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Abstract

Experiments were performed to characterize the heat transfer enhancement produced by adding arrays of triangular
tabs to the exit of turbulent round impinging jets issuing from a long pipe. For small nozzle-to-plate distances the local
heat transfer was increased more than 25% in a series of distinct regions surrounding the impingement region. The
largest increase in the average Nusselt number occurred for a nozzle-to-plate distance of approximately 4 diameter. In
this case, the average Nusselt number was increased by 20% for the impingement region but only approximately 10%
for the region with a radius of 3 jet diameters. Measurements of the velocity field were performed in free jets with tab
arrays to investigate how the tabs modify the development of the flow.

© 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction

Turbulent round impinging jets are used in a wide
variety of practical cooling and drying applications so
that the heat and mass transfer produced by these jets
have been characterized in a number of investigations
reviewed by Viskanta [1] and Webb and Ma [2]. These
investigations have shown that the heat transfer pro-
duced by a round impinging jet depends on a number of
parameters, including the Reynolds number of the jet,
the nozzle-to-plate spacing, the presence of a confining
wall, and the ambient air temperature relative to the jet
temperature. The geometry of the nozzle also has a
significant effect on the heat transfer produced by the
impinging jet. For example, the heat transfer produced
by orifice nozzles with contoured outlets is up to 20-30%
higher than that produced by a simple square orifice
nozzle [3,4]. The heat transfer produced by the orifice
nozzle also depends on the thickness of the orifice rela-
tive to the orifice diameter [5]. These changes in the
orifice geometry modify the heat transfer to the im-
pinging jet because they affect the development of the jet
before it impinges on the plate, particularly in the case of
confined jets [6,7]. Lee et al. [8] also examined if the heat
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transfer produced by the impinging jet could be in-
creased by changing the orifice to an elliptical geometry.
They found that the local Nusselt number in the im-
pingement region for a nozzle-to-plate spacing of 6 di-
ameter was approximately equal to the results for a jet
exiting a round contoured orifice and 15% larger than
for a jet exiting a long round pipe. The local Nusselt
number on the major and minor axis of the elliptical jet
decreased with radius more rapidly for jets exiting the
round orifice or pipe.

There has also been considerable interest in passively
or actively modifying the impinging jet to increase the
heat transfer produced by the jet. It is well known that
the heat transfer produced by the jet in the impingement
region is related to the turbulence intensity of the jet and
can be increased by adding a grid at the jet exit when the
nozzle-to-plate distance is less than 6 diameter [9,10].
Kataoka et al. [11] noted that the nature of the turbulent
structures were also important in determining the heat
transfer. In particular, they argued that the stagnation
heat transfer was large for nozzle-to-plate distances near
6 diameter because the large-scale structures that occur
near the end of the potential core caused intermittent
motions that entrain ambient air near the wall in the
impingement region. There have been a number of at-
tempts to enhance the heat transfer to impinging jets by
actively increasing the intermittency of the flow in the
impingement region. For example, Zumbrunnen and
Aziz [12] examined the heat transfer produced by an
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Nomenclature

D nozzle diameter, m

H nozzle-to-plate distance, m

h heat transfer coefficient, W/m? K

k thermal conductivity, W/m K

K loss coefficient of the tab arrays, K =

(AP — APaoas) / (U3 /2)
local Nusselt number, 4D /k,
average Nusselt number
pressure, Pa
heat flux, W/m?
volumetric flow rate, m®/s
radius of the region for the average Nusselt
number, m
radial coordinate on the surface, m
Re Reynolds number, U,D/v
temperature, K
u fluctuating streamwise velocity in the round
jet, m/s
u root mean square value gfl ;[he streamwise
fluctuating velocity, ' = u?> ", m/s
mean streamwise velocity in the round jet, m/s
average velocity of the pipe flow, 4Q/(nD?),
m/s

SRR E

~

S

X a spatial coordinate for a Cartesian system
on the surface, m

y a spatial coordinate for a Cartesian system
on the surface, m

z distance downstream of the jet exit, m

n local heat transfer enhancement Nuy, (7, 0)/
Nunotab(r7 9) -1

y kinematic viscosity of air, m?/s

p density, kg/m?

0 angular coordinate on the surface, degrees

Subscripts

a air

bot bottom

conv convection

elec local electrical heating

] jet

1 loss

notab  results measured without tabs

o stagnation

rad radiation

tab results measured with tabs

w wall

intermittent jet that was created by periodically passing
blades through an impinging round jet. They found the
heat transfer was significantly enhanced for blade pas-
sage frequencies normalized by the jet exit diameter
and mean velocity greater than 0.31. For lower fre-
quencies the heat transfer produced by the intermittent
jet was less than for the plain jet. Azevedo et al. [13] and
Sailor et al. [14] later measured the stagnation heat
transfer for intermittent pulsed jets created by rotating a
valve in the flow to the jet. Azevedo et al. measured the
stagnation heat transfer for nozzle-to-plate distances of
1-10 diameter, while Sailor et al. measured the stagna-
tion heat transfer for nozzle-to-plate distances of 4, 6,
and 8 diameter. Azevedo et al. found that pulsing the jet
reduced the stagnation heat transfer for a broad range of
frequencies including normalized frequencies greater
than 0.3. On the other hand, Sailor et al. [14] found that
pulsing the jet increased the stagnation heat transfer.
The time dependent velocity of the two jets differed,
which may have caused the difference in the observa-
tions. Neither investigation reported the local Nusselt
number anywhere other than at the stagnation point so
it was not possible to assess the overall effect of pulsing
the jet.

Liu and Sullivan [15] examined the heat transfer en-
hancement that could be achieved by acoustically forc-
ing round impinging jets with nozzle-to-plate distances
of 0.625-2 diameter. They found that the forcing caused

a small change in the heat transfer at the stagnation
point and in the impingement region. There was a sig-
nificant change in the secondary peak of the heat
transfer that occurred at a radius of approximately 1.5-2
diameter. The heat transfer at the secondary peak could
be increased by up to 10% when the jet was forced at its
natural frequency but suppressed by 10% when the jet
was forced at lower frequencies.

It has been proposed that the secondary peak in the
heat transfer for small nozzle-to-plate distances is caused
by the unsteady separation of the secondary vortices
that form near the wall as the primary vortex rings from
the jet shear layer pass over the wall [16,17]. Thus, Liu
and Sullivan’s [15] results indicate that forcing the large-
scale ring structures in the round jet changes the heat
transfer in the wall jet region of the flow, particularly for
small nozzle-to-plate distances. Kataoka et al.’s [11] re-
sults indicate that promoting the breakdown of these
ring structures to increase mixing in the jet should en-
hance the heat transfer near the impingement region.
There are a number of techniques that can be used to
promote this mixing, including adding tabs that pro-
trude into the flow at the jet exit. For example, Reeder
and Samimy [18] showed that a delta tab at the exit of a
round jet produced a pair of counter-rotating vortices
that increased mixing in the jet shear layer. They also
found that the delta tab produced a low-speed region
directly behind the tab and high-speed regions on each
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side of the tab. Heretofore, however, the effect of adding
tabs at the jet exit on the heat transfer produced by an
impinging jet has not been investigated in detail.

The objective of this investigation was to characterize
the heat transfer produced by an impinging jet exiting a
long pipe with different arrays of triangular tabs at the
jet exit. The investigation was performed for a jet exiting
a long pipe in an attempt to ensure the flow field up-
stream of the tabs was the same for the different arrays.
The heat transfer produced by jets with arrays of 6, 10,
and 16 equally spaced 45° triangular tabs were measured
for nozzle-to-plate distances ranging from 1 to 10 di-
ameters. Measurements were performed for tabs pro-
truding distances of 0.06-0.15 diameter into the flow.
The flow fields in free jets with arrays of triangular tabs
were also measured using hot-wire anemometry. These
measurements were used to explain the trends and dif-
ferences observed in the heat transfer measurements.
The heat transfer and flow measurements reported here
were performed for jets with Reynolds numbers of
23,000 based on the mean pipe velocity and pipe dia-
meter.

2. Experimental methodology

measured using the facility shown in Fig. 1. The im-
pinging jet in this facility exits a round pipe with a di-
ameter of 12.7 mm and length of 96 diameters. This
length was sufficient to ensure that the velocity profile at
the exit of the free jet was fully developed and should
ensure that the profile upstream of the arrays of tabs was
fully developed. A flow straightener was included at the
entrance of the pipe to remove any swirl from the flow.
The volume flow rate through the pipe was measured
using a rotometer upstream of the pipe.

The flow exiting the pipe impinged onto a 5.7 cm
wide stainless steel foil positioned over a 5.1 cm wide
slot in 40.6 cm by 40.6 cm plexiglass plate. The foil
spanned the length of the plate and was mounted on
adjustable ends used to tension the foil after it was he-
ated. The 0.0254 mm thick foil was heated using a reg-
ulated DC power supply that produced 4550 W/m? of
local electrical heating, ge... The radiation from the foil,
¢rad» and the conduction to the air below the foil, gpo,
were less than 5% and 1% of the local heating, respec-
tively. Their contributions were subtracted from the lo-
cal electrical heating to determine the heat transfer to
the impinging jet. Thus, the local heat transfer coefficient
of the impinging jet is given by

The heat transfer produced by the turbulent round b= Gconv _ Gelec — (grad + Gvot) (1)
impinging jets with and without the arrays of tabs was Ty(r,0) = T T(r,0) =T
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Fig. 1. Schematic of the facility used for the heat transfer measurements.



2560 N. Gao et al. | International Journal of Heat and Mass Transfer 46 (2003) 2557-2569

where T, (r,0) is the local foil temperature and 7; is the
temperature of the jet. The lateral heat conduction in the
foil was less than 0.4% of the local heating and was in-
cluded in the estimate of the uncertainty in the local
heating.

The foil temperature was measured using an FLIR
THERMACAM SC3000 infrared camera with a reso-
lution of 0.2 °C, located 70 cm below the foil. The
bottom of the foil was painted using candle soot black
paint. The emissivity of the paint was determined by
attaching the foil to a thin metal container that con-
tained heated water. The temperature of the water was
measured using a mercury thermometer and the tem-
perature of the painted surface was measured with the
camera. The emissivity was adjusted until the temper-
atures were in agreement. This was done for tempera-
tures between 50 and 80 °C, and the resulting emissivity
was 0.96 +0.01. In all cases the temperature distribu-
tion on the foil was determined by averaging 100 dif-
ferent images measured over a 100 second period. The
jet temperature used here is the adiabatic wall temper-
ature determined by measuring the foil temperature
without electrical heating. The ambient temperature
was also measured using an E-type thermocouple
sampled using a Computer boards PCI-CIO-TC data
acquisition board. The jet and ambient temperatures
differed by less than 0.3 °C for the measurements re-
ported here. This difference was considered in the un-
certainty analysis.

The heat transfer was measured for turbulent round
jets with arrays of 6, 10, and 16, 45°-triangular tabs at
the exit as shown in Fig. 2. Triangular tabs were chosen
here because each tab should create a streamwise vortex
on the angled side of the tab. Thus, alternating pairs of
tabs in the arrays should create pairs of counter rotating
vortices separated by a distance approximately equal to
the distance between the tabs. The tabs in the array were
fastened to a collar that fit snugly over the end of the
pipe as shown in Fig. 2. The orientation of the arrays in
these figures correspond to the orientation of the tabs
for the measurements presented here. The distance the
tabs protrude into the flow was set using a jig designed
so that all of the tabs could be inserted the same distance
into the flow.

Heat transfer measurements were performed for im-
pinging jets with a Reynolds number of 23,000 and
nozzle-to-plate distances ranging from 1 to 10 diameter.
The measurements at nozzle-to-plate distances of 2, 4,
and 6 diameter are examined in detail here. Measure-
ments were performed with tabs protruding 0.06D, 0.1D,
and 0.15D into the flow.

The local heat transfer enhancement for each jet was
characterized using an enhancement factor 7 given by

Nutgay (, 0)

'I(va):m—h (2)

Fig. 2. Schematic of the arrays of (a) 6, (b) 10, and (c) 16 45°-
triangular tabs.

where Nu is the local Nusselt number given by

D

N ,
u o

3)
and Nuy,, and Nupop are the local Nusselt numbers with
and without array of tabs for the same nozzle-to-plate
distance. The effect of the tabs on the heat transfer
was also assessed using the average Nusselt number for
a region of radius R surrounding the stagnation point
given by

v _ hD _ Gconv 2
k

ki Ty(R,0)—T ki’ @)

defined in terms of the average temperature difference
given by
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Tu(R,0) — T, = #/OZH/OR(TW(A 0) — T)rdodr.  (5)

The average Nusselt number was computed for each
radius and presented as profiles of Nu(R).

The experimental uncertainty of the Nusselt numbers
and Reynolds numbers are £10% and £7% respectively
for a 95% confidence interval. It was also found that the
measurements for the plain jet were in good agreement
with previous measurements for an impinging jet with
nozzle-to-plate distance of 2 and 6 diameter and the
same Reynolds number of 23,000 [19]. The largest dis-
crepancy was less than 5% at the secondary peak for the
nozzle to-plate distance of 2 diameter. The difference
elsewhere was less than 3%. It was also found that the
results reported here were repeatable to well within 10%.

The pressure drop in the pipe was measured using a
1.59 mm diameters pressure tap installed 90 diameter
upstream of the jet exit. The pressure was measured with
a VALIDYNE DP45 differential pressure transducer.
The pressure drop was measured with and without the
tab arrays and the difference was used to compute a loss
coefficient for the tab array.

The local heat transfer measurements for the array of
6 tabs and the arrays of 10 or 16 tabs differed signifi-
cantly, indicating that the 6 tab array affected the de-
velopment of the round jet differently than the 10 or 16
tab array. The effect of the tabs on the development of
the jet was examined by measuring the flow field in a
second facility shown in Fig. 3. The jet in this facility
exits a larger long pipe with a diameter of 38.1 mm. The
pipe in this facility only had a length of 60D due to space
limitations. The flow entering the pipe was conditioned
in a settling chamber to remove any swirl or pulsations
from the blower. The profiles of the mean velocity and
streamwise fluctuating velocity measured at the pipe exit
were in good agreement with the profiles for fully de-
veloped pipe flow [20]. The effect of the tabs was ex-
amined by measuring the flow field in fiee jets with
arrays of 6 and 12 45°-triangular tabs protruding 0.1D

Flow
Straightener
Filter '1 Pt |

L1 ]

Settling Chamber

+ Lﬁ'
Fig. 3. Schematic of the facility used for the flow field mea-
surements.

into the flow. The velocity fields were measured using an
AALabs AN2000 anemometer system and single hot-
wire probe. The probe was calibrated in a contoured
nozzle facility and the results were fitted using a stan-
dard fourth order polynomial. The hot-wire probe was
moved through a grid of 21 by 21 points on planes 0.5,
1.5, and 3 diameter downstream of the jet exit using a
computer controlled traverse with an accuracy of less
than 0.1 mm. The measurements are presented as con-
tours of the local mean streamwise velocity and root
mean square of the streamwise fluctuating velocity
normalized by the mean velocity of the pipe flow,
U, = O/A. The sampling time was sufficient so that the
95% confidence interval of the estimators for the mean
and fluctuating velocity measurements were 4% and 10%
respectively. The jet and ambient temperatures were
measured during the hot-wire measurement using E-type
thermocouples and the calibration was compensated for
any changes in temperature. The room temperature
varied by less than 1 °C over the course of the mea-
surements. Further details about the hot-wire measure-
ment procedures can be found in Sun [20].

3. Results and discussion
3.1. Local Nusselt number measurements

The effect of the tabs on the heat transfer produced
by the impinging jet was initially examined by compar-
ing the heat transfer enhancement produced by the three
arrays at a fixed nozzle-to-plate distance. The local heat
transfer enhancement produced by the arrays of 6, 10,
and 16 triangular tabs for a nozzle-to-plate distance of 2
diameter are shown in Fig. 4. The tabs were inserted
0.1D into the flow for these measurements. The heat
transfer was significantly enhanced in the impingement
region and the initial portion of the wall jet for all three
arrays, particularly in a series of distinct regions sur-
rounding the impingement region where the heat trans-
fer was increased up to 25%. The nature of the heat
transfer enhancement produced by the arrays differed in
this region. In particular, the 6 tab array produced 6
distinct regions of large heat transfer enhancement
centered at »/D ~ 1 but the 10 and 16 tab arrays only
produced 5 and 8 regions respectively. The local heat
transfer enhancement produced by the 10 and 16 tab
arrays was also more uniform than for the 6 tab array.
Both these results indicated that the 6 tab array affected
the development of the jet differently than the 10 or 16
tab arrays.

The effect of the tabs on the development of the jet
was investigated by measuring the velocity field in free
jets exiting the large diameter long pipe with arrays of 6
and 12 triangular tabs at the jet exit. Contour plots of
the mean streamwise velocity measured in these jets and
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Fig. 4. Distribution of the heat transfer enhancement factor n measured at H/D = 2 for jets with arrays of (a) 6 tabs (b) 10 tabs and (c)

16 tabs inserted 0.1 diameter into the flow.

the plain jet at z = 0.5D and 1.5D downstream of the jet
exit are shown in Figs. 5 and 6. The mean velocities here
have been normalized by the mean velocity of the pipe
flow that was the same for all of the measurements. It is
clear that initially both arrays of tabs deform the axi-
symmetric shear layer. The array of 6 tabs creates 6
high-speed regions in the shear layer corresponding to
the gaps between the tabs and 6 low-speed regions in the
wakes of the tabs. The high-speed regions persist to
z = 1.5D and their location between the tabs correspond
to the regions of large heat transfer enhancement ob-
served for the impinging jet. The high-speed regions
formed in the narrow gaps between the tabs were also
somewhat smaller than the regions formed in the larger
angled gap. The heat transfer enhancement below the
narrow gaps is also somewhat smaller than for the larger
gaps. Thus, it is reasonable to propose that the regions
of large heat transfer enhancement observed for the
small nozzle-to-plate spacing are caused by high-speed
regions in the impinging jet shear layer created by the
gaps between the tabs.

The array of 12 tabs also initially creates 12 higher
than average speed regions in the jet shear layer at
z = 0.5D corresponding to the gaps in the array. How-
ever, in this case the regions created by the narrow gaps
between the straight edges of the tabs are considerably
smaller than the regions created by the larger angular
gaps. The mixing in the shear layer tends to eliminate
these smaller regions by z = 1.5D so that only the six

regions corresponding to the larger gaps in the 12 tab
array are still present. The regions of large heat transfer
enhancement in the 10 and 16 tab arrays correspond to
the larger angular gaps in these arrays. Thus, the ve-
locity measurements suggest again that the regions of
large heat transfer that occur for the small nozzle-to-
plate distance are caused by high speed regions in the
shear layer. However, for arrays with more than 10 tabs
these regions only persist for the large angular gaps.

The heat transfer was also enhanced in the wakes of
the tabs and the impingement region indicating that the
turbulence produced by the tabs plays a role in en-
hancing the heat transfer. Contours of the root mean
square value of the fluctuating streamwise velocity, u/,
normalized by the mean velocity of the pipe flow at
z=1.5D are shown in Fig. 7. The values of #' in the
shear layer for the 6 tab array and 12 tab array are up to
30% and 25% larger than for the plain jet, respectively.
The streamwise fluctuating velocities were the largest in
the wakes of the tabs indicating that the heat transfer
enhancement in these regions was caused by an increase
in the turbulent mixing.

The measurements of the flow field were extended to
z = 3D. Contours of the mean streamwise velocity and
the rms fluctuating velocity at this location are shown in
Figs. 8 and 9. It is clear that the jets became more axi-
symmetric as the flow evolved downstream. The distor-
tion of the jet with the 6 tab array is still evident but it is
considerably less than for the locations closer to the jet
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Fig. 5. Contours of the normalized mean streamwise velocity,
U/U,, measured at z=0.5D for (a) a plain jet and jets with
arrays of (b) 6 tabs and (c) 12 tabs inserted 0.1D into the flow.

exit. The turbulent fluctuations near the center of the jet
are larger, indicating that the tabs have promoted mix-
ing in the jet, reducing the development length of the
axisymmetric shear layer.

The development of the jet will affect the heat
transfer enhancement caused by jets with the tab arrays.
The local heat transfer enhancement produced by the
impinging jet with the 6 tab array for nozzle-to-plate
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Fig. 6. Contours of the normalized mean streamwise velocity,
U/U,, measured at z = 1.5D for (a) a plain jet and jets with
arrays of (b) 6 tabs and (c) 12 tabs inserted 0.1D into the flow.

distances of 2, 4, and 6 diameter are shown in Fig. 10.
The tabs were again inserted 0.1 diameters into the flow.
The maximum local heat transfer enhancement for the
nozzle-to-plate spacing of 4 diameters was smaller than
that for 2 diameters but the heat transfer enhancement
in the impingement region was larger and more uniform
than for the nozzle-to-plate spacing of 2 diameter. The
heat transfer enhancement for a nozzle-to-plate spacing
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Fig. 7. Contours of the normalized rms fluctuations, '/ U,, for
the cases measured at z = 1.5D for (a) the plain jet and jets with
arrays of (b) 6 tabs and (c) 12 tabs.

of 6 diameters was more uniform again but smaller than
that for a separation distance of 4 diameters. These re-
sults indicated that the increased turbulent mixing
caused by the tabs plays a more important role in en-
hancing the heat transfer for larger nozzle-to-plate dis-
tances. The measurements for the 10 and 16 tab arrays
exhibited similar trends.

The heat transfer produced by the jets with the tabs
was also effected by the distance that the tabs protrude
into the flow. The local heat transfer enhancement
produced by arrays of 10 tabs inserted 0.06D, 0.1D, and
0.15D into the flow for a nozzle-to-plate distance of 2
diameters are shown in Fig. 11. It is clear that the
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Fig. 8. Contours of U/U, measured at z = 3.0D for (a) a plain
jet and jets with arrays of (b) 6 tabs and (c) 12 tabs inserted
0.1D into the flow.

maximum local heat transfer enhancement produced by
the tabs increased with tab length. The heat transfer
enhancement was reasonably axisymmetric for tabs in-
serted 0.06 diameter into the flow. Five regions of large
heat transfer were generated for a tab length of 0.1 dia-
meter and they became more pronounced as the length
of the tabs were increased to 0.15 diameter indicating
that the effect of the tab was increasing with tab length,
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as expected. Similar trends were observed for the other
tab arrays and nozzle-to-plate distances.

The effect of the tab arrays and the tab length on the
development of the jet and the heat transfer produced by
the impinging jet can be further understood by exam-
ining the change in the stagnation heat transfer with
nozzle-to-plate distance shown in Fig. 12. The maximum
in the stagnation heat transfer shifts from a nozzle-to-
plate distance of 6-8 diameter for the plain jet to 4-6
diameter when the tab arrays with a length of 0.1D were
added to the jet exit. The distance to the maximum in the
stagnation heat transfer also decreased significantly as

the length of the tabs was increased. The maximum in
the stagnation heat transfer is normally associated with
the end of the potential core [11]. Thus, these measure-
ments indicate, again, that the increased mixing in the jet
produced by the tabs decreased the development length
of the jet in agreement with the observation from the
velocity measurements.

3.2. Average Nusselt number measurements

It is useful to compare the heat transfer enhancement
for the different arrays by examining the profiles of the
average Nusselt number. The profiles of the average
Nusselt number for a tab length of 0.1D and nozzle-to-
plate distances of 2, 4, and 6 diameter are shown in Fig.
13. The average Nusselt number produced by the jets
with the three different arrays is similar over the region
considered here. The heat transfer produced by the jet
with the array of 16 tabs was slightly larger than the
other arrays despite the fact that it did not produce the
largest increase in the local heat transfer. The largest
increase in the average Nusselt number occurred for a
nozzle-to-plate distance of 4 diameter as expected. The
average Nusselt number was increased by 16% in the
region R/D = 0.5 but it was only increased by 8-9% for
a region R/D = 3.0.

The profiles of the average Nusselt number measured
for a 10 tab array with different tab lengths are shown in
Fig. 14. The average Nusselt number over the entire
region R/D <4 increased with tab length for all three
nozzle-to-plate distances. The shortest tabs had a neg-
ligible effect on the heat transfer produced by the im-
pinging jet. The average Nusselt number was increased
by up to 22% in the region R/D = 0.5 when the nozzle-
to-plate distance was 4 diameter, but only 7% for the
region R/D = 4. Thus, much of the heat transfer en-
hancement produced by the tabs occurred near the im-
pingement region.

The results here indicate that the arrays of 16 tabs
inserted 0.1D into the flow and the array of 10 tabs in-
serted 0.15D into the flow both significantly enhanced
the heat transfer in the impingement region. It is also
important to consider the additional pressure drop im-
posed by the arrays of tabs when comparing these re-
sults. The pressure was measured at the inlet of the small
diameter pipe and the difference between the pressure
measured with and without the tab arrays was used to
compute a head loss coefficients for several arrays given
in Table 1. Clearly adding more tabs or increasing the
length of the tabs increases the loss coefficient, as ex-
pected. The loss coefficient for the arrays of 16 0.1D tabs
is slightly larger than the coefficient for the array of 10
0.15D tabs, even though the latter has a higher heat
transfer enhancement. Thus, the results here indicate
that increasing the length of tabs may be more advan-
tageous than increasing the number of tabs. This should
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Fig. 11. Distribution of the heat transfer enhancement factor # for jets at H/D = 2 with arrays of 10 tabs inserted (a) 0.06D, (b) 0.1D,
and (c) 0.15D into the flow.

be examined further. It should be noted, though, that their effect on the system flow rate would depend on the
the loss coeflicients for the tabs arrays are moderate so design of the rest of the cooling system.
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4. Summary and concluding remarks

Measurements were performed to characterize the
heat transfer produced by turbulent round impinging
jets exiting a long pipe with different arrays of triangular
tabs at the pipe exit. It was found that the addition of
the tabs at the jet exit had a significant effect on the heat
transfer produced by the impinging jet, particularly in
the impingement region. For a small nozzle-to-plate
distance of 2 diameter, the impinging jet produced a
series of distinct regions of large heat transfer enhance-
ment surrounding the impingement region. In some
cases, the local heat transfer enhancement was in excess
of 25%. It was also found that the 6 tab array produced
6 regions of large heat transfer while the 10 and 16 tab
arrays only produced 5 and 8 regions, respectively. The
measurements of the flow field showed that these regions
corresponded to high-speed regions that formed in the
gaps between the tabs in the array. The regions created
in the narrow gaps of the arrays with a larger number of
tabs were eliminated by mixing as the flow evolved
downstream. For larger nozzle-to-plate distances of 4
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Fig. 13. Comparison of the average Nusselt number profiles
for—a plain jet and jets with arrays of 6 tabs (O), 10 tabs (A),
and 16 tabs (@) inserted 0.1D into the flow when (a) H/D = 2,
(b) H/D =4, and (¢c) H/D = 6.

and 6 diameter the heat transfer enhancement became
more uniform. The measurements showed that the
mean velocity field in the jets with tabs became more
axisymmetric, but the tabs significantly increased the
turbulent mixing and played an important role in de-
termining that heat transfer enhancement for larger
nozzle-to-plate distances.

The turbulent mixing also reduced the develop-
ment length of the jet. This was apparent in both the
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Table 1
Loss coefficients for tab arrays, where AP, — APyoar =
Kp(U2/2)

Array Tab length K

6 tab array 0.1D 0.19
0.06D 0.09

10 tab array 0.1D 0.25
0.15D 0.57

16 tab array 0.1D 0.60

measurements of the flow field and the change of the
stagnation heat transfer with nozzle-to-plate distance.
The nozzle-to-plate distance to the maximum in the
stagnation heat transfer decreased from 6-8 diameter in
the plain jet to 4-6 diameter for the jets with the arrays
of tabs. As a result, the largest increase in the heat
transfer over the impingement region occurred for a
nozzle-to-plate distance of 4 diameter. In this case, the
average Nusselt number over the region R/D = 0.5 was
increased by up to 22%. The average Nusselt number for
this region was increased by up to 13% for a nozzle-to-
plate spacing of 6 diameter, and 17% for a nozzle-to-
plate spacing of 2 diameter. The increase in the average
Nusselt number decreased when larger regions were
considered reaching approximately 5-10% for a region
R/D =3.
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