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Abstract

This work presents and discusses the results of an experimental investigation of the heat transfer between the
constant-heat-flux test plate and the impinging jets. The round jets with/without swirling inserts are used. Smoke flow
visualization is also used to investigate the behavior of the complicated flow phenomena under the swirling-flow jet for
this impingement cooling. The effects of flow Reynolds numbers (500 < Re < 27,000), the geometry of the nozzle (BR,
LSS and CSS), and jet-to-test plate placement (3 < H/d < 16) are examined.

© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

The continuing increase of power densities in elec-
tronic packages and the simultaneous drive to the re-
duction of size and weight of electronic products have
led to the use of air cooled heat sinks by applying im-
pinging, rather than parallel, flow to the channel. Im-
pinging jets have been used in a variety of applications
such as cooling of hot steel plates, cooling of turbine
blades, drying of textiles, and cooling of electronic
equipment. Jet impingement is an effective means of
localized heating or cooling. Along with the recently
developed techniques such as phase-change and jet im-
pingement cooling, forced air cooling will also continue
to be used in the technology of the future because it is
inexpensive and robust.

Yang et al. [1] presented the heat transfer results of
jet impingement cooling on a semi-circular concave
surface and clearly explained the significant effects of the
nozzle geometry and the curvature of the plate. A wide
variety of nozzles was tested by Garimella and Nen-
aydykh [2], and Colucci and Viskanta [3] to determine
the effect of the nozzle geometry on local convective heat
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transfer rate for jet impingement cooling on a flat plate.
Gauntner et al. [4] presented a review report of the flow
characteristics of a turbulent jet impinging on a flat
plate. Martin [5] carried out heat and mass transfer
studies on impinging jets and presented results which are
based on experimental data for single round nozzle,
arrays of round nozzles, single slot nozzle, and arrays of
slot nozzles.

Hwang and Cheng [6] utilized a transient liquid
crystal technique to evaluate the detailed heat transfer
coefficients on two principal walls of a triangular duct
with a swirling flow. Three different angle between the
swirling jet and the duct axial direction were exam-
ined. Remarkable results were obtained. The wall-av-
eraged Nusselt number for the bottom and target
walls of the triangular duct was insensitive to different
jet inlet angles. Algifri and Bhardwaj [7] carried out
an analytical study of heat transfer characteristics in
decaying turbulent swirling flow in a pipe. Heat
transfer was predicted by assuming a rotating slug
flow, which was the case for the swirling flow gener-
ated by a shot-twisted tape. Ward and Mahmood [§]
presented mass and heat transfer rates associated with
orthogonal impingement of single, swirling, air jets
onto flat plates. Mass transfer data were determined
using a thin-film naphthalene sublimation technique
and a Chilton—Colburn analogy was employed to infer
the corresponding heat transfer coefficients. Very little
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Nomenclature
surface area of the test plate (m?)

a sectional area of the swirling-strip insert
(m?)

Ay flow area of the tube, (nd?/4) — a (m?)

b thickness of stainless steel foil (m)

d inner diameter of the tube (m)

Dy hydraulic diameter of the tube with swirling-
strip insert, A¢/p (m)

H jet-to-plate distance (m)

h local convective heat transfer coefficient
defined in Eq. (4) (Wm™2K™)

I electrical current (A)

k thermal conductivity of fluid (Wm™' K~")

ks thermal conductivity of the stainless steel
foil (Wm™'K™)

L length of the jet (m)

Nu local Nusselt number defined in Eq. (5)

Nu average Nusselt number defined in Eq. (6)

Nuy Nusselt number at stagnation point

Pr Prandtl number

P the wetted perimeter (m)

e generated heat flux (Wm™2)

Gross heat loss (Wm~2)

qw convective heat flux (Wm™2)

R effectiveness evaluation criterion, constant
pumping power

Re jet Reynolds number, 4V /nvD,,

adiabatic wall temperature (K)
temperature at inner bed of the heater (K)
air temperature at jet exit (K)

heated jet temperature (K)

wall temperature (K)

average velocity of air in the jet, ¥/4;
(ms™)

voltage drop across the surface (V)
volumetric flow rate, ud; (m*s")

radial distance from stagnation point (m)
axial length of the tube (m)

=
=

R

N\‘.Q

Greek symbols

0 strip thickness (m)

cos ¢ power factor

v kinematic viscosity of air (m?s™')
p density (kgm™3)

Subscripts

BR tube without any insert

CSS crossed-swirling-strip insert

fl full-length inserts

insert  with insert

LSS longitudinal swirling-strip insert
no without insert

T length refers to the jet

work has been reported on flow field visualization of
either the circular conventional impinging jets or
swirling impinging jets. Flow visualization studies on a
turbulent large-scale flow structure for a free plane jet
flow were conducted by [9]. Salce and Simon [10] also
visualized the swirl flow of air inside a cylindrical
cavity using the smoke wires technique. The images of
the flow field, however, did not show the whole flow
field.

Most of the above studies of jet impingement cooling
mainly focused on a circular tube without/with either
decaying or continuous swirling flow and on a flat plate.
The impingement cooling on a flat surface by using jet
issuing through longitudinal swirling strips have not
been performed. In the present investigation, the heat
transfer from a flat surface to an impinging air jet is
examined as a function of nozzle exit-to plate distance,
and Reynolds number. The jet issued from a tube
without/with two different inserts (swirling-strip type
inserts: longitudinal swirling-strip (LSS), and crossed-
swirling-strip (CSS)). Turbulence structures of the im-
pinging jet over a flat surface are also studied by flow
visualization.

2. Description of experiment
2.1. Experimental apparatus

A schematic representation of the test setup is
shown in Fig. 1. Air supplied from a blower system
passes through a heat exchanger, a shut-off valve, a
filter, a flow meter and a settling chamber before en-
tering the circular tube. The tube was made of copper.
It had an internal diameter of 7 mm, a wall thickness
of 1.0 mm, and a length of 250 mm. In addition, in
order to impart swirl to the jet, the tube had different
longitudinal swirling strip inserts as shown in Fig. 2.
The swirling strip was made of 1.5 mm thick copper
strips, the width of the strip being 0.1 mm more than
the inside diameter of the tube. The strips were twisted
on a lathe by manual rotation of the chuck. There was
interference fit between the tube and the swirling strip
insert. The length of the tube was selected in such a
way as to ensure that the length-to-diameter ratios
(=25.8) was larger than that needed for the air flow at
the exit of the tube to reach fully developed status [11].
The total air flow rate was controlled by an inverter.
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Fig. 1. A schematic of experimental setup and thermocouple arrangement.

The heat exchanger was installed to obtain the constant air nozzle exit within 0.2 °C. A uniform and stable
temperature flow at the nozzle exit and to reduce the flow distribution was established at the tube exit using
temperature difference between the ambient air and the a settling chamber of 450x450x 500 mm in volume.
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Fig. 2. Experimental apparatus for nozzle geometry.

Air rotameters were used to measure the air volumetric
flow rate (V). (It is measured by one of three flow
meters depending on the range), which was corrected
using the measured air temperature and pressure after
exiting the flow meters. The pressure tap located on the
tube wall is used to measure pressure drop. Pressure
drop was measured by means of vertical U-tube ma-
nometer with dibutyl phthalate and mercury as the
manometric fluid for lower Re and higher Re, respec-
tively. (The jet support frame was used to adjust the
elevation, H of the jet from the heated surface and to
maintain the jet in the vertical position. The surface
temperature along the cooled surface was measured
under constant heat flux condition. The surface was
made of a stainless steel foil (104x 110 mm). To ensure
that the stainless steel foil was maintained at a constant
heat flux, the strip was heated with a high power AC
source passing through a thin (0.05 mm thick) stainless

steel foil. With the desired voltage (V) controlled by a
variable voltage transformer and current (/) measured
by both the current transformer and the power meter
passing through the thin strip, the heat flux along the
surface could be calculated. The thin stainless steel foil
was bonded to the outer surface of the acrylic plate by
double-side adhesive tape. Thermocouples were at-
tached to the foil (thermal contact resistance =0.042 x
10* m>K/W) and three issued from an inner acrylic
surface through drilled holes, and the void space was
completely filled with thermal epoxy. The inner acrylic
surface was backed by a fiber-insulation board of low
thermal conductivity (=0.038 W/mK) in order to
minimize the heat loss through the bottom and sides of
the test plate. The temperature of the back surface of
the test plate was measured using 36-gage (0.13 mm
diameter wire) copper—constantan thermocouples in-
stalled at equal distance. In addition to the thermo-
couple placed at the center of the test section to
measure the foil temperature at the stagnation point,
there were a total of 20 thermocouples in each direc-
tion (see Fig. 1). Calibrated copper—constantan ther-
mocouples were used to measure the temperature of the
back surface of the test plate. The data were logged by
a recorder (180 mm Hybrid recorder, AH3000, chino).
A detailed cross-sectional view of the thermocouples
setup designed for more accurate temperature mea-
surements is shown in Fig. 1.

2.2. Data reduction and uncertainty

The heat flux, ¢, in the heating foil was controlled by
the variation of output voltage and this was calculated
by measuring the voltage drop (V) between the voltage
taps soldered in the heating foil, the electrical current (1)
and the power factor (cos ¢). The convective heat flux
(qw) was calculated as follows:

VI cos ¢
A b

9w = qg — GQloss ~ (1)

where A4 is the area of the test plate (a heated foil). The
term g 18 a small correction for conduction and ra-
diation losses from the element. The correction never
exceeded 3% of ¢, in the present study. By performing a
detailed analysis, the maximum possible errors are in-
dividually obtained as follows: (1) radiation loss: 0.1%
(2) non-uniformity of the heating foil: 1.8% (3) lateral
solid heat conduction: 0.5% and (4) heat loss through
insulation: 0.4%. The wall temperature T, at the outer
surface of the heater can be calculated by one-dimen-
sional heat conduction model at each applied heat flux

(qw) as

=1 M 2)
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The Reynolds number is defined as Re = uDy/v
where u is the velocity of the air leaving the tube, Dy is
the hydraulic diameter, and v is the kinematic viscosity
of air. Putting ¥V = ud; we have

Re = 4V /nvDy,. (3)

The effects of jet entrainment temperature on heat
transfer have been investigated by [12-15]. The heat
transfer coefficient is defined in terms of the difference
between the heated wall temperature and the adiabatic
wall temperature and it is independent of the tempera-
ture difference between the jet and the ambient. There-
fore, it is possible to use heat transfer data for an
unheated jet (7 = 7)) for the heated jet if the effective-
ness is known and the local heat transfer coefficient is
defined in terms of the adiabatic wall temperature. The
local heat transfer coefficient based on the difference
between the wall temperature and adiabatic wall tem-
perature is well established [16,17]. The local heat
transfer coefficient is defined as
qw

g T, w T. aw ’ (4)
the adiabatic wall temperature (7,, = T}) distribution is
measured at the inner surface of test plate based on zero
wall-heat flux. Approximately 0.5 h is required to reach
steady-state condition for each test run. Experimental
results for heat transfer are presented in terms of the
Nusselt number

hDy,
Nu = T (5)

The uncertainty analysis was performed by using
methods suggested by [18] with 95% confidence level.
The maximum uncertainties in measurement were esti-
mated at: heat flux *£1.7%, heat transfer coefficient
+6.2%, Nusselt number +6.5%, Reynolds number
+3.0% and friction factor £5.1%.

3. Results and discussion

Three cases were run with a jet impinging normal to
the flat plate. One case had an open tube (BR), one had

(a) BR

(b) LSS

a longitudinal swirling strip insert (LSS), and one a cross
swirling strip insert (CSS). The experiments were con-
ducted at 10 different Reynolds number (250, 500, 750,
1000, 2100, 4400, 9300, 16,500, 21,000 and 27,000) for
jet-to-plate spacings (H/d) of 3, 5, 8, 12 and 16).

3.1. Flow visualization

The smoke generated by a smoke generator is in-
jected into the plenum before the blower is turned on.
Flow visualization experiments were conducted using
the same jet assembly as in the heat transfer experi-
ments, a strong light resource, a black background, and
a camcorder and a 35 mm camera to record images of
the flow fields. The smoke flow technique was used to
show images of the complete flow field, both between the
jet exit and the impinged surface, and horizontally along
the impinged surface, up to 35 mm from the stagnation
point. The flow visualization showed how swirls affected
the flow field and induced mixing on the impinged sur-
face. Fig. 3(a)—(c) show the flow fields of BR, LSS, and
CSS at Re = 500. In general, the impinging flow struc-
tures of the impinging jet before arriving at the wall
observed for the round jet with LSS/CSS are signifi-
cantly different from that of the round jet without any
insert. The flow fields of CSS (Fig. 3(c)) showed four
distinct radial flow streams exiting the housing tube and
continuing to about 1.5 jet diameter from jet exit before
combining to form a flow cone similar to that of BR
(Fig. 3(a)), but with a larger diameter at the top due to
higher entrainment of ambient air (Fig. 3(b)—(c)). The
spiral channels formed by the LSS/CSS introduced
swirling flow components in the jet flow, causing it to
spread radially outward after exiting the housing tube.
The radial spread of the flow of the present study in-
creased as the narrow channels in the housing tube
widened (Fig. 3(b and c). The heat transfer on impinged
surface was the highest at the radial location where the
jet flow cone impinged the surface. Outside and inside
the flow cone, flow mixing and hence heat transfer rate
was lower.

Fig. 4 shows photographs of the entire flow field
induced by BR, LSS, CSS at H/d =3-12 and
Re = 4400. In general, in Fig. 4(a)—(c), these patterns

(c) CSS

Fig. 3. Comparison of flow field among the BR, LSS and CSS at Re = 500.
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(c) BR, H/d=12
(a) BR, H/d=3 (b) BR, H/d=8
(f) LSS, H/d=12
(e) LSS, H/d=8 .
4 -

(2) CSS, H/d=3

(h) CSS, H/=8

(i) CSS, H/d=12

Fig. 4. Photographs of flow field for different nozzle types and jet-to-plate distances at Re = 4400.

have the symmetric vortex cells. Also, as the H/d in-
creases, it was found that the strength of the symmetric
vortices decreases. In addition, the flow field in the
region extending from the exit of the tube to about one
and half jet diameter from it was basically a parallel
flow and the flow gradually changed to a triangular
cone as it approached the impinged surface due to the
entrainment of surrounding air. The minor diameter of
the BR flow cone was about one jet diameter, d, while
its major diameter on the impinged surface was ~2d.
As a result, the strength of the turbulence in the case of
the BR on the impinged surface was the highest at the
centerline of the jet (or at the stagnation point), and it
became gradually weaker radially outward from the
stagnation point. The air flow impinging the surface
developed into a parallel boundary layer along the
surface, which subsequently formed vortices, some ra-
dial distance apart from the stagnation point. These
vortices moved radially outward with the decrease in
jet spacing or increase in Reynolds number (not shown
here). Similarly, a pair of symmetric vortex cells for the
LSS is observed in Fig. 4(d)—(f). Taking a closer view,
the impinging flow structures of the impinging jet after
arriving at the wall observed for the LSS (Fig. 4(d)—(f)
are significantly different from those of the BR (Fig.
4(a)-(c)). However, the vortices shown in Fig. 4(d)—(f)

are yawed. This is because the yawed vortices were
formed due to the complex interaction among centrif-
ugal force, buoyancy force and the special swirling flow
streams where air impinged the surface. The compli-
cated yawed flow phenomenon persisted until the flow
spread horizontally along the impinged surface up to
35 mm in radial diameter. Fig. 4(g)—(i) gave very clear
images of the complete flow field for the present case of
CSS; it showed how swirls affected the flow field and
induced mixing on the impinged surface. It also indi-
cated that CSS seems to have a stronger turbulence,
and the degree of turbulence decreased with increasing
H/d. However, the images of the flow fields for the
BR, LSS and CSS shown in Fig. 4 confirmed the
measured radial distributions of Nu in heat transfer
experiments, showing local Nusselt number peaking at
or near the stagnation point and then decreasing ex-
ponentially with increasing radial distance from the
stagnation point. When the jet-to-plate distances in-
creased, the jet flow fields shaped like a pyramid (Fig.
4(e, f), and (h, 1)). The spiral flow dominated up to a
vertical distance of about three jet diameters from the
exit of the housing tube. Below that, the flow spread
widely in the radial direction, impinging the surface
over a larger distance from the stagnation point than
the BR with the same nozzle-to-plate distance.
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3.2. Heat transfer coefficient

The local Nusselt number distribution along the plate
is shown in Fig. 5 for different nozzle types (BR, LSS
and CSS) and three jet Reynolds numbers (4400, 16,500
and 27,000). Common to all results (500 < Re < 2700) is
the trend of monotonic increase in Nu with increasing
Re. Also, Nu decreased with increasing radial distance
from its maximum value at (for BR) and near (for LSS
and CSS) the stagnation point. For the range of Re from
500 to 27,000 the gradual reduction in the Nu continues
beyond r/d > 1.0. Furthermore, this result clearly
demonstrated that both the LSS and CSS markedly
enhanced heat transfer rate on the impinged surface
compared to BR at same Re and H/d. However, Nu
values for the CSS were much higher than those for LSS
and BR, particularly at and near the stagnation point. It
was found that Nu had a saddle-shaped radial distribu-
tion, which was symmetric about the center line of the
jet (r =0), similar to that of [19]. As Re increased, the
difference between peak Nu and that at the stagnation
point increased, decreasing the radial uniformity of Nu
in the vicinity of stagnation point. It is worth noting that
BR always produced a more uniform radial distribution
of Nu than LSS and CSS, but Ma [20], and Ward and
Mahamood [8] reported the swirling jets provided a
more uniform radial distribution of local impingement
jets than normal impingement. This reverse result seems
due to the different definition of the jet Reynolds num-
ber (based on the mean nozzle exit velocity in the non-
swirling case, not the definition in the present paper).
Based on the present definition of the Reynolds number,
the swirling jets have the small Re than that of the above
Refs. [8,20] under the fixed pumping power. Moreover,
the effect of jet spacing H/d on Nu is also much more
significant for CSS than LSS and BR where as Nu for all
jets decreased as H/d increased (see Fig. 6).

Fig. 7 shows the stagnation point Nusselt number
(Nuy) versus nozzle-to-plate distance (H/d) for three

250

N H/d=5
Re=27000
BR

LSS
CSs
BR

LSS
CSS
BR

LSS
CSS

200

Nu
e
< &40 o

4 ¢+0 oD

oD

Re=16500

< &0
o

&0 (&
4e0 O

<4oo >

100

»
<4

t
ﬁ.‘

Re=4400

50 -

D OO + & 4 > o n

»  <400D>

» <«
» o>

=3
)
'S
=N
o
=

r/d

Fig. 5. Measured radial Nusselt number distribution at differ-
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Fig. 6. Measured radial Nusselt number distribution for dif-
ferent nozzle types and at different H/d.

different nozzles. The plot shows that, the increasing
centerline turbulence with increasing Re results in an
increasing Nusselt number (MNuy). Moreover, no per-
ceptible dependence of Nuy on H/d was detected. The
results under present study are in good agreement with
the previous results [21,22]. The percentage increase in
the stagnation point Nusselt number for the cases of
round jet with different inserts (LSS and CSS) were
found to vary up to 6%, but in most of cases the increase
was about 4-5%.

Using numerical integration the average Nusselt
number (Nu) is given by Eq. (6) as follows:

Nu %/ r- Nudr. (6)
= Jo

The effect of jet-to-plate distance on the average
Nusselt number for different nozzles and Re is shown in
Fig. 8. In general, the average Nusselt number (Nu) in-
creases rapidly with decreasing H/d at H/d < 8 and
with increasing Re. When H/d is greater than 8, the
variation of Nu is generally much smaller, and the
variation among the present BR, LSS and CSS is not

250

2 a N A = BR
wlo © o ° 4 Re=27000 e LSS
e . A CSS
PP + + v BR
- . .

= By v v Re=16500 * LSS
+  CSS
o BR
100 ° LSS
I T | H £ Re=4400 & CSS

50 1 n 1 n 1 I 1 n 1 n

5 10 15 20 25 30

H/d

Fig. 7. Stagnation point Nusselt number versus H/d for dif-
ferent nozzles.
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Fig. 8. Effect of nozzle-to-plate distances on the average Nus-
selt number for different nozzles.

noticeable for low Re. However, it suggests that lower
H /d has a higher Nu, the highest Nu is for CSS and this
is followed by LSS and BR. The present study also
shows that an increase in the average Nusselt number
for the round jet with two different inserts is more pro-
nounced around the tip of the potential core of the cir-
cular jet (not shown here). This increase can be
attributed to more vigorous mixing in case of the round
jet with swirling-strip type insert.

3.3. Correlations of Nusselt number

Considering now the effects of different nozzles on
the stagnation point Nusselt number with respect to
Reynolds number, the present Nusselt number at the
stagnation point plotted against the Reynolds number
is shown in Fig. 9. Generally speaking, the effects of
H/d on stagnation point Nusselt number shown in
Fig. 8 seems insignificant (the variation of Nu, versus
H/d is less than 5% (see Fig. 7)). However, it was

13

= BR Nu, = 1.29 Re"* Pr
(Correlated by Webb and Ma [27])
e LSS
0.67

& CSS Nu, =0.615 Re"” H/d ™™
(Correlated by Tawfek [28]) -

Nu, Nu, = 0.98 Re"™ Pr'”

(Correlation for CSS)
Nu, = 0.967 Re"*' Pr'*
(Correlated by Zheng et al. [26])
0.498 173
Nu =1.17Re " Pr
(Correlation for BR)

Nu_=1.05 Re

(Cortelation for LSS)

0502 1, 173

Pr

Re

Fig. 9. Variation of the stagnation point Nusselt number with
Reynolds number for different nozzles.

found that the Ny, increases mainly due to increase in
Re. The Prandtl number term (Pr) will be familiar
from other established correlation (Pr'/?). Since this
value (1/3) is commonly used to express the effect of
change in Pr in jet-impingement systems [§8]. However,
the exponent of 2/5 instead of 1/3 was also used, the
reason has been discussed both [5,20]. Although the Pr
of present study was limited, its effect is well known
and is, therefore, included for completeness. This in-
dicates that there exists a plot like Fig. 9 for the
correlations of stagnation Nusselt number versus
Reynolds number for different nozzles. The correlation
predicts 98% of point within +25% and 85% of points
within £10%. For round jet without any insert, the
Nusselt number in the stagnation point coincides with
the laminar stagnation theory [23], which yields the
dependence Nuy o< Re"*. Furthermore, it is noted by
Hollworth and Gero [24] that appreciable deviations
from the theory may occur in the stagnation region
due to the effects of turbulence in the jet freestream.
However, for the present round jet with different in-
serts, the Reynolds number dependence is stronger
(Nug oc Re®> for present LSS and Nuy o< Re"** for
present CSS). This is attributed to the increase of
turbulence intensity in the present jet with inserts as a
result of the stronger exchange of momentum with the
surrounding ambient air. This behavior agrees closely
with the results of Pan et al. [25]. The correlations
recommended by Zheng et al. [26] and by Webb and
Ma [27] for the large Pr number were much higher
and much lower than that of the present study, re-
spectively. These differences seem due to the different
Pr number and the different jets. But, as predicated by
Zheng et al. [26] and by Webb and Ma [27], the Nu,
data shown the same dependence (the trend) on Re as
does the present BR case. In addition, the correlation
developed by Tawfek [28] for 7240 < Re < 27,000,
H/d =16 and d =7 mm, agrees with the present re-
sults with the average difference of less than 9% for
BR case. However, the agreement is weakened at
higher Reynolds number (for Re > 27,000) with a
maximum difference of more than 16%.

Fig. 10 shows the correlations of the average Nusselt
number versus Reynolds number for different nozzles.
Similar to Hrycak [29] and Tawfek [28] (Nu « Re’7), the
calculated values of Nu were found to be best correlated
in terms of Re®®%, Re"7 and Re"7" for the present BR,
LSS and CSS, respectively. However, Nu was strong
functions of H/d, r/d (see Figs. 6 and 8) and Pr. The
results are satisfactorily correlated as

m — 0.442Reo.696ﬂ,1/3 (H/d)*olo (r/d)—0.41
for present BR, (7

Nu = 0.452R€0'702PI’1/3 (H/d)fo.ZO (r/d)—OAl
for present LSS, (8)
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Fig. 10. Variation of the average Nusselt number with Rey-
nolds number for different nozzles.

Nu = 0.448R60,706Pr1/3(H/d)70.20(r/d)—0.4l
for present CSS, 9)

in the range 3<H/d<16, 0<r/d<7.14 and
750 <Re <27,000. The maximum deviation of the
above correlations and the average Nusselt numbers
obtained from the experimental data is less than £10%.

3.4. Performance evaluation

Of special interest for studies of impingement heat
transfer augmentation for the round jet with LSS/CSS is
the question of how much the heat transfer is increased
relative to a round jet without any insert (BR) at the
same condition. The impingement heat transfer of the
present round jet with/without inserts (LSS, CSS/BR)
may be predicted, as in the cases from Egs. (8) and (9),
using an auxiliary factor from Fig. 11 for different
nozzles. The performance evaluation for the present
geometry with swirling insert has been evaluated a on
the criterion of increase in heat duty at constant
pumping power as suggested by [30]. The performance
ratio, R is given by

1.30

7
% 120+ —e—1LSS
—
3 —a&—CSS
S 115t "~ ———n
< [ A A—
£ a—"

— o
S 110 |- o
I—

5 2 o— .
A -

105 |-

1.00 1 1 1 1 1

0 5000 10000 15000 20000 25000 30000

Re

Fig. 11. Performance ratio with Reynolds number for different
nozzles.

R= (Nu_)inserl , (10)
(Nu)y

where the subscripts “insert’” and “fl”” stand for a partial

insert and full-length insert, respectively. (Nu), at a gi-

ven Reynolds number, Rey is estimated for equal

pumping power in smooth with insert, and calculated by

the following

/3
Ja ) ( Arp )}1
Rejnsery = - Rey, 11
' |:<ff,inscrt Af‘inscrt : ( )

nd?
Af"ﬂ :T, (12)
d? d?
Arrss = KRT*M)L+ET(LT*L)}/LT7 (13)
2 2
Arcss = K% —28d + 52>L +%(LT - L)} /LT.

(14)

The ff insert VEISUS Rey insery CUrves were consulted and trial
and error method was adopted.

Fig. 11 shows the performance ratio at H/d =5 for
the cases of present LSS and CSS. It shows that CSS
has the better heat transfer performance than that of
LSS. The percentage increase in the heat transfer en-
hancement was found to vary up to 9% and 14% for
the case of the present cases of LSS and CSS, re-
spectively. In general, the enhancement ratios in both
cases (LSS and CSS) are increased as the Reynolds
number increased. Moreover, no significant effect of
the H/d on the enhancement factor has been found
(see Fig. 7). Taking a closer view, for lower Reynolds
number (Re < 5000), it was found that there is a rapid
increase in performance ratio for both LSS and CSS
as Re increases. This is because the flow yields
the secondary vortex with rapid increase in both size
and strength in the flow pattern at early stage
(Re < 5000).

4. Conclusions

Heat transfer and flow visualization experiments
were performed to investigate and compare the heat
transfer performance of the swirling jets (LSS and CSS)
with that of a conventional impinging jet (BR) having
the same tube diameter at the same conditions. The
experiments were performed for a fixed jet diameter
(d = 7 mm) and the constant-heat-flux test plate (stain-
less steel foil). Reynolds number was varied from 500 to
27,000 and the jet-to-plate distance (H/d) was also
varied in the range of 3 and 16. The principal conclu-
sions are derived as follows.
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1. The flow visualizations brought about a good under-
standing of the flow field: air flow development after
exiting the jet housing tube, flow mixing and forma-
tion of vortices on the impinged surface and entrain-
ment of ambient air.

2. The local as well as the average heat transfer was
strong function of r/d, Re and H /d, but no perceptible
dependence of Nuy on H /d was detected. The percent-
age increase in the stagnation point Nusselt number
for the cases of round jet with different inserts was
found to vary up to 6%, but the increase was mostly
about 4-5%. However, it suggests that lower H/d
has a higher Nu the highest Nu is for CSS and this is
followed by LSS and BR, respectively.

3. The heat transfer rate increases as the jet spacing de-
creases owing to the reduction in the impingement
surface area.

4. Simple correlations of the stagnation point Nusselt
number (Nu) as well as the average Nusselt number
(Nu) have been derived for all the nozzle types and
other pertinent variables. These correlations provide
useful information for potential industrial applica-
tions.

5. The performance analysis has shown that CSS has
the better heat transfer performance than that of
LSS. The percentage increase in the heat transfer en-
hancement was found to vary up to 9% and 14% for
the case of the present LSS and CSS, respectively.
The performance ratios of both LSS and CSS in-
crease as the Reynolds number increases.
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