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Abstract

An experimental study was performed to determine the effect of the inclination of an impinging two-dimensional air jet on the
heat transfer from a uniformly heated flat plate. The impingement surface was a stainless steel plate of the same width as the jet
nozzle. Local Nusselt numbers were determined as a function of three parameters: (a) inclination angle of the air jet relative to the
plate in the range of 90-40°, (b) nozzle exit-to-plate spacing (z/D) in the range of 4-12 and (c) Reynolds number based on the
hydraulic diameter of the slot nozzle in the range of 4000-12000 (corresponding to an exit jet velocity from 6.3 to 18.7 m/s).
The results are presented in the form of graphs showing the variation of the local Nusselt number as a function of these parameters.
The region of maximum heat transfer shifts towards the uphill side of the plate and the maximum Nusselt number decreases as the
inclination angle decreases. The location of the maximum heat transfer region appears to fall between 0 and 3D uphill from the
geometrical impingement point, and was found to be insensitive to the Reynolds number in the range used in this study. For low
values of inclination angle, the local Nusselt number on the uphill side from the maximum heat transfer point was insensitive to jet
exit-to-plate spacing. Correlations are proposed to predict the local Nusselt number as a function of x/D, z/D, 6 and Re. © 2000
Elsevier Science Inc. All rights reserved.
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Notation z vertical distance between the nozzle exit and the
center of the plate (m)
a, b length and width of the cross-sectional dimensions Vair kinematic viscosity (m*/s)
of the slot nozzle (m) As displacement of stagnation point (m)
A surface area (m?) Ax distance between two adjacent nodes (m)
D hydraulic diameter (= (4ab)/(2a + 2b)) (m) Ax; thickness of fiber glass insulation (m)
h heat transfer coefficient (W/(m? K)) Ax, thickness of Ultem insulation (m)
L length of plate (m) 0 angle of inclination relative to nozzle axis (°)
ki thermal conductivity of fiber glass insulation o Stefan-Boltzmann constant (5.67 x 10~* W/(m’
(W/(m K)) K9
k> thermal conductivity of Ultem insulation (W/(m K)) g emissivity
Kair thermal conductivity of air (W/(m K)) Subscripts
k thermal conductivity of the target plate (W/(m K)) ' ) .
¢ Ccross-section
Nu Nusselt pu_mbe_r (= hD/k) cond  conduction heat transfer
9 power dissip atlzon W) conv convection heat transfer
q’ heat flux (W/m?) i jet
Re Reynolds nun:ber (= UD/vair) " cell number
r temperature (°C or K). . . rad radiation heat transfer
U mean velocity of the air jet at nozzle exit (m/s) s surface
x distance along the plate measured from the 0 ambient conditions

geometrical center (m)

1. Introduction and background
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expected that the power dissipation of future microprocessors
will reach 45 W/cm? or greater and the electronic industry is
eagerly seeking more effective ways to remove localized heat
loads.

The design of a thermal control system considers two main
requirements; the heat flux to be dissipated and the allowable
temperature rise above the local ambient conditions. For heat
fluxes below 0.05 W/cm? with an allowable temperature dif-
ference of about 60°C, radiation and natural convection are
usually sufficient means of heat dissipation. For fluxes of 1-2
W/cm?, a heat transfer coefficient of one order of magnitude
higher than that for natural convection is needed and can be
achieved by forced convection. For higher heat fluxes, im-
pinging jets provide a potential solution.

In electronic packaging, limitation of space and size creates
obstacles in the way of implementing air jets that are normal to
the target surface. Inclined jets not only provide localized
cooling but also serve to guide the spent air away from the hot
spots.

Several papers have been published delineating the increase
in Nusselt number due to impinging jets directed normal to the
target surface. Martin (1977) and Downs and James (1987)
provide extensive reviews of heat and mass transfer using im-
pinging jets. Gauntner et al. (1970) reported that maximum
heat transfer occurs at the tip of the potential core of the free
jet. The extent of this core is 6-7 nozzle diameters for circular
nozzles and is 4-7 slot widths for slot nozzles. Circular nozzles
give higher values of heat transfer coefficient whereas slot
nozzles give an even distribution of heat and mass transfer.
Jambunathan et al. (1992) reviewed published experimental
data for the rate of the heat transfer when a circular jet im-
pinges orthogonally on a flat surface for a nozzle exit Reynolds
number in the range of 5000-124 000 and for nozzle exit-to-
plate surface spacing range from 1.2 to 16. The Nusselt num-
ber was expressed in terms of the Reynolds number raised to
an exponent which depends on the nozzle exit-to-plate spacing
and the distance from the stagnation point. The effect of sur-
face roughness of a heated plate in enhancing the heat transfer
between the plate and an impinging air jet was investigated by
Beitelman et al. (1997).

A number of studies dealt with investigating the heat
transfer between an inclined air jet and a flat surface.
McMurray et al. (1966) determined the local heat transfer
coeflicients of a free surface water jet impinging on a uniformly
heated surface at various angles. They proposed correlations
for their experimental data in terms of a modified Reynolds
number based on the local velocity just outside the boundary
layer. Beltaos (1976) studied an obliquely impinging turbulent
jet on a flat surface both experimentally and analytically.
Measurements of wall pressure were obtained and the stag-
nation point was identified as the point of maximum pressure
on the surface. Semi-empirical methods were used to predict
the wall pressure, the wall shear stress and the stagnation point
shift due to the jet inclination. Korger and Krizek (1966) used
the naphthalene sublimation method to study the heat and
mass transfer of an air jet issuing from a slot nozzle and im-
pinging obliquely on a flat plate. Sparrow and Lovell (1980)
(see also Lovell, 1978) measured the local mass and heat
transfer to an air jet created by an orifice impinging obliquely
on a naphthalene test plate. The heat transfer coefficients were
determined using the analogy between mass and heat transfer.
The angle of inclination varied between 90° and 40°, Reynolds
number varied between 2500 and 10000 and nozzle exit-to-
plate distance between 7 and 15. It was shown that inclined jets
relocate the stagnation point. This resulted in a reduction of
15-20% of the maximum heat transfer coefficient although the
average heat transfer coeflicient remained essentially un-
changed. Goldstein and Franchett (1988) conducted a study to

determine the local heat transfer to a jet issuing from a square-
edge orifice and impinging at different angles (90-40°) onto a
flat surface. The heat flux was provided by passing an electric
current through a thin metallic foil, while the temperature was
monitored using the temperature-sensitive liquid crystal tech-
nique. The experiments were conducted for nozzle exit-to-plate
spacing between 4 and 10 and for Reynolds number between
10000 and 30 000. The results showed that the displacement of
the peak heat transfer location was mainly due to the angle of
inclination. A correlation for the local Nusselt number was
developed which can be used to determine the average Nusselt
number. Garg and Jayaraj (1988) used a finite-difference
method to determine the temperature and velocity profiles for
a laminar boundary layer generated by an inclined two-di-
mensional jet over an isothermal surface. Stevens and Webb
(1991) investigated the effect of inclination of an axisymmetric
liquid jet as it impinges on a flat surface. Their results revealed
an uphill shift in the maximum heat transfer point from the
geometrical impinging point. The shift distance, normalized by
the nozzle diameter, was found to be much less than that of
submerged jets for the same angle of inclination. Ward et al.
(1991) measured the heat transfer between a circular air jet
impinging onto a uniform cross-flow of air over a flat surface
coated with naphthalene. Using the sublimation rate of
naphthalene along with the Chilton—Colburn analogy, they
obtained local heat transfer profiles. The maximum value of
heat transfer was found to depend on the impinging jet angle
and the velocity ratio between the impinging jet and the cross-
flow. Yan and Saniei (1997) investigated the heat transfer from
a flat plate to an air jet impinging obliquely from a circular
nozzle using the preheated wall transient liquid crystal tech-
nique. Angles were varied between 90° and 45° for two Rey-
nolds numbers of 10000 and 23 000 and for z/D of 4, 7 and 10.
Their results showed that the point of maximum heat transfer
shifts away from the geometrical impingement point towards
the uphill side of the plate. The shift was more pronounced
with smaller impinging angles and smaller jet-to-plate spac-
ings.

In the present study, the local heat transfer of an obliquely
impinging air jet issuing from a rectangular nozzle is examined.
Typical flow regions for such a jet are depicted in Fig. 1. Ex-
periments were performed using a 5.5 x 50 mm rectangular
nozzle with an exit jet velocity ranging between 6.3 and 18.7 m/
s. This range of jet velocity is of interest to the cooling prob-
lems encountered in the electronic industries. Conventional
temperature measurements of the plate surface were used to
evaluate the local heat transfer coefficients.

Slot Nozzle

Uphill

Fig. 1. Flow regions of an inclined impinging jet.
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2. Experimental apparatus

A schematic of the experimental apparatus is shown in
Fig. 2(a). Compressed air flows through a series of two air
filters, an air filter/regulator and then through a flowmeter
(Rotameter) into a plenum chamber. A pressure gage con-
nected at the outlet of the flowmeter is used to correct for the
flowrate. The plenum chamber shown in Fig. 2(b) is made of
plexy-glass and has an inner dimensions of 55 x 50 x 25 mm?
leading to a straight wall 70 mm long slot nozzle of 5.5 x 50
mm? exit area. A stainless steel plate 200 x 50 x 2 mm> was
used as a target surface. A patch Kapton heater of less than
0.2 mm thickness, placed at the back of the plate provided a
uniform heat flux of 3950 W/m?. The total power supplied
was monitored using two digital multimeters one for the
voltage and the other for the current. The target plate and
heater were inserted in an insulator/protractor assembly with
the top surface of the target plate flushed with the sur-
rounding top surfaces of the insulation. The assembly allowed
the tilting of the target plate in increments of 10° from the
horizontal position with £0.2°. Temperatures at the center of
the plate (25 mm from each lateral edge) were measured using
11 type T thermocouples inserted through holes of 0.95 mm
machined through the thickness of the plate. Electrical dis-
charged machining (EDM) was used to drill the holes and the
total material removed was less than 1.3% of the total volume
of the target plate. Two layers of material were used to in-
sulate the backside of the target plate and the heater assem-
bly. The first layer was a fiber glass insulation of 3 mm
thickness, (thermal conductivity =0.038 W/(m K)) and the
second layer was a GE Ultem of a 50 mm thickness, (thermal
conductivity =0.2 W/(m K)). The instrumentation used to
collect the data included multimeters, a DC power supply,
Type T thermocouples, an HP 75000B data acquisition unit

and an HP Vectra XU 6/200 with an HP Visual Engineering
Environment software (VEE).

3. Data reduction

The focus of the present investigation is to examine the
effects of the angle of inclination of the jet on the local Nusselt
number distribution as a function of Re,z/D and x/D. Ex-
periments were conducted for three different Reynolds num-
bers of 4000, 7900 and 12000 (based on the time-averaged
flowrate). For each test, the vertical distance between the
surface of the plate and the nozzle exit z/D was varied between
4 and 12. Measurements were repeated for inclination angles
of 90°, 70°, 60°, 50° and 40° measured from the jet axis, where
90° is the normal-impingement angle.

The heat removal takes place by the three modes of heat
transfer: convection, conduction, and radiation. The heat
generated by the heater is conducted through the thickness of
the plate to the upper surface and eventually is convected by
the impinging air jet. The conduction heat loss through the
insulation was monitored by measuring the temperature of the
insulation and was estimated to be less than 4.1% of the total
heat input. An estimate of the heat loss by radiation was also
calculated and its maximum was less than 3.3% of the total
heat input. Corrections were made for these losses and the
convective heat transfer was adjusted accordingly:

Qconv = Q - Qcond - Qrada (1)

where Q is the total heat input. Qcong and Q..q are calculated
from the following equations:

(Ax1/(k14s)) + (Axz / (kads))

Qcond = (2 )

1. Compressed Air Supply

10. Target Plate

2. Valve 11. Kapton Heater
3. Air Filter 12. Insulation

4. Filter/Regulator 13. Multimeter

S. Flow Meter 14. Power Supply

6. Pressure Gage
7. Plenum Chamber
8. Slot Nozzle

(a) 9 Adjustable Stand 18. HP Vectra XU

—

100

SS5— ~
e 55—

(b)

15. Proctractor Assembly
16. Type T Thermocouples
17. HP 75000B Data Acquisition Unit

Fig. 2. (a) Schematic of the experimental apparatus; (b) slot nozzle/plenum assembly (dimensions are in millimeters).
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and

Qrad = SO-AS(TS4 - T;‘c) (3)

Due to the existence of the lateral conduction within the
stainless steel, the local heat transfer coefficient was corrected
to include this effect. The correction was performed by dividing
the plate into 11 cells along the length of the plate (as dictated
by the number of the thermocouples used in these experiments)
as shown in Fig. 3 and the local heat transfer coefficient at cell
n, is calculated from:

! kA,
m Qn‘i’E(T;ﬂrl*zTn{»an) , (4)

h =
where A, is the cross-sectional area between the cells, 4 is the
surface area, T is the local surface temperature and Tj is the
air jet temperature measured at one hydraulic diameter
downstream from the slot nozzle exit. Air properties were
evaluated at a film temperature of (7; + 7;)/2. The steady-state
temperature readings were collected using 11 type T thermo-
couples. These thermocouples were inserted at the center of the
target plate at 15 mm intervals along the length of the plate
with one thermocouple located at the central point of the plate.

hA, (T, ~T,)
Ax
kA kA
= (T, =T < Tn _Tn
Ax (n—l n)ntl_’ I.l <_n:1 Ax ( +1 )
qrA,

Fig. 3. Numerical approximation of the lateral heat conduction.
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A simple finite-difference method was used to validate the
numerical accuracy of the local heat transfer coefficient as a
function of the number of cells. The relative error was esti-
mated to be less than 1% if the number of nodes were doubled.

The local Nusselt number was determined according to the
relation

WD

Nu .
kair

(5)

4. Results and discussion

An air jet impinging at an angle on a heated flat plate
creates an asymmetrical temperature distribution. The tem-
perature of the plate in the downbhill direction follows the same
trend as in normal impingement with a slight increase in
temperature. On the uphill side, the temperature first increases
to a maximum and then decreases further uphill. This tem-
perature pattern is attributed to the uneven airflow over the
plate where a larger percentage of the air follows the path of
least resistance.

In Fig. 4, the local Nusselt number is plotted vs x/D for
different values of z/D at constant values of 0 and Re, and in
Fig. 5, the local Nusselt number is plotted vs x/D for different
values of 0 at constant values of z/D and Re. These figures are
representative samples of the matrix of the total results. For
normal impingement the figures show a symmetrical heat
transfer distribution around the central point of the target
plate. The maximum Nusselt number decreases from its value
for normal impingement as the inclination angle decreases with
maximum decrease of 15% at 0 =40° for Re = 12000 and
z/D = 4. For all the values of 6 and Re the decrease is less than
11% for z/D > 4.

When the plate is tilted (6 decreases), a higher percentage of
heat transfer takes place on the downhill side. On the uphill
side the local heat transfer first increases in the immediate
uphill vicinity of the geometrical impingement point and then

100 T
Re=12000 ——z/D=4
Theta=70 —a—7/D=6
80 “ —x—z/D=8 —
/«\ ——2/D=10
—a—7D=12
Nu, 60 N ”
“ % Xtﬁg
% ‘-\-
20
-8.0 -4.0 0.0 4.0 8.0
x/D
100
Re=12000 ——#D=4
Theta=50 ——2/D=6

80 —x—12zD=8 _|

Nu, 60

o AN
/ N

-8.0 -4.0

20

4.0 8.0

Fig. 4. Local Nusselt number vs x/D for different values of z/D.
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Fig. 5. Local Nusselt number vs x/D for different values of 6.

decreases further uphill. This decrease is attributed to the de-
crease in momentum of the wall jet. The figures also show a
shift in the location of the point of maximum heat transfer
(more noticeable for z/D > 4) indicating that the shift may
depend on the core length of the jet. The Reynolds number
affects the heat transfer but it does not appear to affect the shift
of the maximum heat transfer point within the range used in
this study. Higher Reynolds numbers, however, made the
shifting of the maximum heat transfer region easier to detect.
This observation agrees with the conclusion reported by
Sparrow and Lovell (1980) (see also Lovell, 1978).

In the present study, the location of the displacement of
the maximum heat transfer point appeared at 1.5D from the
geometrical center of the plate. The coarse placement of the
thermocouples made it difficult to determine precisely the lo-
cation of the maximum heat transfer point. However, it is
estimated that the displacement of the maximum heat transfer
location falls within a distance between 0 and 3D from the
geometrical impinging point for all values of z/D. Similar
findings were reported by Sparrow and Lovell (1980) (see also
Lovell, 1978) and by Yan and Saniei (1997). A correlation for
the displacement of the point of maximum heat transfer was
proposed by Martin (1977) for arbitrary slot widths:

z
As = 1.4 b+0.llw]. (6)

In the present experiments, the shift was calculated based
on Eq. (6) and found to vary between 4 mm for 6 = 70° and
z/D =4 and 25 mm for 0 = 40° and z/D = 12. To develop a
relation between the displacement of the maximum heat
transfer point and the angle of inclination, it is necessary to
collect enough pressure and/or temperature data in the vicinity
of the geometrical impinging point at smaller intervals than the
ones taken in this study. Pressure measurements and/or tem-
perature-sensitive surface technique similar to the liquid crys-
tals method would give a better resolution to quantify the
displacement of the maximum heat transfer point.

Martin (1977) presented the following correlation for the
average Nusselt number for normal impingement.

1.53 3000 < Re < 90000,
Nu = [W}P;’O'“Rem, 2<z/D< 10, (7)
ptp Tl 2<x/D<25,

where

0.695— | %4 (£)7 4306 8
m—.5—{5+<5) +.}. 8)
The average heat transfer coefficient is given by
N
il / h(x)dx, ©)

X Jo

where x is the distance along the plate measured from the
impingement point. The average Nusselt number is then cal-
culated from

Nu= o (10)

Using the present results, the average Nusselt number for
normal impingment was calculated and compared with Mar-
tin’s correlation. Fig. 6 shows that the correlation matched the
present results with a maximum deviation of 19%. This devi-
ation decreased for z/D > 6 with 85% of the results fall within
10% of the correlation. The deviation can be attributed to the
combined effect of the higher ranges of the Reynolds number
and x/D.

McMurray et al. (1966) proposed correlations for a free-
surface planar liquid jet data that included a modified Rey-
nolds number based on the local velocity just outside the
boundary layer of the wall jet. This allowed them to account
for the effects of the distance from the central geometrical
point and the vertical distance from the nozzle exit. Correla-
tions were developed for laminar and turbulent wall jets as a
function of impingement angle, Prandtl number and the
modified Reynolds number. The difference between their cor-
relations and those applicable to a uniform parallel flow over a
flat plate was attributed to the difference in the velocity dis-
tribution in the impingement region. Their techniques might
not be applicable for a submerged jet since the local heat
transfer is more sensitive to the vertical distance between the
nozzle exit and the surface of the target plate due to entrain-
ment effects. It might also be more practical to correlate the
data based on predefined experimental variables than having
to measure velocity of the wall jet in order to estimate the local
Nusselt number.

In the present study, the local Nusselt numbers were cor-
related as a function of the four parameters involved z/D, x/D,
0 and jet exit Reynolds number. Correlations were developed
for three regions: the stagnation region, major axis (downhill
region) and minor axis (uphill region). Representative samples
of the results are shown in Figs. 7-10.
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Fig. 9. The Nusselt number correlation for the present data along the minor axis (70° < 0 < 90°).
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5. Local Nusselt number correlations
5.1. Impingement region

The flow in this region is quite different from the rest of the
wall jet and, as expected, the heat transfer characteristics
would also be different. Maximum values of the Nusselt
number, obtained from the experimental data, were used to
develop the following correlation:

Nttmay = 0.09821Re"7(1.0 + 0.3655in0)
4000 < Re < 12000,
4<z/D< 12,

40° <0< 90°.

% [1.0-0.0248 2]
D

The above correlation fits the present data to within 9.0% as
shown in Fig. 7.

5.2. Major axis

The local heat transfer data for the major axis (downbhill
side of the plate) were correlated by the following empirical
equation:

1.0 + 0.28sin6)[1.0 — 0.0243(z/D)]

Nu = 0.0911Re* ( 5303
(x/D)”

’

4000 < Re < 12000,
4<z/D<12,

40° <0< 90°,
1.5<x/D< 5.

(12)

Eq. (12) fits the present data with a maximum deviation of
13.0% as shown in Fig. 8.

5.3. Minor axis

For the uphill wall jet, it was not possible to correlate the
data by a single equation with a reasonable maximum devia-
tion. The data was divided into two sets, one for 0 in the range
of 70° < 0<90° and the second for 40° < 0 < 60°.

(1.0 + 0.94sin6)[1.0 — 0.0174(z/D)]

Nu = 0.0538 Re™®’
x/ D)o.m

I

4000 < Re < 12000,
4<z/D< 12,
70°<0<90°,
1.5<x/D<7.5.

(13)

The above equation fits the present data in the range specified
for 0 with a maximum deviation of less than 11.5% as shown in
Fig. 9.

1.0+ 0.0633sin6)[1.0 — 0.0079(z/D)]

Nu=0.103Re"%7 ( 055
(x/D)”

)

4000 < Re < 12000,
4<z/D<12,

40° <0< 60°,
1.5<x/D<1.5.

(14)

The above correlation fits the present data within 17% as
shown in Fig. 10.

Eqgs. (13) and (14) show that the dependency of Nu/Re"%’
on z/D decreases while the dependency on x/D increases as the
inclination increases. Note that in the proposed correlation
equations the exponent of Re varies between 0.68 and 0.70
which indicate its dependency on the geometrical location.

Based on the standard uncertainty analysis, Moffat (1988),
the steady-state uncertainties of the collected data and calcu-
lated parameters were evaluated. The uncertainty in tempera-
ture measurements was +0.5°C, in the flowrate it was less than
4.2%, in the electric power it was less than 1.3%, in the Rey-
nolds number it was about 5% and it was less than 4.1% in the
Nusselt number.

6. Conclusions

(1) Local Nusselt numbers were experimentally determined
for a two-dimensional air jet impinging obliquely on a uni-
formly heated flat surface. The measured data was in the range
of 4000 < Re < 12000, 4 <z/D <12 and 40° < 0 <90°. Plotted
results of the local Nusselt number are presented as a function
of Re, 0, z/D and x/D.

(2) The distribution of the local Nusselt number moves away
from symmetry as the inclination angle decreases. The distri-
butions for different values of z/D tend to coalesce on the uphill
side of the target surface beyond the maximum heat transfer
point and diverge slightly on the downbhill side of the plate. This
means that the heat transfer distribution becomes less sensitive
to the jet exit-to-plate spacing on the uphill side of the plate.

(3) The shift of the maximum heat transfer point moves
towards the uphill side of the plate. This is due to the change in
the magnitude and direction of the velocity of the air jet. The
displacement depends on the angle of inclination and the
vertical distance between the plate and the nozzle exit. It was
found to be insensitive to the Reynolds number for the range
used in this study.

(4) Although detailed measurements of the displacement of
the maximum heat transfer point were not made, it maybe
stated, based on the present results that the displacement falls
between 0 and 3D away from the geometrical impinging point.
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(5) Correlations for the local Nusselt number are proposed
for three regions of the target surface: impingement region,
major axis and the minor axis.
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