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Abstract

The effect of changing the nozzle geometry on the pressure drop and local heat transfer distribution in confined
air jet impingement on a small heat source was experimentally investigated. Heat transfer and pressure drop
measurements obtained with chamfered nozzles were compared to those obtained with a square-edged (non-
chamfered) nozzle of the same diameter for different turbulent Reynolds numbers in the range of 5000-20,000,
nozzle-to-target spacings, chamfer angles and chamfer lengths. The ratio of average heat transfer coefficient to
pressure drop was enhanced by as much as 30.8% as a result of chamfering the nozzle, with narrow chamfering
providing the better performance. © 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

Impinging jets have been widely used for appli-
cations where high heat and mass transfer rates are
required. A variety of nozzle geometries ranging from
slots to square-edged orifices and converging and
diverging round nozzles have been studied. For the
submerged and confined impinging jets considered
here, the radial outflow is confined in a narrow chan-
nel bounded by the target surface and the plate con-
taining the nozzle; the effect of confinement is
generally to degrade heat transfer. Previous studies
[1,2] have investigated the dependence of heat transfer
on parameters such as Reynolds number (U;d/v), noz-
zle-to-target spacing (H/d), and nozzle diameter (d).
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Nozzle geometry parameters such as nozzle diameter
and length (/) as well as the orifice inlet and exit
shapes have been found to play a determining role in
heat transfer [3-7]. Heat transfer coefficients were
found to be highest for small values of //d. Square-
edged orifices were found to have turbulence levels
higher than for contoured nozzles [6,7] resulting in
higher heat transfer coefficients. The orifice design in
jet impingement is also important because it affects the
pressure drop across the nozzle and the velocity pro-
files along the target surface; as a result, the heat trans-
fer rates are affected [4].

The present study aims to experimentally investigate
the effect of changing the nozzle geometry from
square-edged to chamfered on the pressure drop and
local heat transfer distribution in confined axisym-
metric air jet impingement. In contrast to the con-
toured [5] and hyperbolic [4] nozzles previously
studied, chamfering the nozzle inlets requires a very
simple machining operation (e.g., counter-sinking),
which was the consideration that motivated the present
study. The experimental parameters include nozzle
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Fig. 1. (a) Schematic of the air jet impingement facility. (b) Section view of the nozzle geometries tested (three values of chamfer

depth for each chamfer angle).

chamfer angle ¢, chamfer depth L., Reynolds number
Re, and nozzle-to-target spacing. The specific goal of
this work is to identify conditions under which press-
ure drop across the nozzle may be reduced without sig-
nificantly altering the heat transfer rate, or
equivalently, to enhance heat transfer while keeping

the pressure drop constant. At a fixed flow rate, a re-
duction in pressure drop amounts to a proportional re-
duction in the pumping power required to drive the
flow. Local measurements of the heat transfer coef-
ficient are presented as a function of H/d, Re, ¢, and
L, Heat transfer and pressure drop measurements
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obtained with the chamfered nozzles are compared to
those obtained with a square-edged (non-chamfered)
nozzle of the same diameter.

2. Experiments

The air jet impingement facility (Fig. 1(a)) used in
the experiments is the same as that used by Schroeder
and Garimella [1,2], and only important details are
provided here. Air flow rate is measured by one of
three flowmeters mounted in parallel, depending on the
range. Several valves in conjunction with a variable-
speed drive controller help to set the required flow
rate. The air is delivered to a flow-conditioning cylind-
rical plenum in the test section. Interchangeable nozzle
plates are attached to the lower end of the plenum; the
nozzle plate serves to confine the flow to being nomin-
ally radial after impingement. The static pressure in
the plenum is measured using a pressure tap located in
the wall connected to a manometer. The nozzle-to-tar-
get spacing is set using three high-precision gage
blocks. Two spacings were employed for the exper-
iments, H/d =1 and 4. The temperature of the air jet
was measured using a 36 gauge T-type thermocouple
located just prior to the plenum exit.

The orifice diameter was held at d = 3.18 mm for all
the experiments. The orifice geometry for the nozzle
plates used is shown in Fig. 1(b). Two sets of nozzle
plates with two different chamfer angles were tested: a
narrow chamfer with an angle ¢ =60° and a wide
chamfer with ¢ = 41°. Values of chamfer depth tested
with each chamfer angle were Lo, = 0.64, 1.47, and
2.31 mm. A square-edged orifice (//d=1) was also
considered in order to provide a baseline for the exper-
iments. The aspect ratio //d used was held equal to
unity for all the nozzle plates; this was achieved by
machining the nozzle plate thickness to be equal to the
nozzle diameter (/ = d = 3.18). Local and average heat
transfer coefficients were measured at two Reynolds
numbers of 5000 and 20,000 for the three plates at
H/d=1 and 4. Pressure drop measurements were
obtained for H/d =1 and 4 for a range of Reynolds
numbers (5000 < Re < 25,000, in increments of 5000).

The heat source consists of a stainless steel foil
(0.0762 mm thick) with a heated area of 20 x 20 mm?>,
flush mounted to, and insulated from, the target plate.
A 36 gauge T-type thermocouple located on the under-
side at the center of the stainless steel foil measures the
local temperature distribution of the heated surface as
the heat source assembly is traversed with respect to
the jet in minimum increments of 0.5 mm. This tech-
nique of measuring local heat transfer coefficients is
discussed in detail elsewhere [1,2,8]. It is emphasized
that since the traversal of the heat source with respect
to the impinging jet is limited to the extent of the

heated area (stagnation point always positioned on the
heater), the thermal boundary layer development is not
altered as the heat source is moved relative to the jet.
The voltage drop across the heater was measured
directly; the current was determined from the voltage
drop across a calibrated resistance shunt mounted in
series with the circuit. The heat generation was deter-
mined as a product of the measured voltage and cur-
rent. The power input was adjusted so that the average
temperature difference between the air jet and the
heated surface was approximately 15°C. Temperature
readings from thermocouples located at the top and
bottom of the insulation layer underneath the foil
showed the power loss by conduction to be typically
4% of the heat generation. Radiation losses were esti-
mated to be less than 1% of the generated power [9].
The conduction and radiation losses were incorporated
into the data reduction program and subtracted from
the heat generation in each experiment.

The local heat transfer coefficients were determined
as

Gout

= dout
Ay(Ts — T)

)

where ¢oy is the convected heat, A4y is the area of the
heater, T; is the local surface temperature, and 7; is
the air jet temperature. The data from each experiment
were also area-averaged over the square heat source to
obtain an average heat transfer coefficient,

Gout
> [A(Ti = T5)]

where Ty; is the local surface temperature measured for
the annular band of area A4; straddling the location of
each temperature measurement; at the corners of the
heat source, the annuli are fragmented. Additional
details of the heat source construction and heat trans-
fer calculations are available in [8,9].

The uncertainty in measured heat transfer coeffi-
cients at 95% confidence was estimated to be less than
4.5%. The largest contribution to the uncertainty
comes from the temperature measurement (+0.3°C).
The uncertainty in pressure drop lies in reading error
and was estimated to be less than 4.2%.

h= 2)

3. Results and discussion

The local heat transfer coefficient distributions for
the three chamfer angles (41°, 60°, and unchamfered)
are shown in Figs. 2 and 3, respectively for two of the
three chamfer depths studied (L, =0.64 and 2.31
mm). In each figure, two Reynolds numbers
(Re = 5000, 20,000) and two nozzle-to-target spacings
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Fig. 2. Local heat transfer coefficient distribution at shallow
chamfer depth (L = 0.64 mm) for (a) Re = 20,000 and (b)
Re = 5000.

(H/d=1, 4) are considered. The local heat transfer
coefficients for r/d > 2 show a monotonic decrease and
are very similar for the three chamfer angles under
comparable conditions (same H/d and Re) in both
figures. At Re =20,000 and H/d =1, Figs. 2 and 3
(Lch = 0.64 and 2.31 mm, respectively) show similar
trends in the local heat transfer coefficients for the
square-edged nozzle and the two chamfered nozzles,
including the existence of mild secondary peaks. The
secondary peaks have been attributed to a transition to
turbulence along the radial outflow. In confined im-
pingement configurations as in the present study, the
peaks may also be due to reattachment of the toroidal
recirculating flow pattern. Fig. 3 shows that heat trans-
fer coefficients are slightly higher with the wide cham-
fer nozzle at Re =5000 and H/d =4 in the range
0 <r/d <3. Fig. 3 also shows that for Re = 20,000
and H/d=1 the secondary peak obtained with the
wide chamfer nozzle is more pronounced, resulting in
a higher average heat transfer coefficient.

For chamfer depths Ly, = 0.64 and 1.47 mm (latter
not shown) the square-edged (unchamfered) nozzle
shows slightly higher stagnation heat transfer coef-
ficients (r/d~0) at H/d =1 (see Fig. 2). This is also
true at H/d = 4, although the effect is less distinct. For
a chamfer depth of 2.31 mm the highest stagnation
heat transfer coefficient was obtained with the wide
chamfer nozzle at Re = 5000 and H/d =4 (Fig. 3).
However, for the same chamfer depth at Re = 20,000,
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Fig. 3. Local heat transfer coefficient distribution at large
chamfer depth (Ly = 2.31 mm) for (a) Re =20,000 and (b)
Re = 5000.

the wide chamfered nozzle and the square-edged nozzle
have very similar values for stagnation heat transfer
coefficients.

Table 1 shows the pressure drop measurements for
all the flow rates and nozzle geometries considered.
Table 2 shows the corresponding average heat transfer
coefficients obtained; only two flow rates were con-
sidered in the heat transfer tests. The results obtained
with the two chamfer angles may be compared from
these tables under similar flow conditions against those
obtained with the square-edged orifice. For example,
the greatest pressure drop reduction by changing the
nozzle geometry from square-edged to chamfered is by
24.1% for Re =20,000, H/d =4, with the narrow
chamfer at the maximum chamfer depth tested (Lq, =
2.31 mm). Table 2 shows that under these conditions,
the average heat transfer coefficient is reduced by only
2.7%. As another example, the greatest reduction in
average heat transfer coefficient of 4.7% (narrow
chamfer, Re = 5000, H/d=1, L =2.31 mm) is ac-
companied by a decrease in pressure drop of 17.7%.
Tables 1 and 2 show that the narrow chamfer results
in decreases in pressure drops in all cases at the ex-
pense of only small changes in /.

With the wide chamfer, pressure drop reductions are
obtained for chamfer depths of 0.64 and 1.47 mm, the
maximum reduction for this nozzle being by 22.5% for
Re = 20,000, H/d =4, and Ly, = 1.47 mm. The corre-

sponding change in / is negligible (0.12%). Further
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Table 1

Pressure drop measurements for all conditions tested; the nozzle studied was 3.18 mm in diameter

Re APsquarefedged (de) ¢ APO,64» mm (de) APl.47 mm (de) APZ.}I mm (kPa)
Hid=4 Hjd=1 Hid=4 H/d=1 Hjd=4 H/d=1 Hjd=4 Hjd=1

5000 0.58 0.56 Wide chamfer 0.52 0.52 0.53 0.51 0.63 0.61
10,000 1.80 1.77 1.56 1.53 1.63 1.58 1.96 1.93
15,000 4.09 3.72 3.42 3.38 3.08 3.05 4.40 4.16
20,000 6.60 6.26 5.58 5.68 S.11 5.07 7.27 7.24
25,000 9.98 8.96 8.46 8.29 7.61 7.44 10.15 10.11
5000 0.58 0.56 Narrow chamfer 0.50 0.48 0.49 0.47 0.51 0.50
10,000 1.80 1.77 1.51 1.48 1.62 1.58 1.67 1.63
15,000 4.09 3.72 3.21 3.05 3.14 3.05 3.21 3.14
20,000 6.60 6.26 5.41 5.41 5.07 5.04 5.01 4.90
25,000 9.98 8.96 8.42 7.85 7.41 7.27 6.93 6.87

increases in chamfer depth, however, were found to
cause an increase in pressure drop. For example, at
Re = 20,000 and H/d = 1, increasing the length of the
wide chamfer to Ly, = 2.31 mm causes an increase in
pressure drop by 15.7% when compared to the square-
edged nozzle. This increase in pressure drop is ac-
companied by a slight decrease in /& of 0.7%.

Lowering the nozzle-to-target spacing produces
modest reductions in pressure drop for all nozzles
tested while the heat transfer coefficients were affected
to a larger extent. The greatest reduction in AP of
10.2% obtained by decreasing H/d from 4 to 1 is with
the square-edged nozzle at Re = 25,000. Amongst the
chamfered nozzles, the narrow chamfer offers the
greatest reduction in pressure drop of 6.8%
(Re = 25,000, L, = 0.64 mm) when H/d is decreased.
Figs. 2 and 3 show that for a given Reynolds number
a change in nozzle-to-target spacing produces percepti-
ble changes in local heat transfer coefficients. While re-
ductions in /& of roughly 20% (L, = 2.31 mm) result
when H/d is decreased from 4 to 1 at Re = 5000, h
increases slightly or remains unchanged with changes
in H/d at Re = 20,000.

Possible mechanisms for the observed effects of

Table 2

chamfer geometry may be deduced as follows. It is
observed that for a chamfer angle of 60° (narrow), the
pressure drop is significantly lower than for the
square-edged counterpart. This decrease in pressure
drop may be attributed to the removal of the sharp
corner at the inlet leading to an alleviation of the vena
contract within the nozzle, and the associated re-
duction in pressure losses. However, as the chamfer
angle is decreased to 41° (wide), this salutary effect of
decreasing pressure losses is less evident, and the press-
ure drop increases again. In the limit, as the chamfer
angle approaches zero, the nozzle effectively reverts to
becoming square-edged once again, with no chamfer

— the same limit is encountered as the chamfer angle
is increased to 90°. As these limits of very wide or very
narrow chamfering are approached, the pressure drop
incurred would be the same as for an unchamfered
nozzle. This suggests that an intermediate chamfer
angle would provide the greatest reduction in pressure
drop. Although only two intermediate values were
tested in the present study, it appears that the optimal
chamfer angle is closer to 60°. As for the effect of
chamfer depth, as L., increases, the pressure drop is
seen to reduce to a certain point and then increase

Average heat transfer coefficients obtained with the nozzles tested (square-edged, wide chamfer, and narrow chamfer)

Re hsquare—cdged (W/m” K) ¢ hoss (W/m® K) hy47 (W/m* K) hy31 (W/m* K)
H/d=4 H/d=1 H/d=4 H/d=1 H/d=4 H/d=1 H/d=4 Hld=1
5000 282 230 Wide chamfer 275 233 286 227 291 227
20,000 602 623 632 630 602 620 619 619
5000 Narrow chamfer 275 230 276 238 274 219
20,000 622 626 605 618 586 601
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again. The loss coefficient for chamfered nozzles [10]
decreases with increasing Ly, to a certain point. For
instance, as L., increases from 0.025 to 0.6d, the loss
coefficient for the narrow chamfer angle (60°) decreases
from 0.4 to 0.12, whereas for the wide chamfer angle
(41°), the loss coefficient decreases from 0.42 to only
0.23. The observed trend towards higher pressure drop
for the wider chamfer angle is consistent with the
larger loss coefficients for this chamfer angle. The re-
duction in loss coefficient with increasing L., in this
range (at a fixed mass flow rate) implies a decrease in
pressure drop, and may explain the reason for the
decrease in pressure drop as L, goes from 0.64 to 1.47
mm. It is not clear why the pressure drop increases for
further increases in Lg,; no loss coefficient data are
available in [10] for the largest chamfer depth studied.

The objective of this study was to reduce pressure
drop without compromising the thermal performance
of the nozzles studied. For square-edged nozzles, a re-
duction in pressure drop for a given pumping power
implies a drop in flow rate and is accompanied by a re-
duction in the average heat transfer coefficient [1,2].
However, at a given flow rate, changing the nozzle
geometry from square-edged to chamfered provides a
reduction in pressure drop without significantly alter-
ing the heat transfer. A performance parameter which
accounts for the combined changes in heat transfer
and pressure drop is #/AP. To facilitate a comparison
of the performance of square-edged and chamfered
nozzles, Fig. 4 shows the percent enhancement in /AP
for the chamfered nozzles relative to the square-edged
nozzle, as a function of chamfer depth L. In all cases
except for the wide chamfer at the largest chamfer
depth, chamfering is seen to provide an enhancement
in i/AP. The intermediate chamfer depth is seen to
provide an optimum enhancement level. The maximum
enhancement in /i/AP of 30% is obtained for the inter-
mediate chamfer depth with either chamfer angle. At
the wide chamfer angle and the largest chamfer depth,
a degradation of performance below that of the
square-edged nozzle is seen. In general, higher //AP
enhancement levels are obtained for the narrow cham-
fer angle at the larger nozzle-to-target spacing and
larger Reynolds number.

4. Conclusion

Compared to square-edged nozzles, chamfering the
nozzle inlet produces significant reductions in pressure
drop; the average heat transfer coefficient, on the other
hand, is not strongly affected. Inlet chamfering may
also be achieved with a relatively simple fabrication
step for implementation of jet impingement in practical
designs. In general, narrow chamfering was more effec-
tive in terms of reducing the pressure drop when com-

40||
305_ g::i:::f:ﬁ\f\.;\'\'O _
200 .
o o\ ]
r o T ]
~ 10f p————A O =
o F Hd 4 1 Y ]
|E 0»_ Wide A A \\\. B
~ r Narrow o e N 1
R= ' ——-Re=5000 N ]
2 -10F ——-Re=20000 4
g 40 P
5 r ]
Q r ]
S 30f 7
5 r P ° b
o F BN 3
1SS 20; N 3
o A a
i AN ]
0F AN g
g N :
-10F 5: =
S N N R Y VR

0 05 10 15 20 25 30

LCh (mm)

Fig. 4. Percentage enhancement due to chamfering of the
ratio of average heat transfer coefficient to pressure drop as a
function of chamfer depth for H/d =1 and 4.

pared to the wide chamfer nozzle performance.
Enhancements in the performance parameter i/AP of
up to 30.8% were obtained in this study as a result of
chamfering the nozzle inlet, relative to unchamfered
nozzles.
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