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Abstract

The heat transfer characteristics of circular cylinders exposed to slot jet impingement of air has been studied
experimentally. The study focused on Reynolds numbers (based on nozzle average exit velocity and cylinder
diameter) in the range 600±8000. Both contoured ori®ce and sharp-edged ori®ce jet con®gurations were investigated

for cylinder diameter-to-jet width spacings of 0.66, 1.0 and 2.0, and for jet exit-to-nozzle width spacings in the range
1 < z/w< 11. Reference measurements were made with the same cylinder in in®nite parallel ¯ow in a wind tunnel.
The results reveal that the slot jet yields considerably higher average heat transfer from the cylinder when compared
to the in®nite parallel ¯ow case on the basis of identical average velocity in the slot jet and in®nite ¯ow

con®gurations. As with slot jet impingement heat transfer from ¯at surfaces, there appears to be a nozzle-to-cylinder
spacing, scaled by nozzle width, which exhibits a maximum in heat transfer. The average heat transfer
characteristics of the cylinder are correlated empirically. # 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

Jet impingement heat transfer is used in a broad
spectrum of industrial applications including drying of

textiles and paper, a variety of manufacturing pro-
cesses, annealing of metals and glass, thermal control
of electronics, etc. Past reviews of the related literature

details both fundamental characterization studies and
applications [1±4]. One segment of the research which
deals with slot jet impingement heat transfer from
cylinders has received only limited attention. Schuh

and Persson [5] characterized the heat transfer from
circular cylinders cooled by contoured ori®ce slot jets
in the Reynolds number range 20,000±50,000. Kumada

et al. [6] investigated the local mass transfer from such
a cylinder for Reynolds numbers ranging from 43,000

to 200,000 using a contoured ori®ce. The Sherwood
number was found to depend on Reynolds number
according to the relation Sh0Rem where m was found

to vary between 0.6 and 0.68 depending on nozzle
width. Sparrow and Alhomoud [7] employed a sharp-
edged ori®ce jet in a similar study with and without

cylinder o�set for Reynolds numbers between 5000
and 60,000. The average Nusselt number was found to
vary as Nu0Re 3/4 for Re > 20,000. The Nu0Re re-

lationship was observed to be di�erent at lower Rey-
nolds number, but the dependence was not
characterized.
While many industrial applications may fall in the

Reynolds number range previously investigated for this
con®guration, a number of uses of the cooling tech-
nique feature low velocities and/or small cylinder di-

ameters, and would therefore fall naturally in the
lower Reynolds number range. Additionally, while jet
impingement has been investigated in independent

studies for jets issuing from both contoured and sharp-
edged ori®ces, little has been done to correlate and
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compare data from these nozzle types. The research
reported here seeks to ®ll this gap by characterizing
slot jet impingement cooling of circular cylinders in the

Reynolds number range 600±8000 for both contoured
and sharp-edged ori®ces. Three di�erent slot widths
were investigated for a range of nozzle-to-cylinder
spacings. Experimental data for in®nite parallel ¯ow

cooling of cylinders were also collected to serve as
benchmark against which heat transfer for the slot jet
con®guration could be compared. Finally, the data are

correlated empirically for use in thermal design situ-
ations.

2. Experimental apparatus and procedure

The apparatus for study of heat transfer from a cir-
cular cylinder exposed to impingement slot jet ¯ow

included the ¯ow metering and jet generation appar-
atus, heated cylinder, and instrumentation. These will
now be described in detail, followed by a brief descrip-

tion of the experimental procedure and uncertainty in
the data.

2.1. Metered ¯ow and jet nozzles

The jet was generated by directing supply air ¯ow

through ¯ow meters, into a ba�ed plenum, and sub-
sequently through the nozzle for impingement on the
heated cylinder, as shown schematically in Fig. 1. A
regenerative blower powered by a variable speed DC

motor was used to develop the necessary air supply
pressure and ¯ow. The air ¯ow rate was metered by
passing through a combination of three bypass ¯ow-

meters connected in parallel, such that the total ¯ow
rate is the sum of the ¯ow rates through the three
¯owmeters (see Fig. 1) The three ¯owmeters each fea-

ture a di�erent measurement range in order to opti-
mize the accuracy. The total ¯ow capacity of the
system was limited to 0.026 m3/s (55 CFM). The

uncertainty in measured ¯ow rate was 5% for all ¯ow-
meters.
The metered air ¯ow was directed to a plenum with

ba�e plate, used to decelerate the ¯ow from the ple-
num supply inlet (Fig. 1). Maximum velocities in the
plenum were calculated to be approximately 0.5 m/s.
The plenum and ¯ow ba�e were designed to provide

near-unidirectional ¯ow to the nozzle. The plenum
chamber was 40 cm high, 32 cm wide, with the same
depth (normal to the ®gure) as the length of the heated

cylinder, 15.2 cm.
Two types of nozzles were used in the experiments,

as shown in Fig. 1. A contoured nozzle with contour

radius of 2.54 cm was constructed of shaped balsa
wood and covered with Mylar sheeting to provide
smooth walls. A sharp-edged ori®ce was built from

0.5 cm thick Plexiglas which was cut back at a 458
angle on the ¯ow exit side. Both nozzles were built in
two sections permitting them to be positioned at di�er-
ent ori®ce exit widths w.

Positioning arms were attached to the walls of the

Nomenclature

As cylinder surface area
d cylinder diameter
h
-

average heat transfer coe�cient

k thermal conductivity
Nu average Nusselt number, h

-
d/k

Nu1 average Nusselt number for cylinder in in-

®nite parallel ¯ow
q power dissipation in cylinder

Re Reynolds number based on cylinder diam-
eter, Vd/v

Tj jet temperature

Tc average cylinder temperature
V average jet exit velocity
w nozzle width, Fig. 1

z distance between nozzle exit and cylinder
forward stagnation point, Fig. 1

v kinematic viscosity

Fig. 1. Schematic illustration of ¯ow metering and jet gener-

ation assembly.
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plenum chamber to which the heated cylinder was sus-
pended, as shown in Figs. 1 and 2. A slot in the posi-

tioning arms permitted the cylinder to be moved
relative to the nozzle exit, allowing study of the heat
transfer behavior over a range of nozzle-to-cylinder

spacing z.

2.2. Heated cylinder

The heated cylinder was constructed from oxygen-
free copper rod of diameter d = 1.27 cm, and length

15.2 cm. A 0.24 cm-diameter hole was bored through
the center of the rod its entire length. Epoxy-coated
nichrome wire was drawn through the center hole, and

the remaining space was ®lled with epoxy, as shown
schematically in Fig. 2. The nichrome heating wire was
connected to larger gage electrical supply wire as close

to the cylinder as possible. The electrical supply wire
was then connected to a precision DC power supply
which provided the electrical power for ohmic heating.
The current drawn by the nichrome wire during heat-

ing was given by the power supply digital readout to
within 20.01 A. Small-gage wire was attached to the
nichrome wire at the same location where power

supply leads were attached, and voltage was read with
a digital voltmeter with 20.01 V accuracy. The total
power dissipation was then calculated as the product

of the measured current and voltage. In determining
the heating rate for the cylinder, the total power dissi-
pation was reduced by the small length (<0.3 cm) of
nichrome wire which protruded from each end of the

cylinder, and which was ohmically heated outside of

the copper cylinder. The power dissipation in the pro-

truding length of heater wire amounted to less than
4% of the total, but a correction was made neverthe-
less.

As shown in Fig. 2, four 0.15-cm-diameter holes
were drilled along the axis of the copper cylinder, two

in each end, to permit temperature characterization of
the cylinder. The holes were separated by 908 rotations
in order to evaluate any temperature gradients around

the circumference of the cylinder. The thermocouple
holes were positioned radially halfway between the
radius of the center hole accommodating the heater

wire and the cylinder's outer surface. On one end of
the cylinder both holes were drilled to a depth of

3.8 cm from the cylinder end, while at the other end
holes were drilled to depths of 2.5 cm and 3.8 cm.
Type K thermocouples were inserted into the holes

and connected to a temperature data acquisition sys-
tem capable of resolving temperature to within 0.18C.
A thermocouple was also placed inside the plenum

upstream of the nozzle exit for measuring the jet exit
temperature Tj. The intent in designing the heated

cylinder was to place thermocouples at its spanwise
center, but drilling such small-diameter access holes to
this desired depth was not possible. The ®nal hole

placement was a fabrication compromise which per-
mitted evaluation of temperature gradients both along
the cylinder length and around its periphery. The Biot

number for the cylinder (based on measured average
heat transfer coe�cients) indicated that the cylinder

was isothermal; the maximum Biot number was 0.005.
The isothermal nature of the cylinder was borne out
by the cylinder temperature measurements. The maxi-

mum temperature variation in the cylinder in all exper-
iments was less than 5% of the di�erence between the
average cylinder and jet temperature, (TcÿTj). The

variation was more typically 3% or less.
The outer surface of the pure copper cylinder was

repeatedly polished with successively ®ner polishing
powder to a mirror ®nish to minimize the radiation
transfer. Given the composition of the cylinder and the

®nish achieved during polishing, the emissivity was
estimated to be less than 0.05. Correction to the total
power dissipated from the cylinder was made for the

radiation transfer, which amounted to less than 4% of
the total.

In order to provide benchmark heat transfer data
for the case of the cylinder in in®nite parallel ¯ow, the
heated cylinder was modi®ed for use in a low-speed,

low-turbulence wind tunnel. The tunnel featured a test
section of cross-sectional area 36 � 36 cm, and was

operated in suction mode. Smooth plastic cylinders of
the same outer diameter as the heated copper cylinder
were attached to each end of the heater. The entire

assembly was then suspended such that the heated
cylinder was positioned in the center of the wind tun-

Fig. 2. Schematic illustration of heated cylinder and instru-

mentation.
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nel. The thermocouple and nichrome heater supply
wires were drawn through the plastic support cylinders,

and out of the wind tunnel through mating holes in
the walls. The wind tunnel velocity was measured
using a 0.24 cm diameter pitot tube. Stagnation-static

pressure di�erences were measured using a precision
inclined manometer. The wind tunnel speed was con-
trolled, providing capability to measure the in®nite

parallel ¯ow heat transfer from the heated cylinder to
a minimum Reynolds number (based on wind tunnel
freestream velocity and cylinder diameter) of 2500.

Below this, the wind tunnel operation was unsteady
and unsuitable for testing. The wind tunnel measure-
ments permitted con®rmation of the accepted cylinder-
in-cross¯ow correlation of Churchill and Bernstein [8]:

Nu1 � 0:3� 0:62Re1=2Pr1=3

�1� �0:4=Pr�2=3�1=4

�
"
1�

�
Re

282, 000

�5=8
#4=5

�1�

The correlation was then used as the basis for evaluat-

ing enhancement of heat transfer from the slot jet
impingement con®guration over the full range of Rey-
nolds numbers studied here.
The average heat transfer coe�cient was calculated

from known power dissipated q (corrected for radi-
ation), cylinder surface area As, and measured tem-
peratures as

�h � q=As�Tc ÿ Tj� �2�

where Tc is the average of the four temperatures
measured within the heated cylinder. The average Nus-

selt number was then determined as

Nu � �hd=k �3�

As with the in®nite correlation of Churchill and Bern-

stein [8], the thermophysical properties were evaluated
at the ®lm temperature, (Tc+Tj)/2.
Data were taken for the slot jet con®guration using

nozzle widths of 0.5, 1.0, and 1.5 cylinder diameters.
At each nozzle width, heat transfer behavior was inves-
tigated over a range of nozzle-to-cylinder spacing z.
Heat transfer data were collected for both the con-

toured and sharp-edged ori®ces. Data collected at iden-
tical experimental conditions for several tests revealed
data repeatability to 3% of Nusselt number. Exper-

imental uncertainty using the method of Beckwith et
al. [9] revealed a maximum uncertainty in Reynolds
number and average Nusselt number of 7% and 5%,

respectively. The same holds of the wind tunnel tests.
There are three geometric parameters which describe

each experimental con®guration. They are the heated

cylinder diameter d, the nozzle width w, and the noz-
zle-to-cylinder spacing z. Normalizing using the nozzle

width as has been done previously [5±7] yields a range
of nozzle-to-cylinder spacing of 1 < z/w < 11 for d/w
= 0.66, 1.0, and 2.0. The Reynolds number in this

study is based on the average jet exit velocity (deter-
mined from the ori®ce cross-sectional area and the
metered total air ¯ow rate) and the cylinder diameter,

Re=Vd/v. Note that the Reynolds number is based on
cylinder diameter rather than nozzle width, (i) to pro-
vide consistency with previous data, and (ii) to allow

comparison with the limiting case of heat transfer
from a cylinder in in®nite parallel ¯ow The in®nite
parallel ¯ow experiments were characterized also by a
Reynolds number based on cylinder diameter, but with

freestream velocity V. The comparison between slot jet
and in®nite parallel ¯ow heat transfer is then made on
the basis of slot jet exit velocity identical to the in®nite

¯ow freestream velocity.

3. Results and discussion

The dependence of the average Nusselt number on
Reynolds number is shown in Figs. 3 and 4 for the
three nozzle widths (cylinder diameter-to-nozzle width

ratios) studied at the corresponding nozzle-to-cylinder
spacings for the contoured and sharp-edged ori®ces,
respectively. Note that for the non-dimensionalization

used here and in previous studies, the dimensionless
parameters d/w and z/w may not vary independently
with a test matrix varying w. The data of Figs. 3 and 4

were taken with the cylinder maintained a given physi-
cal distance z from the nozzle exit at the three nozzle
widths studied. Also shown in Figs. 3 and 4 are the in-
®nite parallel ¯ow data taken in the wind tunnel, and

the corresponding cylinder-in-cross¯ow correlation of
Churchill and Bernstein [8], given by Eq. (1). It may
®rst be noted that the in®nite ¯ow data taken here

match well the accepted correlation in the Reynolds
number range studied. The maximum and average
di�erence between experimental data and correlation

are 7.6% and 3.0%, respectively. Given the good
agreement between the in®nite ¯ow heat transfer data
taken as part of this study and the accepted corre-
lation, the slot jet impingement data may be compared

with the in®nite ¯ow correlation, Eq. (1), to determine
the degree of heat transfer enhancement.
As a free jet exits the nozzle from which it issues

into a stagnant ¯uid environment, a potential core is
formed inside which the jet centerline velocity remains
at approximately the exit value. The shear layer at the

boundaries between the potential core and the stagnant
ambient ¯uid is a region of high velocity gradient and
corresponding high turbulence. As the jet proceeds
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downstream the shear layer thickens until the potential

core vanishes. Beyond this point the jet centerline vel-

ocity decreases monotonically. Previous data have

shown the potential core for slot jets to be approxi-

mately three to eight slot widths in length. The presen-

tation of di�erent values of d/w with corresponding

z/w as is done in Figs. 3 and 4 is a comparison of heat

transfer for a given size cylinder placed a ®xed distance

from the nozzle exit (and along the jet centerline) for

several di�erent nozzle widths. It might be said, then,

that the cylinder lies at di�erent locations within the

free jet's potential core. For jets issuing from both the

contoured and sharp-edged ori®ce, the average Nusselt

number is lowest for the z/w = 9 nozzle-to-cylinder

Fig. 3. Variation of average Nusselt number with Reynolds number for the contoured ori®ce, and comparison with in®nite parallel

¯ow data and correlation [8].

Fig. 4. Variation of average Nusselt number with Reynolds number for the sharp-edged ori®ce, and comparison with in®nite paral-

lel ¯ow data and correlation [8].
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spacing; the z/w = 3.0 and 4.5 data are considerably

higher. Although not clearly evident here, there is a
maximum in the Nu0 z/w relationship which will be

explored later.
Several additional general observations may be

made relative to the data of Figs. 3 and 4. It appears
that the average Nusselt number follows a Nu0Rem

relationship. The empirical constants for this relation-
ship will be presented later. It may also be noted that

slot jet impingement heat transfer from cylinders is
substantially higher than the in®nite parallel ¯ow case

given by Eq. (1) for the same Reynolds number (identi-
cal slot jet exit and freestream velocities). Further, the

average Nusselt number data for the sharp-edged ori-
®ce is higher than the contoured ori®ce. All of these

observations will be quanti®ed in sections to follow.

The Nusselt number dependence on Reynolds num-
ber is shown in Fig. 5 for the contoured ori®ce at two

di�erent nozzle-to-cylinder physical spacings z. Unlike
the data presentation of Figs. 3 and 4 where the cylin-

der was stationary while the jet width was increased,
the cylinder in Fig. 5 is positioned at nearly the same

dimensionless location (z/w = 1.5 and 1.66) for two
di�erent values of w. In other words, the cylinder's lo-

cation relative to the jet potential core is nominally the
same, assuming that the free jet scales with ori®ce

width w. The ®gure reveals that the average Nusselt
number is nearly identical for the same Re and z/w,

suggesting that the dimensionless parameters used are
appropriate for scaling the data. The enhancement of

the slot jet impingement con®guration relative to the
in®nite parallel ¯ow case is again noted.

The cylinder heat transfer for slot jet impingement

relative to that for cylinders in in®nite parallel ¯ow

may be compared by calculating the ratio of the aver-
age Nusselt numbers for the two con®gurations,

Nu/Nu1. The value of Nu1 was determined from the
empirical correlation of Churchill and Bernstein [8],

Eq. (1), at the same velocity V. The variation of
enhancement ratio with Reynolds number is shown in

Fig. 6 for the two ori®ce con®gurations studied, and
for a range of z/w at d/w = 1. It is seen that the

enhancement ratio is nearly independent of Re for the
contoured ori®ce over the range of Reynolds number

studied. At the highest Reynolds number studied there
is between 28 and 45% enhancement in heat transfer

for the contoured slot jet over the in®nite ¯ow case.
Typical magnitudes of the heat transfer enhancement

for the contoured ori®ce of Nu/Nu11 1.2 are consist-
ent with previous studies at Reynolds numbers two

orders of magnitude higher than those reported here
[5,6].

The sharp-edged ori®ce exhibits qualitative and

quantitative heat transfer enhancement ratio behavior
quite di�erent from the contoured ori®ce for the same

nozzle width (d/w = 1). While Nu/Nu1 for the con-
toured ori®ce is relatively independent of Re, the

enhancement for the sharp-edged ori®ce increases
markedly with Reynolds number (see Fig. 6). Indeed,

the enhancement near Re = 8000 for the sharp-edged
ori®ce is nearly 100% over the in®nite ¯ow value. It

may be speculated that the enhancement would exhibit
a maximum or asymptote with Reynolds number,

although such could not be con®rmed with the regen-
erative blower employed due to limited capacity. It is

quite clear that the sharp-edged ori®ce yields signi®-

Fig. 5. Comparison of average Nusselt number with Reynolds number for the same nominal dimensionless nozzle-to-cylinder

spacing z/w.
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cantly better heat transfer characteristics than the con-
toured ori®ce, all other experimental conditions

remaining the same.
Schuh and Persson [5] suggest that the heat transfer

enhancement over that found in classical in®nite paral-

lel ¯ow is due to increased turbulence in the slot jet
con®guration. The higher turbulence provides greater
energy for the ¯ow to remain attached to the cylinder

as it proceeds around the cylinder surface from the for-
ward stagnation point. Of course, the two slot con-
®gurations yield markedly di�erent mean ¯ow

characteristics as well. The di�erences in magnitude
and Reynolds number dependence between the two
ori®ces studied may be explained in terms of the free

jet ¯ow structure generated by each. The ¯ow through
the contoured ori®ce tends to remain attached to the
surfaces of the nozzle until it is discharged at the
nozzle exit, and produces a nearly uniform velocity

pro®le. By contrast, the ¯ow through the sharp-edged
ori®ce experiences separation at the nozzle exit and a
vena contracta. The resulting velocity pro®le is non-

uniform with centerline velocity higher than that at the
nozzle edges [1,10]. Higher velocity gradients in the
velocity pro®le also yield greater shear and resulting

higher levels of turbulence. The cylinder exposed to
¯ow from the sharp-edged ori®ce thus experiences
higher velocity ¯uid at its front face. Further, the

vena contracta e�ect is enhanced at higher Reynolds
numbers. Therefore, the enhancement ratio increases at
increasing Reynolds number.
Although not shown in Fig. 6, values of the ratio

Nu/Nu1 less than unity (approximately 0.95) were

found for the contoured ori®ce at the lowest Reynolds
number studied, and for extremes in the nozzle-to-

cylinder spacing (low and high z/w ). In the case of
very small z/w the ¯ow is de¯ected away from the
front surface of the cylinder and lacks energy to re-

attach on the backside at these low Reynolds numbers.
The backside of the heated cylinder thus experiences
relatively ine�ective cooling ¯ow. At extreme large z/w

the cylinder is located beyond the free jet's potential
core and the jet centerline velocity is reduced by the
stagnant ambient ¯uid; the approaching free jet

momentum is degraded to a level where the high tur-
bulence cannot compensate for reduced impingement
velocity.

Fig. 7 shows Nu vs z/w data for the contoured ori-
®ce at d/w = 2.0 for all Reynolds numbers studied.
The ®gure reveals that a maximum in Nu occurs at a
nozzle-to-cylinder spacing between 3 and 7 nozzle

widths. This spacing corresponds to the end of the jet
potential core [1±3]. The maximum is more evident at
higher Reynolds numbers, where the e�ect of shear-

induced turbulence at the tip of the jet's potential core
is more pronounced. In the most extreme case (Re =
7820) the peak Nusselt number is roughly 20% higher

than the minimum Nusselt number. Such maxima were
also observed with other nozzle widths, and for both
ori®ce con®gurations. It should not be surprising that

this same phenomenon observed for jet impingement
on ¯at surfaces also occurs with impingement cooling
of cylinders.
The maximum in Nusselt number for z/w between 3

and 7 is also evident in the ratio Nu/Nu1, and reveals

Fig. 6. Variation of heat transfer enhancement factor Nu/Nu1 with Reynolds number for the two ori®ces studied at d/w=1.0.
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the magnitude of the heat transfer enhancement due to

the formation of a potential core in the slot jet con-

®guration. This is illustrated in Fig. 8 where Nu/Nu1
is plotted as a function of z/w for the contoured ori®ce

Fig. 7. Variation of average Nusselt number with z/w for the contoured ori®ce, d/w=2.0.

Fig. 8. Variation of Nu/Nu1 with z/w for the contoured and sharp-edged ori®ces.
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(d/w = 2.0) and sharp-edged ori®ce (d/w = 1.0) at

the same three Reynolds numbers. The maximum in
Nu/Nu1 is clearly evident for the contoured ori®ce, with

a peak in the enhancement of about 25% near z/w = 5.

This is in agreement with previous studies at higher
Re, where a maximum in average Nusselt number was

observed for contoured ori®ces at z/w 1 6±7 [5,6]. For
the sharp-edged ori®ce the maximum in Nu/Nu1
appears to occur at lower z/w, and is less pronounced

(i.e., Nu/Nu1 is less dependent on z/w ). Data for the
sharp-edged ori®ce at z/w > 3.5 for Re = 1330 and

3900 have presumably reached a peak and are now

decreasing with increasing z/w. The peak in enhance-
ment ratio at lower z/w for the sharp-edged ori®ce is

perhaps due to the fact that the jet is e�ectively thinner
for this con®guration due to the vena contracta e�ect

previously noted. Hence, the potential core is smaller,

and it may be suggested that the e�ective jet width w is
smaller for this nozzle than for the contoured ori®ce.

Further, the turbulence level is possibly higher in the
slot jet. A smaller e�ective nozzle width w for the

sharp-edged ori®ce would have the e�ect of shifting

the curves to higher z/w. No such maximum in the Nu
0 z/w relationship was observed in a previous study

utilizing sharp-edged ori®ces [7]. It may generally be

concluded that the thermally optimum spacing is 2±6
nozzle widths downstream of the jet exit, with the opti-

mum for the contoured ori®ce occurring on the high
side of this range (z/w 1 5±6), and the optimum for

the sharp-edged ori®ce occurring on the low side (z/w

1 2±4).

The dependence of heat transfer enhancement ratio

on nozzle width is shown in Fig. 9 for both ori®ce

types studied at three Reynolds numbers. The nozzle-
to-cylinder physical spacing for these data is constant

at z=5 d. For the same physical location of the cylin-

der, increasing the jet width produces a maximum in
Nusselt number. Although the maximum in Nu/Nu1 is

not reached for the sharp-edged ori®ce with decreasing
d/w (due to limitations in the blower capacity), the

heat transfer enhancement ratio should approach unity

for d/w 4 0, since this asymptote corresponds to in®-
nite parallel ¯ow. The contoured ori®ce experiences the

peak in heat transfer coe�cient at higher d/w than the

sharp-edged ori®ce. As suggested previously, the vena
contracta associated with the sharp-edged ori®ce may

result in a potential core more characteristic of a con-
toured ori®ce of smaller width w, with an associated

shift in the Nu/Nu1 curve in Fig. 9 to lower nozzle-

widths.

The qualitative heat transfer dependence on geo-
metric parameters governing the problem may be sum-

marized graphically in Fig. 10. Fig. 10(a) illustrates the
case where a given cylinder is located at di�erent pos-

itions relative to the jet exit along the jet centerline for

the same d/w. A position near the jet exit is character-
ized primarily by low-turbulence potential core ¯ow

washing the forward surface of the cylinder. In this
case ¯ow separation may also result, with poor ¯ow

coverage on the backside of the cylinder. The result is

relatively lower heat transfer. When the cylinder is
located near the tip of the potential core the ¯ow's

approach velocity is still relatively una�ected by the

stagnant ambient ¯uid, and the high turbulence gener-

Fig. 9. Variation of Nu/Nu1 with z/w (and corresponding d/w ) for the two ori®ces studied.
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ated in the shear layer at the boundaries of the poten-

tial core cools much of the heated cylinder. The ¯ow

remains attached around much of the backside of the

cylinder due to high momentum and turbulent energy.

This condition corresponds to the optimum heat trans-

fer seen by the peak in Nu (or Nu/Nu1) observed in

Figs. 7±9. The data presented previously indicates that

this location is z/w < 5±6 for the contoured ori®ce,

and z/w < 4 for the sharp-edged ori®ce. When the

cylinder is positioned downstream of the potential core

the ¯uid velocity is degraded from its nozzle exit value,

and the cylinder is cooled ine�ectively.

If the cylinder is placed at the end of the potential
core for a given nozzle width, and the nozzle width is

then doubled [as shown by the comparison of Fig.
10(a) and (b)], the cylinder's position relative to the
potential core moves from the thermally optimum pos-

ition upstream, where it is more fully engulfed by the
lower-turbulence potential ¯ow. If instead, the nozzle
width were decreased (not shown), the cylinder would

then lie downstream of the tip of the potential core. In
either case the heat transfer is reduced from the maxi-
mum.

Fig. 10(c) illustrates what is speculated to happen if
the diameter of the cylinder located at the optimum z/
w is increased. As the cylinder size is increased, a por-
tion of the cylinder may lie outside the turbulent shear

layer, and turbulence may be suppressed by the favor-
able pressure gradient in the boundary layer develop-
ing along the cylinder's impingement surface. Indeed,

for very large cylinders the ¯ow may stagnate at the
cylinder's forward stagnation point and never reach
the backside of the cylinder. In this scenario the aver-

age heat transfer coe�cient is likely to be reduced as d
increases. The cylinder location normalized by the jet
width z/w determines the cylinder's position relative to

the jet potential core. The additional parameter which
characterizes the cylinder diameter relative to the noz-
zle width d/w describes the nature of the cylinder's in-
teraction with the jet potential core and turbulent

shear layer.
The average Nusselt number data were correlated

for the various experimental conditions with the func-

tional form

Nu � ARem �4�

where the constants A and m were determined from a

least-squares correlation of the data. The average and
maximum error in the correlation for all data were
3.2% and 9.2%, respectively, in the range of Reynolds

number studied here, 600 < Re < 8000. The corre-
lation constants are shown in Table 1 for both the con-

Fig. 10. Qualitative description of the free jet ¯ow structure

for various geometric combinations.

Table 1

Constants for the empirical correlation of Eq. (4)

z/w d/w=2.0 z/w d/w=1.0 z/w d/w=0.66 z/w d/w=1.0

A m A m A m A m

Contoured ori®ce Sharp-edged ori®ce

1.0 0.65 0.48 0.5 0.49 0.54 0.33 0.62 0.51 3.5 0.22 0.67

3.0 0.44 0.54 1.5 0.49 0.54 1.0 0.60 0.51 4.5 0.20 0.68

5.0 0.33 0.58 2.5 0.45 0.55 1.66 0.53 0.53 5.5 0.19 0.68

7.0 0.30 0.59 3.5 0.41 0.56 2.33 0.57 0.52 6.5 0.17 0.69

9.0 0.28 0.59 4.5 0.41 0.56 3.0 0.54 0.53

11.0 0.28 0.59 5.5 0.37 0.58 3.66 0.53 0.54
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toured and sharp-edged ori®ces. The correlations con-
®rm that the sharp-edged ori®ce yields higher heat

transfer coe�cient than the contoured ori®ce. Gener-
ally, the Reynolds number dependence for the con-
toured ori®ce approaches m = 0.5 for decreasing d/w

as is typical of in®nite stagnation ¯ow (which would
prevail for w41). The observed dependence on Rey-
nolds number is lower than what has been previously

reported for contoured ori®ces at signi®cantly higher
Re with exponents m below 0.59, compared to m =
0.6±0.68 found previously [6]. Table 1 also shows that

the average Nusselt number for the sharp-edged ori®ce
exhibits markedly higher dependence on Reynolds
number than the contoured ori®ce, as was seen in Fig.
6. Typical exponents are seen to be near m 1 0.7 for

this ori®ce, which is in agreement with higher-Re data
reported previously [7].

4. Conclusions

The heat transfer characteristics of circular cylinders

exposed to slot jet impingement of air has been studied
experimentally for the Reynolds number (based on
cylinder diameter) in the range 600±8000. Both con-

toured ori®ce and sharp-edged ori®ce jet con®gurations
were investigated for values of the cylinder-to-nozzle
width ratio d/w=0.66, 1.0 and 2.0, and for a range of
jet exit-to-nozzle width z/w = 1±11. Reference

measurements were made with the same cylinder in in-
®nite parallel ¯ow in a wind tunnel. The results reveal
that the slot jet yields considerably higher average heat

transfer from the cylinder when compared to the in®-
nite parallel ¯ow case on the basis of identical slot jet
and in®nite ¯ow average velocity. A dimensionless

cylinder spacing z/w exists which exhibits a maximum
in cylinder heat transfer. The optimum spacing is
closer to the nozzle exit for the sharp-edged ori®ce

than for the contoured ori®ce. The average Nusselt
number shows stronger Reynolds number dependence

for the sharp-edged ori®ce than for the contoured
ori®ce.
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