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Abstract—Experiments were conducted to determine the effect of nozzle geometry (diameter and aspect
ratio) on the local heat transfer coefficients from a small heat source to a normally impinging, axisymmetric,
submerged and confined liquid jet of FC-77. A single jet with nozzle diameters in the range of 0.79-6.35
mm and up to seven different nozzle aspect ratios in the range of 0.25-12 were tested, at turbulent jet
Reynolds numbers from 4000 to 23000 and nozzle to heat source spacings of 1-14 jet diameters. The
results indicate that at very small nozzle aspect ratios (//d < 1), the heat transfer coefficients are the highest.
As the aspect ratio is increased to values of 1-4, the heat transfer coefficients drop sharply, but with further
increases in //d of up to 8-12, the heat transfer coefficients gradually increase. This effect is less pronounced
as the nozzle to target spacing is increased. Possible explanations for these trends are provided in terms of
flow separation at the nozzle entrance and its effect on the exit velocity profiles. The nozzle diameter also
has a definite effect on the heat transfer coefficients. Copyright © 1996 Elsevier Science Ltd.

INTRODUCTION

Impinging jets have been actively studied for appli-
cation in diverse situations such as drying, steel mills
and turbine-blade cooling. Jet impingement is also
being adapted for use in cooling electronic
components. The increased power dissipation in chips
with ever higher component-densities has necessitated
the search for more effective cooling techniques. The
influence of nozzle geometry on the heat transfer
obtained from impinging liquid jets is investigated in
this paper with jet and heat-source dimensions that
are representative of electronics cooling applications.

The parameters that have been widely considered
in the jet-impingement literature are nozzle diameter,
nozzle to target spacing, and Reynolds number. The
influence of the shape of the nozzle, contoured vs
square-edged, has also been examined. Fewer studies
have investigated the roles of the diameter and the
length-to-diameter ratio of the nozzie on heat transfer.
Although a wide variety of nozzle geometries have
been studied, ranging from long tubes with fully
developed outflow to knife-edged orifices, a systematic
investigation of the influence of these two parameters
on heat transfer has not been reported for confined
and submerged liquid jets. The impingement heat
transfer is affected by the nozzle aspect ratio primarily
through the velocity profile and turbulence levels at
the nozzle exit, which depend upon its diameter and
length.

The jets considered in this study are axisymmetric
and submerged, with the jet issuing into a region con-
taining the same liquid at rest. The radial spread of
the jet upon impingement is confined in a narrow

channel bounded by the impingement surface and a
plate containing the nozzle ; this arrangement has also
been referred to as semi-confined in the literature [1].
It has been shown that enhanced heat transfer is
obtained in submerged configurations [2], but that,
conversely, confinement causes a reduction in heat
transfer ; this reduction was shown to be as much as
50% for submerged air jets at small nozzle-to-target
spacings [1].

An impinging jet starts being influenced by the pres-
ence of the target surface approximately 1.2 nozzle
diameters from the surface [3, 4]. In this impingement
region, the flow is decelerated in the axial direction
and accelerated in the radial direction. The potential
core of the jet strikes the impingement surface when
the nozzle-to-target spacing is smaller than the length
of the core, which was shown for turbulent jets to be
6-8 nozzle diameters long with well-formed nozzles,
and 2-3 diameters with square-edged orifices [5]. The
stagnation Nusselt number has been observed to
increase slightly, or remain constant, as Z/d increases
from 1 to about 4, for a wide range of Reynolds
numbers [6-9]. In this Z/d range, the axial velocity of
the jet remains constant explaining the relative con-
stancy of the stagnation Nusselt number. At larger
Z/d, where impingement occurs beyond the potential
core, the axial velocity decreases with increasing dis-
tance and the level of turbulence begins to increase
due to the large-scale structures in the mixing region.
The decreasing axial velocity results in decreasing
stagnation heat transfer coefficients. This trend also
holds for the average Nusselt number [2].

The local heat transfer coefficient distribution in
submerged liquid jet impingement has been inves-
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Nu  local Nusselt number (hd/k)

stagnation Nusselt number (A,d/k)

Pr fluid Prandtl number

power dissipated by the heater

r radial distance from the stagnation
point

NOMENCLATURE

Ay, heated area of heater Re Reynolds number (Ud/v)
d nozzle diameter T jet exit temperature
h local convective heat transfer T, heater surface temperature

coefficient U mean velocity of the jet
h area-averaged heat transfer coefficient Z distance between the confining plates.
hy stagnation point heat transfer

coefficient
k fluid thermal conductivity Greek symbols
{ nozzle plate thickness p fluid density

v fluid kinematic viscosity.
Subscript
f parameters with properties based on

film temperature.

tigated in several studies [6-12] ; of these, only a few
[6, 10-12] have considered a submerged impingement
flow field that was confined by a top wall. Local heat
transfer distributions for (submerged) air jets are
reported in [3, 13-16]. The local heat transfer
coefficient on the impingement surface has been found
to have a bell-shaped distribution with respect to rad-
ial distance from the stagnation point. The maximum
value occurs near stagnation and decreases sym-
metrically with radial distance. In addition to the peak
at stagnation, secondary maxima have been observed
in the local heat transfer coefficient curves near
r/d = 2. Transition to turbulence was established as a
likely cause for the secondary peak, which dis-
appeared with increasing Z/d, and decreasing jet Rey-
nolds number (Re < 2500). At very small Z/d (as low
as 0.1-0.25), a second set of secondary peaks has been
observed for confined and unconfined air jets in the
vicinity of r/d =~ 0.5, and was attributed to accelerated
radial flow [17, 18].

A number of studies have investigated the role of
nozzle shape on exit velocity profiles and impingement
heat transfer. Popiel and Boguslawski [19] compared
the performance of a contoured nozzle to a sharp-
edged orifice. Mass-transfer rates for the orifice were
as much as 40% higher than those for the contoured
nozzle due to increased turbulence levels from the
orifice. The increased turbulence also appeared to
limit the development of ordered structures in the jet
mixing layer. The potential core for the orifice was
significantly shorter than for the contoured nozzle.
Stevens et al. [20] showed with velocimetry measure-
ments in free-surface liquid jets that the turbulence
level in jets from sharp-edged orifices was higher than
from contoured nozzles; Pan et al. [21] showed in a
companion paper that the resulting differences in the
heat transfer coeflicients were on the order of 40%. In
otherwise similar experiments with converging [22]
and rectangular [23] slot jets of water, the converging

nozzles had more uniform velocity profiles and hence
significantly lower heat transfer coefficients than for
rectangular nozzles, due to the higher centerline vel-
ocities present in the latter, when the two were run at
identical average velocities.

Fewer studies have considered the influence of
nozzle geometry (diameter and aspect ratio) on the
heat transfer from an impinging jet. Obot et al. [24]
presented a detailed study of the effect of nozzle aspect
ratio for submerged (but unconfined) air jets. Exper-
imental results were obtained for nozzles with 5 //d’s
in the range of 1-50, at a constant diameter. Womac
et al. [2] used orifices ranging in diameter from 0.978
to 6.55 mm (aspect ratios from 18.4 to 2.74) and found
markedly different average Nusseit numbers for a
given Reynolds number and Z/d. Mohanty and Taw-
fek [16] found significantly different heat transfer dis-
tributions for their tapered nozzles ranging in diam-
eter from 3 to 7 mm (aspect ratio not stated). In
contrast, Hollworth and Gero [15] obtained identical
local Nusselt numbers for square-edged nozzles 5 and
10 mm in diameter with an aspect ratio (//d) of 1,
when tested at the same Reynolds number and Z/d.
For free-surface liquid jets [25, 26] it was found that
the stagnation Nusselt number characteristics were
dependent on nozzle diameter. This was attributed to
the influence of free-stream velocity gradient on local
heat transfer, and different correlations were proposed
for each of the four nozzle diameters (from 2.2 to
8.9 mm) studied. The length of the nozzle is also an
important parameter : the more uniform exit velocity
profiles in shorter nozzles result in lower heat transfer
coefficients than for longer nozzles with fully
developed exit profiles [27, 28].

The present study experimentally investigates the
influence of nozzle geometry, specifically the nozzle
diameter and the length-to-diameter aspect ratio, of a
square-edged nozzle on the local heat transfer dis-
tribution on a small heat source, in submerged and
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confined liquid jet impingement. Besides the nozzle
geometry (d and //d), the experimental variables
include jet Reynolds number (Ud/v) and nozzle-to-
target spacing (Z/d).

EXPERIMENTS

The experiments were conducted in a transparent,
closed-loop liquid jet impingement facility which is
the same as that described in [6, 12, 29], and only
important details are included here. The technique for
obtaining local heat transfer measurements was to
hold the jet stationary while moving the heat source.
The heat source is an electrically heated foil with a
thermocouple attached to the underside. Since lateral
conduction along the very thin foil can be neglected
(< 0.5% of heat flow perpendicular to the foil) and
all the heat is lost by convection to the jet, the ther-
mocouple reads a local temperature; as the heat
source translates laterally, the heat transfer dis-
tribution on the heat source is mapped.

The coolant used in the experiments is a per-
fluorinated dielectric liquid, FC-77, which has a
Prandtl number of 25.3 at the nozzle exit temperature
which is maintained constant at 20°C. The test section
is made of plexiglass and houses a flow-conditioning
plenum with a nozzle plate attached to one end. Fac-
ing the nozzle plate is a target plate containing the
heat source, as shown in Fig. 1. A T-type thermo-
couple near the base of the plenum measures the
fluid temperature just prior to its exit from the nozzle.
Since the cross-sectional area of the plenum is larger
than that of the largest nozzle used in this study by a
factor of 196, the velocity inside the plenum can be
considered negligible compared to the jet velocity
(with low upstream turbulence). A number of nozzle

Polycarbonate
Themocouples

Slainless Steel Foil

(siiver-brazed
to busbars)

Jet

Nozzle Plate

———

Confined Radial Outflow

Target Plate

Foil \
Polypropylene \ Polycarbonate
Copper Bus Bare
Themocouple

Fig. 1. Schematic of the submerged and confined liquid jet

impingement setup and heat source assembly; “Jet Path”

indicates the direction of horizontal traversal of the heat
source relative to the stationary jet.
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plates (one plate for each nozzle geometry) were used
in the experiments. Each plate is 12.7 cm in-diameter
with thickness (nozzle length, /) ranging from 0.79 to
38.1 mm, and has a square-edged nozzle in the center.

The plenum assembly is designed to translate in the
vertical direction in increments of 0.01 mm so that the
nozzle-to-target spacing (Z/d) can be accurately set.
Fluid from the nozzle impinges on the heater mounted
in the target plate (Fig. 1). The heater was made by
silver brazing the ends of a 0.075 mm thick stainless
steel foil to copper bus bars ; the resulting square heat
source is 10 mm on the side. Care was taken to ensure
that the braze joint was uniform and continuous
across the width of the bus bars. The resistance heating
in the foil thus begins precisely at the edge of the bus
bar. The joint location was verified by inspecting the
joint visually and comparing the measured resistance
of the heater to theoretical values. The very small
thickness of the foil minimizes heat conduction in the
lateral direction, allowing for the measurement of a
local surface temperature. As the heat source is moved
laterally with respect to the jet, local surface tem-
peratures are obtained ; this mimics an arrangement
with a large number of thermocouples under a station-
ary heat source.

The foil heater is backed by insulation with
through-holes to accommodate two 36 gage T-type
thermocouple leads. One thermocouple is at the center
of the heater and the other is 3 mm from the center
(see Fig. 1), the beads of each being flush with the
surface of the insulation. The insulating poly-
propylene block is attached to the foil using a high-
temperature adhesive transfer tape across which the
temperature drop can be accurately calculated, a typi-
cal value being about 0.1°C. The foil-backing
assembly fits snugly into a circular polycarbonate
holder for structural integrity which is in turn inserted
into a larger target plate. The target plate can be
traversed horizontally in fine increments relative to
the jet. The heater is oriented in the target plate such
that the center of the jet traverses diagonally across
the heater, such that measurements are made at the
farthest edges of the heated surface. The thermal
boundary condition on the impingement surface was
thus that of a constant heat flux over the square heat
source, surrounded by an insulating target plate. Since
the extent of traversal of the jet on the heat source is
limited to the heated area (no unheated starting
length), the thermal boundary layer development is
not altered as the heat source is moved relative to the
jet.

The current in the circuit is determined by mea-
suring the voltage drop across a 100 A current shunt;
the voltage drop across the foil heater is measured
across the base of the copper bus bars. The product
of the current and the voltage drop across the heater
gives the power dissipated (¢,.). As described in Gari-
mella and Rice [6], all the power dissipation occurs
in the 100 mm? patch of heater foil between the bus
bars, due to the negligible contact resistance in the
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voltage-drop measurement. A conduction analysis
(using measured temperatures at the top and bottom
of the polycarbonate insert) showed that the heat lost
through the polypropylene block on the underside of
the foil was less than 2% ; this loss was calculated as
part of the data acquisition program and subtracted
from the total heat dissipation. The local heat transfer
coeflicient was calculated as:

b= Gout ™ Yioss

= A4(T.-T) M

where the heat flux and 7 are constant in an exper-
iment, while 7, depends on location on the heat
source. The data from each experiment were also area-
averaged (over the area of the square heat source) to
obtain an average heat transfer coefficient :

i qOUl
"SR -T)4) @
where T, is the local surface temperature measured
for the area A; of the annular band straddiing the
location of each temperature measurement; at the
corners of the square heat source, the annuli are frag-
mented. The summation in the denominator of equa-
tion (2) is performed over the area of the heater, A4,.
Typical values for (7,— T;) were in the range of 10—
30°C for a heat flux of 25 W cm 2. Each temperature
was calculated as an average of 50 thermocouple read-
ings. The heat flux was adjusted in the experiments to
maintain relatively constant (surface-average) tem-
perature differences between the heat source and jet.
The thermophysical properties in the nondimensional
parameters (Nu, Re and Pr) were all evaluated at
the jet inlet temperature, except for the correlations
[equations (3) and (4)], which are evaluated at the
film temperature.

A standard uncertainty analysis indicated that the
uncertainty in the heat transfer coefficient was on the
order of 5% (20:1 odds) in all cases. The primary
contribution (~4%) to the uncertainty comes from
the heater-area measurement; uncertainty in tem-
perature measurement is the other significant con-
tributor. The uncertainties in the voltage and current
were taken as twice the standard deviation of the
measured values. The uncertainty in each temperature
measurement was taken to be 0.3°C, and the uncer-
tainty in the heat-source area was estimated at 4%.
Experiments performed over a period of more than a
year were found to have excellent repeatability, with
the spread never greater than 3% ; the heat transfer
coeflicient curves were also highly symmetric about
the heater centerline.

Four jet diameters of 0.79, 1.59, 3.18 and 6.35 mm,
each with up to seven aspect ratios in the range
0.25 < I/d < 12, were studied for jet Reynolds num-
bers ranging from 4000 to 23000, nozzle-to-target
spacings (Z/d) from 1 to 14, and a large number
of radial positions in 0 <r <7 mm (r/d < 8.9 for
d=0.79 mm, to r/d < 1.11 for d = 6.35 mm).
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Fig. 2. Variation in local heat transfer coefficient distribution
with nozzle aspect ratio for a nozzle diameter of 3.18 mm
and Z/d = 4 for (a) Re = 8500 and (b) Re = 13 000.

RESULTS AND DISCUSSION

The distribution of the heat transfer coefficient on
the heat source is illustrated as a function of radial
distance from the stagnation point for a nozzle diam-
eter of 3.18 mm, a spacing of Z/d = 4, and two Rey-
nolds numbers of 8500 and 13000, in Fig. 2. The
nozzle aspect ratio (//d) is varied in these graphs from
0.25 to 12. The heater extends over 2.25 nozzle diam-
eters for this nozzle. The curves in Fig. 2 are bell-
shaped, with a peak at the stagnation point. The heat
transfer coeflicient decreases as radial distance from
the stagnation point increases. It is clear from the
curves at both Reynolds numbers that the very short
(“’knife-edged’) nozzles with aspect ratios of 0.25 and
0.5 yield heat transfer coefficients that lie well above
all the other curves. Moreover, the heat transfer
coefficients (at any r/d) drop as the aspect ratio
increases to an //d of 14, and then recover somewhat
(increase in value) for further increases to an //d of 8—
12. The change in heat transfer with aspect ratio is
most distinct, however, between the ranges //d < 1 and
I/d = 1. These trends are observed at both Reynolds
numbers in Fig. 2, and were true for all Reynolds
numbers tested in this study.

Figure 3 shows heat transfer distributions with the
same nozzle as in Fig. 2, for Re = 8500 but at smaller
and larger nozzle to target spacings of Z/d = 2 and 8.
As in Fig. 2, the heat transfer initially decreases with
increasing nozzle aspect ratio. For increases of //d
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Fig. 3. Variation in local heat transfer coefficient distribution
with nozzle aspect ratio from a nozzle diameter of 3.18 mm
and Re = 8500 for (a) Z/d = 2 and (b) Z/d = 8.

beyond 1, however, the heat transfer coefficients
increase again, at both spacings. This minimum in
heat transfer with nozzle aspect ratio occurs at //d = 4
for Z/d = 4 (Fig. 2) and at //d = 1 for Z/d = 2 and 8
(Fig. 3). The other difference between the behavior at
the different spacings is the extent of the influence of
aspect ratio on heat transfer: the spread with //d in
the area-averaged heat transfer coefficients at Z/d = 2
and 4 was 20%, whereas this spread at Z/d = 8 was
reduced to 14%. It may thus be concluded that the
nozzle aspect ratio piays a more dominant role in
determining heat transfer coefficients at the smaller
nozzle spacings. In contrast to Z/d, the role of aspect
ratio on heat transfer is unaffected by the Reynolds
number in question. This would be expected for heat
transfer near the stagnation region since at the smaller
spacings, the pre-impingement potential core of the
jetis largely inviscid, and the Reynolds number would
not be a relevant governing parameter. These trends,
shown in Figs. 2 and 3 for d = 3.18 mm, were also
found to hold for the other three diameters studied.
Figure 4 presents results for d = 1.59 mm at Z/d = 4
and Re = 13000; the curve for the smallest aspect
ratio of 0.5 lies well above those for //d of 1-8, which
lie in a nearly identical group.

The stagnation point heat transfer coefficient for
several different nozzle diameters and Reynolds num-
bers is plotted as a function of nozzle aspect ratio in
Fig. 5 for a fixed nozzle to target spacing of Z/d = 4.
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Fig. 4. Variation in local heat transfer coefficient distribution
with nozzle aspect ratio for a nozzle diameter of 1.59 mm,
Z/d = 4 and Re = 13000.
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The corresponding average heat transfer coefficients
are shown in Fig, 6. It should be recalled that the area-
averaged results presented here were averaged over
the (fixed) actual area of the heat source, and thus,
not over the same r/d for all nozzle diameters. These
figures clearly demonstrate the effect of nozzle aspect
ratio on both the stagnation and the average heat
transfer coefficients. At //d < 1, both stagnation and
average heat transfer coefficients are significantly

12000
y ]
10071.+] SN - .
o E
C 8000[ce >~~~ _ - -
o~ L \\ T —— i
S 6000 o T T T o T s
SN T Sy s ey
4000 o —0--d = 1.59; Re = 85007

[ —O--d=3.18;Re=1

2000 —0--d=3.18;Re =8
L @ -d=6.35; Re = 8500 1
0 v by v L be g Lo da g g

0 2 4 6 8 10 12
d
Fig. 6. Effect of nozzle aspect ratio on the area-averaged
heat transfer coefficients for different jet diameters (mm) and
Reynolds numbers at a spacing of Z/d = 4.
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Fig. 7. Local Nusselt numbers for nozzles of different diam-
eters (mm) with //d = 4, Z/d = 4 and Re = 8500, as a func-
tion of (a) radius and (b) nondimensional radius, r/d.

higher than for //d > 1 ; in this latter range, the influ-
ence of aspect ratio is less pronounced.

With the local heat transfer coefficients (non-
dimensionalized as Nusselt numbers, hd/k) plotted as
a function of radius for different nozzle diameters but
at a fixed //d as in Fig. 7(a), it becomes clear that the
data for each nozzle diameter lie distinct from the
others for a given Re, //d and Z/d. Although results
for different diameters were not presented in their
paper, Hollworth and Gero [15] observed from exper-
iments with geometrically similar nozzles of different
diameters that the local Nusselt number distribution
was independent of d for a given Z/d and Re; this
result is in contrast to the present observations. Gari-
mella and Rice [6] also found a dependence on diam-
eter, but since’their nozzles were not all of the same
aspect ratio (not geometrically similar), they allowed
the possibility that this could be due, at least in part,
to an underlying dependence on nozzle aspect ratio.
Since the curves in Fig. 7(a) for different diameters
are at the same nozzle aspect ratio, and still do not
collapse, this points to a definite dependence of heat
transfer on nozzle diameter. Stevens and Webb [25]
also found such a dependence for free-surface liquid
jets.

While an unequivocal explanation for this depen-
dence cannot be advanced at this stage, there is evi-
dence in the literature to suggest that the turbulence

S. V. GARIMELLA and B. NENAYDYKH

intensity near the jet centerline is larger for larger-
diameter nozzles, with all other parameters (Re, //d,
Z/d) held constant. Kataoka et a/. [30] found in exper-
iments with submerged jets of water that the centerline
turbulence intensity for a 28 mm-diameter jet was
larger than that for a 14 mm-diameter jet, by amounts
ranging from roughly 50% at an axial distance of two
diameters from the jet exit, to 13% at a distance of six
diameters at a Reynolds number of 10 000. The jet exit
had a uniform velocity distribution with low initial
turbulence (< 2%); the source for turbulence gen-
eration in the jet was shown to be large-scale eddies,
visualized with hydrogen bubbles. This trend is con-
sistent with the observed dependence of Nusselt num-
bers on diameter in Fig. 7: the larger Nusselt numbers
obtained for the larger-diameter nozzles may reflect
larger turbulence intensities. The jet turbulence inten-
sity may thus be yet another parameter (independent,
and not adequately characterized by Reynolds num-
ber alone) that must be taken into account when com-
paring jet impingement heat transfer rates.

One other point of note about Fig. 7(a) is that the
radius range of roughly seven diameters included on
the abscissa represents the diagonal distance of travel
across the heater surface. It is instructive to consider,
instead, a nondimensional abscissa in terms of r/d as
shown in Fig. 7(b). Figure 7(b) could be considered
to be from a point of reference attached to the jet,
while Fig. 7(a) is with respect to the heat source. The
curves that are well-separated in Fig. 7(a) over the
entire extent of the heater reveal different information
in Fig. 7(b). It appears that the differences in heat
transfer between nozzles of different diameter are
most pronounced close to stagnation, over an area
of about one jet diameter. Beyond this region, the
diameter effect on the Nusselt number distribution
appears to diminish (especially for the three larger
nozzle diameters). This observation holds for all the
nozzles over the full range of Reynolds numbers
tested, as shown in Fig. 8 for Re = 13000.

The observed influence of nozzle aspect ratio on the
heat transfer distribution may be explained as follows.
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Fig. 8. Local Nusselt numbers for nozzles of different diam-
eters (mm) with //d =1, Z/d =4, and Re = 13000, as a
function of nondimensional radius, r/d.
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It appears that there are three ranges of aspect ratio
over which the flow through the nozzle, and the nozzle
exit profile, vary.

Iid <1

When liquid from the relatively quiescent plenum
enters the nozzle, a separation bubble is formed at the
nozzle inlet. While there is rather scant information in
the literature concerning the length of the separation
region at an abrupt and drastic reduction in diameter,
there is fairly consistent evidence that this separation
bubble is just under one diameter in (streamwise)
length. For instance, McGuinness [31] showed using an
oil-film visualization technique that the reattachment
length for a plain (square-edged) inlet was 0.9 diam-
eters, while that for an orifice-plate inlet was 1.94.
Sutton et al. [32] reported similar values for the reat-
tachment length. Calculations using the commercial
software package, FLUENT, showed that the sep-
aration region is roughly 0.8d long [33], which is ident-
ical to the recommendation of Ward-Smith [34] based
on flow visualization. Further, the length of the sep-
aration bubble appears to be independent of the Rey-
nolds number in turbulent flow (for Re > 4000 [34]).
For nozzle aspect ratios in the range //d < 1, therefore,
the separation region would not have reattached
within the nozzle. The diameter of the nozzle is par-
tially “obscured” by the existence of the separation
bubble, affecting the exit velocity profile markedly.
The outflow could thus be considered to issue from a
nozzle of reduced diameter (the vena contracta), and
thus at a higher velocity (for a constant Reynolds
number) ; the flow area, at its narrowest, is reduced to
approximately 60% of the actual nozzle cross-section
[34]. Since a reduction in nozzle diameter (for the
same average velocity) has been shown to cause an
increase in heat transfer coefficient, this partial
obstruction of the nozzle by the separation region
would be expected to resuit in higher stagnation-
region heat transfer coeflicients relative to the situ-
ation when the full nozzle area is active. This is con-
sistent with the significantly higher heat transfer
coefficients observed in the preceding figures at the
very small aspect ratios.

1<ld<4

As the aspect ratio is increased past a value of 1,
the separated flow at the nozzle entrance reattaches
within the nozzle, and the exit velocity profile becomes
nearly uniform. Since the exit flow is now distributed
uniformly and over a larger area compared to //d < 1,
the heat transfer coefficient would be expected to be
lower, as observed in the results of this study. A uni-
form velocity profile has been observed in the litera-
ture to result in lower heat transfer coefficients relative
to fully developed profiles ([27, 28] and a comparison
of the results of [22, 23]).

l/d =4
As the aspect ratio is increased further, the flow in
the nozzle downstream of the separation bubble has
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a chance to develop, and the exit velocity increasingly
takes on a fully developed profile. Since all the Rey-
nolds numbers considered in this study are turbulent,
fully developed velocity conditions are attained over
a relatively short distance compared to laminar flow.
The fuily developed velocity profile is characterized
by a significantly higher velocity at the axis of the
nozzle than the average; this could explain the
observed gradual increase in heat transfer as the aspect
ratio is increased beyond 4. The exit centerline tur-
bulence intensities also increase as //d increases from
1to 10 [24].

The observation that the influence of aspect ratio
on heat transfer is moderated at the higher nozzle to
target spacings [comparing the results for Z/d = 2, 4
and 8 in Figs. 2(a) and 3] is also consistent with this
explanation. As the nozzle to target spacing increases,
the jet travels farther before impinging on the target.
The velocity profile in the jet is influenced to a greater
extent by the growing mixing layer and entrainment.
The marked distinctions between the exit velocity pro-
files at different aspect ratios and their observed influ-
ence on heat transfer at small Z/d is thus felt to a
smaller extent at the larger Z/d. Obot et al. [24]
observed for unconfined air jets that the flow charac-
teristics and heat transfer were independent of nozzle
shape and aspect ratio for Z/d > 12 and also for
!l/d = 10. Finally, since all the Reynolds numbers are
in the turbulent regime, and the extent of the separ-
ation bubble in the nozzle is essentially unaffected by
Reynolds number [34], the Reynolds-number inde-
pendence of the heat transfer variations with aspect
ratio is also consistent with this explanation [as in
Figs. 2(a) and (b)].

Separate correlations are proposed for the stag-
nation Nusselt number in the ranges 1 < Z/d < 5and
6 <Z/d < 14, in view of the distinct trends noted in
these regions: it was previously shown [6] that the
stagnation point heat transfer coefficient (h,) is almost
independent of Z/d for Z/d < 5. For Z/d> 5, h,
decreased with increasing Z/d. This trend is also well-
documented in the literature [8, 9], and results from
whether or not the potential core strikes the surface.
At the larger diameters, h, increased slightly with Z/d
at small Z/d, as has also been reported in [3,13]. The
initial increase in h, with Z/d for the two larger nozzles
may be due to increasing levels of turbulence along
the center line of the jet as the end of the potential
core is encountered [3).

In the correlations, the Prandtl-number exponent
was held constant at 0.4 as suggested in [2, 35, 36].
The independent variables in the correlations were
Reynolds number, nozzle to target spacing (Z/d) and
nozzle aspect ratio (I/d), for each of which a reason-
able range was considered in the experiments.
Although the nozzle diameter was identified as an
independent parameter affecting heat transfer in this
and previous studies, it was not explicitly included in
the correlations, other than for nondimensional-
ization. The physical mechanisms for the observed
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dependence of heat transfer on nozzle diameter must
be better understood (and perhaps, the jet turbu-
lence intensities measured, as in an ongoing study
by the authors) before it can be properly incorpor-
ated as a parameter in correlations. All the properties
in the following correlations were evaluated at the film
temperature :

Nu, = 0.492 Rel585 ppo Z\002 [\ 0
0, . 0 (4 !

forl <Zjd<5 (3)

Nug. = 0.513 Re0e pros(Z) (1)
0, . f Tl d

for6 < Z/d<14. (4)

Both correlations are valid for the parameter ranges
of 1.59 <d<6.35 mm, 4000 < Re < 23000, and
0.25 < //d < 12. The data for the smallest nozzle
diameter (d = 0.79 mm) showed somewhat different
trends of variation with the parameters, and were not
included in the correlations. The composite cor-
relations for the three nozzles collect the data to within
+10%.

Figure 9 shows a comparison of the present results
for stagnation Nusselt number with studies in the
literature at nozzle-to-target spacings of Z/d = 2 and
7. Results in the figure from Chang et a/. [10] are for
a submerged and confined jet (d = 4 mm) of R-113
for 1 £ Z/d < 4; Ma et al. [8] and Sun e al. [9] for
submerged and unconfined jets (¢ ~ 1 mm) of R-113,
oil and ethylene glycol; and Stevens and Webb [25]
for a free-surface unconfined jet of water (d = 2.2
mm, the smallest used in their study). A potential-core
length of five diameters was used in the calculation of
Nu, from the correlation of Ma et al. [8] for Zjd = 7;
also //d for the present results was chosen to be 4. It
appears from the figure that at the smaller Z/d the

— — -~— — Chang et al. | 1]

- Maetal. (8]
——————— Sunetal. [9] —
~——— —— Stevens and Webb [25] -
Present —_

Zid=7

100
30000

10000

Re
Fig. 9. Comparison of the proposed correlations for the
stagnation Nusselt number [equations (3) and (4)] with
studies in the literature.
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present correlation (for 1.59 < d < 6.35 mm) agrees
well with the predictions of Ma et al. and Sun et al.
This confirms the observation of Obot er al. [1] that
confinement has little effect on heat transfer at the
stagnation point. The results of Chang ez al. lie some-
what above this group, possibly due to the larger
nozzle diameter used. The free-surface data of Stevens
and Webb lie below all the submerged-jet data. Similar
trends were obtained for Z/d = 4 (not shown). This is
consistent with the observations in the literature that
enhanced heat transfer is obtained in submerged con-
figurations [2], relative to free-surface jets. At the
larger spacing of Z/d = 7, a stronger Reynolds-num-
ber dependence is indicated from the present results
than in Ma et al. The free-surface results again lie
below those for the submerged jets. Comparisons are
not presented for the average Nusselt number, since
the size and shape of the heat source (used in the area-
averaging) is different in different studies ; correlations
for submerged and confined liquid jets with a con-
figuration similar to that considered here are not avail-
able in the literature.

CONCLUSIONS

The mfluence of nozzle geometry on the local heat
transfer coefficient distribution on a small, square heat
source was investigated in this study for submerged
and confined liquid jet impingement. The nozzle
(length-to-diameter) aspect ratio and diameter were
explored as variables at different nozzle-to-heat source
spacings and jet Reynolds numbers.

At very small nozzle aspect ratios (//d < 1), the
heat transfer coefficients are the highest. As the aspect
ratio is increased to values of 14, the heat transfer
coefficients drop sharply, but with further increases in
l/d of up to 8-12, the heat transfer coefficients gradu-
ally increase. A possible explanation for these trends
is provided in terms of flow separation and reat-
tachment in the nozzle, and its effect on exit velocity
profiles. The effect of nozzle aspect ratio is less pro-
nounced as the nozzle to target spacing is increased.
The jet Reynolds number does not appear to influence
the role of nozzle aspect ratio on heat transfer.

The nozzle diameter has a definite effect on the
heat transfer coefficients obtained : for fixed Reynolds
number, //d and Z/d, the local Nusselt numbers for
different nozzle diameters are distinct. The differences
in local Nusselt numbers obtained with different
nozzle diameters are most pronounced over a region
of about one nozzle diameter around the stagnation
point. It is possible that this dependence of the Nusselt
number on diameter is due to the increase in tur-
bulence intensity as the nozzle diameter is increased,
for a fixed Reynolds number. Correlations for the
stagnation-point Nusselt number are proposed in
terms of jet Reynolds number, fluid Prandtl number,
nozzle to heat source spacing, and nozzle aspect
ratio.
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