4740, but the secondary peak is
less pronounced than for H/B = 0.2. For Re,p = 2960,
the decreasing trend of heat transfer rate from the
stagnation point turns into a somewhat flat pattern
around s/B = 5.

Measurements of wall jet flows have been done to
explain the variations of local heat transfer rate in the
circumferential direction. In the present study, mean
velocities and velocity fluctuations of wall jets have
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been measured using LDA for three different Reynolds
numbers of 1780, 2960 and 4740. Fig. 9 shows the dis-
tributions of the circumferential component of the
mean velocity for different H/B’s at Re,p = 2960. The
values of s/B on the upper parallel coordinate in Fig.
9 designate the origin of the results for each s/B; for
example, the line for s/B = 4 is the origin for the mean
velocity distribution for s/B =4 where U/U; is equal
to zero. For the case of H/B=0.4 (Fig. 9(a)), the
effect of fluid acceleration is clearly observed; mean
velocities may exceed nozzle exit velocity up to the
region of s/B = 6. At s/B = 6, the peak velocity occurs
near a/B = 0.45 and at s/B = 3 and 4, there should be
peak values at the locations closer to the surface even
though measurements have not been successful for the
region very near the surface. Fig. 9(a) shows clearly
the evolution of the wall jet and it is obvious that the
wall jet becomes thickened along the streamwise direc-
tion. The evolution of the wall jet can also be seen for

different H/B’s (Fig. 7(b) and (c)). But, for spacings
larger than B (Fig. 9(b)—(d)), the effect of fluid accel-
eration has not been observed, therefore, all the
measured mean velocities have been less than the noz-
zle exit velocity. For circular jet cases, the velocity
excess can occur when the spacings are less than 0.25
times the nozzle diameter [16]. For the present slot
nozzle case the velocity excess can be estimated to
occur at H/B < 0.5 from mass conservation consider-
ation. It is also noted that the thickness of the wall jet
is smaller for H/B = 0.4 than for H/B=1 and this
thinner thickness of the wall jet causes the heat trans-
fer rates for H/B=0.4 to become larger than for
H/B =1 as shown in Fig. 7.

The velocity fluctuation distributions measured
along the normal direction from the target surface at
H/B = 0.4 are shown in Fig. 10 for different s/B’s and
different Reynolds numbers. As the Reynolds number
increases, velocity fluctuations also increase; for
example, the maximum value of velocity fluctuations is
approximately equal to 28% near s/B =6 for Reyp =
2960 and 33% near s/B = 4 for Reyp = 4740 while vel-
ocity fluctuations for Re,p = 1780 are mostly less than
10%. As mentioned in Fig. 8, location of the second-
ary peak moves toward the stagnation point as Rey-
nolds number increases. This trend is similar to that of
velocity fluctuations. The steep increase of velocity
fluctuation near s/B=4 for Reyp =4740 coincides
with the increase of heat transfer rate near s/B=4
and the occurrence of the secondary peak near s/B =
4-5 as shown in Fig. 8(b). For Re;p = 2960, the steep
increase of velocity fluctuation can also be observed
near s/B = 6. This increase also coincides with the
variation of heat transfer rate along the circumferential
direction; the decreasing trend of heat transfer rate
from the stagnation point turns into a somewhat flat
pattern around s/B = 5 (see Fig. 8(b)).

4. Conclusions

Measurements of impinging jet flows and heat trans-
fer rate on a semi-circular concave surface have been
made. Particular emphasis has been placed on turbu-
lent jet flow characteristics including impinging and
evolving wall jets and interpreting heat transfer data,
particularly, the occurrence and location of secondary
peaks in connection with data of measured mean vel-
ocity and velocity fluctuations on the concave surface.
The following conclusions have been drawn.

1. The potential core length becomes shorter for
Reyp = 4740 than for Repp = 1780 and 2960. Stag-
nation region thicknesses are approximately equal
to 2B.

2. For the case of H/B = 0.4, the effect of fluid accel-
eration has been observed. The evolution of wall
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jets has been successfully measured using a Laser
Doppler Velocimeter. The thickness of the wall jet is
smaller for H/B = 0.4 than for H/B =1, which is
the reason why the heat transfer rate for H/B = 0.4
is higher than for H/B = 1.

3. The occurrence of secondary peaks and their
locations have been explained from the variation of
measured velocity fluctuations of the wall jets
evolving along the streamwise direction.

4. The increase of stagnation heat transfer rate for
2-3 < H/B < 5-6 has been successfully explained
due to the steep increase of velocity fluctuations
measured in free and impinging jets.
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