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Local Convective Heat Transfer from Small Heaters to
Impinging Submerged Axisymmetric Jets of Seven
Coolants with Prandtl Number Ranging from 0.7 to

348
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Using seven working fluids, a systematic experimental study was performed to investigate the local
convective heat transfer from vertical heaters to impinging circular submerged jets in the range of
Reynolds number between 1.17 x 102 and 3.69 x 10* with the emphasis placed on the examination
of Prandtl number dependence. Heat transfer coefficients at the stagnation point were collected and
correlated with the plate held within and beyond the potential core. Radial distribution of the local
heat transfer coefficient was measured with five test liquids. Based on the measured profiles of the
local heat transfer, a correlation was developed to cover the entire range of the radial distance. Besides
the present data, the correlations developed in this work were also compared with a large quantity
of available data of circular air jets. General agreement was observed between the air data and the

correlations.
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INTRODUCTION

Jet impingement has been extensively employed
in technical processes to produce relatively high
heat/mass fluxes. In comparison with the heat/mass
transfer rates provided by conventional techniques
with fluid flows parallel to the heat/mass transfer sur-
face, a remarkable increase in transfer coefficients can
be obtained in this fashion. In most cases air is used as
the working medium. Examples of air jet applications
include cooling of turbine blades and electronic com-
ponents, annealing of metallic and plastic sheets, dry-
ing of textiles and paper, and tempering of glass. With
liquid as the working fluid, impingement transfer coef-
ficient can be increased several orders of magnitude in
comparison with that of gas jets. Several liquids have
been used in engineering, including oil jets in internal
combustion engines!!!, perfluorocarbon liquid and wa-
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ter jets in electronic devices(®3!, and water jets in hot
rolling process of metals/4l. Much attention is being
directed to the basic study of liquid jets recently{3~71.

For gas jets, rather good knowledge base has been
available in open literature. Comprehensive reviews
have been presented by Martin!8!, Downs and James!®!
and Jambunathan et all1%. With regard to liquid jets,
our investigation of heat transfer is still relatively in-
complete. Consequently, it is naturally hoped to make
extrapolation of the available extensive results for air
jets to the cases of submerged liquid jets. However,
careful examination should be made of the effect of
Prandtl number on impingement heat transfer before
the possible extrapolation, as the Prandtl number of
liquid may be several orders higher than that of air.
The Prandtl number dependence of impingement heat
transfer can be expressed by power function of Prandtl
number itself. The value of 0.42 was recommended by
Martinl® based on the comparison of mass transfer
measurements!!!] with the data of heat transfer to
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Nomenclature R electrical resistance

A area of heated surface T radial distance from stagnation

o empirical constant point, recovery factor

Cp specific heat at constant pressure Re Reynolds number, Ud/v

d jet nozzle diameter Taw  adiabatic wall temperature

h local heat transfer coefficient T; jet static temperature at nozzle exit

I current intensity Tw wall temperature

k thermal conductivity of fluid U mean fluid velocity at nozzle exit

lp potential core length z nozzle-to—plate spacing

m,n empirical constants m dynamic viscosity

Nu  local Nusselt number, hd/k v kinematic viscosity

P empirical constant Subscripts

Pr Prandtl number, Cpu/k max maximum value

q heat flux, empirical constant 0 stagnation point

air®1?l and to water jets(!3l. This value has been
accepted extensively by many investigators to circu-
lar jets of airl!4~17), water(2:5:7:18-21] R11322:23] 554
perfluorocarbon!(”24, However, power value of 1 /3
was also adopted for circular jets of water(13:26-28]
air??-35] heavy electrochemical liquid®®37 and
fluorocarbon(?”). In order to investigate the effect of
Prandt] number, Metzger et al.[38] employed both oil
and water and Jiji and Dagan/?”) used both water and
FC-77 as working fluids in their experiments respec-
tively. Metzger et al. suggested the exponent values
of 0.24 and 0.487 for lubricating oil and water respec-
tively. Value of 1/3 was determined experimentally
for water and FC-77 by Jiji and Dagan. Besides the
discrepancy in their results, it is also noted that both
the two investigations(27:38] were related with averaged
heat transfer of free—surface circular jets, not directly
relevant to the present subject. Apparently, an accu-
rate examination is still required for submerged ax-
isymmetrical jets in a wide range of Prandtl number.

Research of impingement heat transfer was recently
stimulated by the application in electronic equipment
because of its excellent cooling performancel®®!. On
account of the sensitivity of the electronic performance
on the thermal conditions, equipment designers need
not only high heat transfer rate but also the uniformity
of its distribution. Consequently, good know-
ledge base of local heat transfer with submerged liquid
jets is required. Furthermore, in the geometric aspect
the heat transfer process in electronic cooling is often
characterized by small size and vertical orientation of
the heat transfer surfaces.

The objective of this work is to carry out an exten-
sive and consistent investigation to extend the experi-
mental study of local heat transfer from small vertical

heaters to single submerged circular jets of seven work-
ing fluids with Prandtl numbers ranging from 0.7 to
348. Measurements were made to supplement more
data of the stagnation point and the radial distribu-
tion of heat transfer rates. The effects of jet velocity,
nozzle-to-plate spacing and the thermal properties of
working fluids were studied in experimental details.
Emphasis was placed on examination of Prandtl num-
ber dependence of impingement heat transfer based on
direct experimental comparison of the local heat trans-
fer between various working mediums. Along with the
preliminary results reported in Refs.[20,23,40,41], the
expanded body of experimental result obtained in the
present work provided a good data base for testify-
ing the local impingement heat transfer performance
and mechanism with working fluids from gas to large
Prandtl numbers oil. Generalized correlations were
developed for predicting local heat transfer with five
groups of fluids: gas, water, freon, organic liquid and
oil.

As the geometric arrangements in the present work
designed for the request of electronic cooling, all the
experimental data and correlations would be more
valuable for the heat transfer engineers and equipment
designers working in area of electronics.

EXPERIMENTAL AND

METHOD

APPARATUS

Experimental Apparatus

Seven fluids were chosen as the test mediums in
this study, including air, nitrogen gas, water, R113,
kerosene, ethylene glycol and transformer oil. The test
fluid was circulated in a closed loop which had provi-
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sion for filtering, metering, preheating and cooling as
shown in Fig.1. The test chamber was constructed of
stainless steel with three visual ports as illustrated in
Fig.2. The bottom section of the cover on the chamber
was transparent. A flexible polyethylene tube joined
the two sections of the cover. The test section assem-
bly was vertically fixed on the side of the chamber.
The details of the test section assembly are presented
in Fig.3. The main part was a strip of 10 pm thick
constantan foil with a heated section of 5 mm x 5
mm (nominal) exposed to the coolant. The strip on
either side of this active section was soldered to cop-
per bus blocks, which were in turn connected to power
leads. The heated section of the foil was cemented to
a bakelite block inserted between the copper blocks.
The assembly was cemented in a plexiglas disk fixed
in a brass housing with a screwed flange. The test
section was thermally highly insulated by fiberglass
to minimize heat loss. The temperature of the center
of the inner surface of the heater was measured with
40 gage iron-constantan thermocouple which was elec-
trically insulated from the heater yet in close thermal
contact. The active section of the constantan foil was
used as an electrically heating element as well as a
heat transfer surface. AC power to the test section
was provided by a 50 A power supply.

"2 _~ Test chamber
{ |~ Auxillary heater flowmeter
) Cooler
Filter ;By-pass valve
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Fig.1 Schematic layout of flow loop
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Fig.2 Details of test chamber and instrumentation
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Fig.3 Details of electrically heated test section

The fluid jets issued from a horizontal jet tube of
0.987 mm inside diameter and 35 mm length. Us-
ing the large length-to—diameter ratio tube, a fully
developed laminar pipe flow can be obtained at the
nozzle exit. As shown in Fig.4 the fluid was supplied
from a vertical delivery tube to the jet nozzle passing
a plenum box. Their axes were perpendicular with
each other in a vertical plane. The jet tube-delivery
tube assembly was fixed on a three-dimensional co-
ordinate rack and could be adjusted with respect to
the test section with placements accomplished within



H. Sun et al.

40.01 mm. The jet temperature was measured with
a 40 gage iron—constantan thermocouple placed inside
the plenum box close to the entrance of the jet tube.
The fluid temperature in the test chamber was also
monitored by a thermocouple of the same type. Due
to the flexible nature of the plastic seal at the top of
the chamber, the pressure in the chamber is consid-
ered closed to the atmosphere.

10° 3

4 Ethylene glycol
v Water
® Transformer oil

v R113
0 Kerosene
o "Air

Nuy=1.44 Pro*Re®"

1 A
10° 10° 10* 10°

Re

Fig.4 Heat transfer at stagnation point with the
plate held within the potential core

Procedure and Data Reduction

The heat transfer surface was left in the original
highly polished condition and cleaned with acetone
before tests. The area of the heated surface was care-
fully measured for each test section with a tool maker’s
microscope of 0.001 mm resolution. Heat flux was cal-
culated from the electrical power supplied to the test
section and the area of one side of the heated surface.
Heat flux was determined by the following formula:

q=I’R/A (1)

where the resistance R was measured accurately with
direct current before experiments. It was verified in
preliminary tests that the variation of resistance with
temperature could be neglected (less than +0.1 per-
cent), as the heater temperature variation was less
than 40 K in the present study and the variation in re-
sistance with temperature is extremely small for con-
stantan. The current intensity was measured by an
amperemeter.

In preliminary experiments the jet tube was ori-
ented perpendicularly to the test section. The dis-
tance between the nozzle and the target surface
was accurately adjusted by means of the three—
dimensional frame. In order to ensure that the nozzle
centerline coincided with the midpoint of the heater, a
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procedure of centering was developed whereby the jet
was moved on the heated surface until minimum wall
temperature was recorded by the thermocouple. The
measured wall temperature at the heater center was
taken as the local value. By recording this tempera-
ture for various locations of the jet tube the horizontal
temperature distributions could be obtained for given
jet conditions and surface heat flux. In the experi-
ments the temperature of the jets and the fluid in the
container were accommodated with each other so that
their difference could be less than 1 K for eliminating
the effect of ambient fluid entertainment into the im-
pinging jets on the heat transfer process. The local
heat transfer coefficient was calculated from the heat
flux and the local wall temperature:

h=q/(Ty — Taw) (2)

where the adiabatic wall temperature was determined
by

U2
Tow =T; + 17—~ 3
sw J + 2Cp ( )
where the velocity U was calculated from the mea-
sured flow rate and the nozzle area. The recovery fac-
tor “r” was obtained by the correlation recommended

by some of the present author(33l:

r = Pr0® (4

The recovery factor effect was considered only with
transformer oil as the test liquid. During the exper-
iments, the difference between T, and T,,, was ad-
justed to be maintained approximately at 10 K. Prop-
erties of the working fluid were evaluated at the film
temperature by averaging the wall and jet tempera-
tures.

In the present work, experiments were systemati-
cally performed with seven working fluids over wide
ranges of experimental parameters as shown in Table
1.

Uncertainty of Experimental Results

The uncertainty in Nusselt number was influenced
primarily by the determination of heat flux and wall
temperature. The surface heat flux was affected by
the variation of the constantan foil thickness that was
claimed in the suppliers specification to be less than
3 percent of the normal value. This percentage value
is taken as the indicator of heat flux variation due
to foil thickness nonuniformity. Preliminary exper-
iments were performed to check heat loss from the
heater, and indicated that with jet impingement the
maximum conduction loss to the back of the heater
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Table 1 Experimental parameters in the present work

Fluid Air Nitrogen water R113 Kerosene Ethylene Transformer
gas glycol oil
Reg | 801 x 10~ (1.04-3.00) 5.22 x 103~ 2,52 x 103~ 1.49 x 103~  3.55 x 10>~  1.17 x 10%-
2.91 x 10* x10? 3.63x10* 3.60x10* 236x10° 206 x10°
Pr 0.707- 0.712 5.71-6.81 7.91-8.91 20.5-21.0 89.6-129 134-348
0.708 0.713

assembly was less than 0.8 percent of the power in-
put to the heater. This conclusion was supported
by a conduction analysis for this study. So, no cor-
rection was included for such conduction loss in this
work. The determination of the heater surface tem-
perature was related to the thermal resistance of the
adhesive layer between the thermocouple lead and the
back side of the foil. During the manufacture pro-
cess the foil strip was strongly suppressed to the top
surface of the bakelite block to minimize the thick-
ness of the adhesive layer in between. Measurements
were made of the adhesive thickness with several used
test sections after their failure in experiments. The
thickness was determined between 0.04 and 0.1 mm.
Taking the typical value of the thermal conductivity of
adhesive as 0.29 w/m-k, the thermal resistance across
the adhesive layer was estimated between 1.38 x 1074
and 3.45 x 10~% k/w. As the conduction heat loss
was less than 0.8% of the power input, and its main
part passed through the bars, the uncertainty arising
from positioning of the thermocouple lead was esti-
mated to be always less than 0.28 K in this study.
Another source of the uncertainty in wall temperature
was concerned with lateral heat conduction along the
constantan foil caused by the sharp radial variation
of the heat transfer coefficient around the stagnation
zone. Using the measured wall temperature distribu-
tion, this uncertainty was determined to be negligible
(less than 0.8%) due to the extremely small thickness
of the foil. All the thermocouple were calibrated to
an accuracy of £0.1 k before experiments. The uncer-
tainty in Nusselt number was determined to be less
than +5 percent. The uncertainty in Reynolds num-
ber was affected by the measurement of the flow rate
and the nozzle exit area. While the flowmeter was
carefully calibrated, the nozzle exit area was precisely
determined using the tool maker’s microscope of 0.001
resolution. The uncertainty in Reynolds number did
not exceed £5.5 percent.

EXPERIMENTAL RESULTS AND DISCUS-
SION

Heat Transfer at Stagnation Point
Heat transfer at stagnation point was first exam-

ined with the target surface held within the poten-
tial core. Based on the measurements of local wall
temperature and heat flux, the heat transfer coef-
ficients at stagnation point were obtained with the
seven fluids in the range of Prandtl and Reynolds
numbers listed in Table 1. A total of 169 experimen-
tal points were collected and correlated, including 12
air points, 7 nitrogen gas points, 46 water points, 14
R113 points, 19 kerosene points, 25 ethylene glycol
points and 46 transformer oil points. An attempt was
made to develop a generalized correlation that can be
used for all the data with the seven test fluids. It has
been well established both by analyticall®:10:28,42,43]
and experimental(®-10:19:20,23,40.41] jnvestigations that
the stagnation point Nusselt number can be described
quite well by a power-law dependence on Reynolds
and Prandtl number

Nug = CPr™Re™ (5)

where the constant C depends on jet turbulence in-
tensity and mean radial velocity gradient!sl. Ac-
tually, it has been determined from experimental
investigations!¢~47l that the local heat transfer at
stagnation zone was much more sensitive to the flow
field characteristics than that in wall jet zone. It
has been reported for fluid jets that differences in the
constant C up to 40 percent may be caused by the
changes in the turbulence intensity*4~47l or the ve-
locity gradient!*4). A multivariate least-squares curve
fit was performed to determine the coefficients C,
m, and n in Eq.(5), presenting the result: C=1.44,
m=0.342, and n=0.476. With this set of constants,
the average error and the mean deviation of all the
experimental data from Eq.(5) are +8.2 and 10.7
percent, respectively. For all the 169 data points
of the seven fluids, Eq.(5) with these empirical con-
stants presents 91.4 percent of the data within +20%.
Fig.4 illustrates a comparison between the predic-
tion and the experimental data. Good agreement is
seen from the figure. It is noted that the exponent
of Reynolds number 0.476 determined here is very
close to 0.5 that has been verified both by available
analytical solutions!!0:28:4243] and the experimental
studies(5:6:8:9:20,23,40,44]  Thig value demonstrates the
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laminar characteristics of the flow within the stagna-
tion zone, in which favorable pressure gradient parallel
to the target surface tends to laminarize the fluid flow.
Adopting this Reynolds number dependence, atten-
tion was focused on determination of the dependence
of stagnation point Nusselt number on Prandt]l num-
ber. An analytical study® for free-surface round
jets revealed the Prandtl number dependence that
m=0.4 for Pr < 3, m=0.37 for 3 < Pr < 10, and
m = 1/3 for Pr > 10. It may be postulated that
this result can be used for submerged jets at the stag-
nation point. Exponent of 0.4 has been widely ac-
cepted for gas(®1214-17]  water(7:8:18-21]  freon(?2:23]
and fluorocarbon{”! with Prandtl number less than 20.
In the case of Prandtl number higher than 20, power
value of 1/3 was used for transformer oil and ethy-
lene glycoll!] and heavy electrochemical liquid(36:37],
Taking into account the above, it seems reasonable to
have two different values of the power of Prandt]l num-
ber for larger and smaller Prandt]l numbers respec-
tively. After thoroughly checking the Prandt]l number
dependence with the present experimental results of
the seven working fluids, it is proposed that the expo-
nent value may be set equal to 0.4 for gas and 1/3 for
liquid respectively. With m=0.4 or 1/3, and n=1/2,
the coefficient C' in Eq.(5) was determined using a
least-squares technique to be 1.21 that is very close
to 1.29 obtained in Refs.[20,22,23,,40,41]. With this
set of constants the generalized correlation represents
85 percent of the experimental data of seven fluids
within +17 percent with an average error and a mean
absolute deviation equal to £9.93 and 11.9 percent
of all the experimental data, respectively. The accu-
racy of this correlation is almost equal to that pre-
sented in Fig.4. As shown in Fig.5, this Prandtl and
Reynolds number dependence is strongly supported
by the present experimental data. Eq.(5) is fairly suc-
cessful at collapsing all the liquid data with m=1/3 for
liquid. But it would fail to collapse the data for large
Prandtl number liquid if a single value of 0.4 is taken
for all the fluids. With m=0.4 the correlation lies sig-
nificantly above the data at higher Prandtl number as
shown in Fig.5.

The foregoing discussion is concerned only with
small nozzle-to—plate spacing. In the present work,
the variation of the stagnation point heat transfer with
the spacing was also measured and examined using
the five test liquids. The experimental results are pre-
sented in Fig.6. Actually, immediately upon leaving
the nozzle, the jet begins to enter the surrounding still
- fluid, but up to some points (the end of the so-called
potential core), the jet velocity at the center-lines is
unaffected by the mixing and remains equal to the ve-
locity at nozzle exit. Inside the potential core the
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jet velocity essentially keeps constant. For higher
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Fig.5 Prandtl number dependence of stagnation
point heat transfer

Reynolds number, the heat transfer coefficient maybe
progressively increases with the nozzle—to—plate spac-
ing and reaches its peak at the end of potential core,
as observed with water jets in Fig.6(a). It is seen
from the figure that with jet Reynolds number around
2 x 10% the variation of Nusselt number was over 10
percent inside the potential core. This increase can be
attributed to the enhancement by the turbulence gen-
erated by jet itself. For lower Reynolds number the
variation of heat transfer coefficient is slight inside
the potential core as shown in Fig.6 with the other
test liquids. Beyond the potential core, the arrival ve-
locity begins to decline significantly, being inversely
proportional to the spacing. Consequently, according
to Eq.(5), the heat transfer coefficient is inversely pro-
portional to the square root of the spacing. After nor-
malization by the maximum Nusselt number at the
tip of the potential core, the stagnation point heat
transfer coefficients beyond the potential core can be
expressed by:

(6)

NuO,max

U o/d\1/2
= (273)

where I, /d is the nondimensional length of the poten-
tial core. It was found that /,/d was nearly a constant
for each test liquid in the range of the present experi-
mental study. The approximate values of [,,/d was de-
termined from the experimental data that {,,/d = 8 for
transformer oil and ethylene glycol with Rey < 103,
and l,/d = 5 for water, kerosene and R113 in the
range of Req = 3.7 x 103 — 2.9 x 10%. Apparently, the
mixing of the jet flow with surrounding fluid is inten-
sified by increasing of the Reynolds number, resulting
in the shortening of potential core. Good agreement
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is seen from Fig.6 between the correlation and the
experimental data with the five test liquids. The in-
verse proportion of stagnation point heat transfer with
the nozzle—to—plate spacing was also reported by Rao
and Trass(*®] for submerged circular water jets. Using
a mass transfer technique they experimentally deter-
mined the exponent in Eq.(6) as 0.54 which is almost
identical with the value of 1/2 proposed in the present
work.

Water
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Fig.8 Effect of nozzle-to—plae spacing on
stagnation point heat transfer
(a) water and air (b) kerosene and R113
(c) ethylene glycol and transformer oil
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Radial Distribution of Local Heat Transfer
Coefficient

Measurements were made to determine the radial
variation of local heat transfer coefficient with the tar-
get located within the potential core for water, R113,
kerosene, ethylene glycol, and transformer oil. The
results are presented in nondimensional form by the
Nusselt number in Fig.7, including 26 radial profiles
and 475 data points. As shown in the figures the dis-
tribution curves are characterized by bell shape with
maximum at stagnation point. Since the local heat
transfer coefficient distribution curves are symmetri-
cal about the stagnation point, only half profiles are
plotted in Fig.7. After normalization of the local val-
ues by the maxima at the stagnation point, all the
distribution curves seem to collapse to a single pro-
file as shown in the figures. In first approximation,
Nu/Nup can be considered as a function of radial
distance from the stagnation point, nearly indepen-
dent of Reynolds number and Prandt! number. An
attempt was made to correlate all the data of radial
distribution by a generalized formula for the five test
liquids. The flow field of circular jet impingement on
a flat plate may be subdivided into two characteristic
regions: the stagnation zone and wall jet zonel6—8l.
In the stagnation zone (r/d < 2), it is seen from the
figures that the normalized Nusselt number seems es-
sentially independent of Reynolds number. Based on
a semi—empirical model, a correlation was presented
by Ma and Bergles!23]:

Nu

Nuw = (r/d)~%%tanh®®(0.88r/d) for 2 > Iso
0

d
(7
Eq.(7) was modified to correlate all the data of the
five liquids collected in this work:

Nu
NU,O

_ [tanh(1.137r/d) ] 0.999

r
v/ for 2>E>0(8)

This correlation is within +20 percent of 73% data
points with an average error of +£14.5 percent for all
the data of the five liguids.

For wall jet zone (r/d > 2), an empirical correlation
was proposed (23]

Nu —q

Voo P(r/d) (9)
where the constants P and ¢ were determined experi-
mentally. For R113, transformer oil and ethylene gly-
col, it was suggested that P = 1.49 and ¢ = 1.25 by
Ma and Bergles(23] and Ma et al.[*!), Sun et al.[2% ob-
tained P = 1.69 and ¢ = 1.07 for water jets. In order
to get a general correlation for all the liquid and air
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jets investigated in this work, the experimental data
were examined together. Values of P = 1.011 and
q = 0.867 were chosen from a least-squares analysis
to minimize the standard deviation of the data with
various fluids in the present study.

[ Re zZ/d
1.0 ® 2520 233
hé 06340 233
r R113 09240 233
0.8 F 4 11800 2.33
s t v 16900 1.91
3 4 23600 1.91
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Fig.7 Radial distribution of local heat transfer
coeflicients with the targets
with the potential core
(a) (R113)
(b) water and transformer oil
(c) ethylene glycol and kerosene
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It is convenient to have a general expression that
covers the entire range of radial distance (r/d <
14). Based on the correlation technique presented by
Churchill and Usagil*, a generalized correlation was
developed:

JifV;:,] _ { [tanh(:/ljﬁ/d) ] 0.999

+ [1.011(r /d)-°-867] " } v

for 0< g <14 (10)

It was found that the accuracy of Eq.(10) withn =
—17 is high enough. Correlation curve of Eq.(10) with
n = —17 is presented in Fig.7. The correlation is
within +35% of 82% of the experimental data. The
average error of the correlation is +23.2 percent for
all the data of the five liquids in both stagnation and
wall jet zones (0 < r/d < 8). In first approximation,
Eq.(10) can be used to estimate the radial variation of
local heat transfer for the liquid jets in a wide range
of Re = 333 — 294000, and Pr = 5.7 — 348.

Examination of the water data for Re = 20600 pre-
sented in Fig.7(b) indicates the presence of a hump
appearing in the profile at about r/d = 1.9. For lower
Reynolds numbers similar but less changes in the slope
of Nu/Nug ~ r/d curves are observed in the same lo-
cation both with water and kerosene data in Fig.7(b)
and (c), respectively. This phenomenon was also re-
ported for circular free—surface water jets by Stevens
and Webb!®!, and for circular air jets by Gardon and
Akfirat!*®l Obot et al.*%!, Hrycak®¥, Gundappa et
al.[’%), Baughn and Shinizul®®, and Chia et al.l%¢]. It
was attributed by the investigators to transition from
laminar to turbulent flow. It is noted that the loca-
tions of the peaks or the sharp knees in the profiles are
essentially identical between the liquid and air jets.
Inflection of transition to turbulence was not taken
into account in the correlation of the radial local heat
transfer profiles. This factor is certainly responsible,
at least partially, for the scatter of the high Reynolds
number experimental data in the vicinity of r/d = 1.9.

Measurements were also made with the targets
placed beyond the potential core. The typical result
with R113 is presented in Fig.8. As shown in the fig-
ure, the bell-shape profiles become flatter with the
increasing of nozzle-to—plate spacing. It is also seen
from the figure, that the maximum heat transfer coef-
ficient at the stagnation point decreases with increas-
ing of the spacing as described in Eq.(6).
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Fig.8 Heat transfer profiles with the plate
beyond the potential core

Comparison with Circular Air Jet Data

One of the main objectives of this work is to check
“the similarity and difference between air and liquid
jets. In this study, the main body of experimental
data was related to liquids, only limited data points
were collected with air and nitrogen gas. An attempt
was made to make comparison of the present results
with circular air jet data from other resources. A to-
tal of more than 105 data points were quoted from
17 references for the comparison. Based on the com-
parison it is hoped to extrapolate the knowledge base
of air jets to the cases of liquid jets. The key issue
of this extrapolation is the effect of Prandtl number
on impingement heat transfer. Fig.9 demonstrates the
comparison of predicted curve by Eq.(5) with the air
jet data from 17 references. A general agreement be-
tween the data and the correlation is seen from the
figure. The average error is +11.4 percent, and the
standard deviation is 13.8 percent. Considering the
sensitivity of the heat transfer at stagnation zone,
where the flow is in laminar regime, and the differ-
ence in the experimental conditions and experimental
methods of the investigations, the agreement should
be satisfied. Fig.9 indicates the fact that the cor-
relation developed in this work can be also used for
predicting the stagnation point heat transfer with cir-
cular air jets. The validity of Eq.(6), which describes
the variation of stagnation point heat transfer with
nozzle-to—plate spacing, for air jet was also checked
with the data by Ali Khan et al.5®, As shown in
Fig.6(a), the experimental data of air jets agree well
with the correlation. Finally, comparison is made of
local heat transfer profiles between liquid and air jet
at same nozzle-to—plate spacing. In Fig.10, the exper-
imental data of kerosene and R113 are plotted along
with air jets data from four references(12:50:52,60] Tt g
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seen from the figure that the profiles of the two liquids
are similar with the air jet profiles. The comparisons
illustrated in Figs.6,9,10 indicate the similarity of lo-
cal heat transfer performance between liquid and air
jets. This result laid a base of extrapolating the air
jet knowledge to the case of liquid jets.

3
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Fig.9 Comparison of Eq.(5) with circular air jet data
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Fig.10 Comparison of radial profiles of local heat transfer
between liquid jet data and circular air jet data

CONCLUSIONS

1. Local characteristics of the convective heat trans-
fer from small vertical heaters to single impinging cir-
cular submerged jets of seven working fluids in the
range of Re = 1.17 x 10% ~ 369 x 10* are experimen-
tally studied with emphasis placed on the examination
of Prandt]l number dependence.

2. Heat transfer coefficient at the stagnation point
with the targets held within potential core can be well
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correlated by Eq.(5) for all the seven coolants. The in-
fluence of the nozzle-to—-plate spacing can be predicted
by Eq.(6).

3. Radial distribution of the local heat transfer with
the targets placed within the potential core can be ap-
proximately correlated by Eq.{10) in the entire region
of radial distance. Beyond the potential core, the pro-
files became flatter with the increasing of the spacing.

4. The Eqgs.(5),(6), and (10) were compared with
the experimental data of circular air jets from other
resources. General agreements were observed, demon-
strating the validity of the correlations developed in
the present work both for circular liquid and gas jets.
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