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Local Heat Transfer Distributions
in Confined Multiple Air Jet
Impingement

Suresh V. Garimella Heat transfer from a discrete heat source to multiple, normally impinging, confined air
School of Mechanical Engineering, jets was experimentally investigated. The jets issued from short, square-edged orifices
Purdue University, with still-developing velocity profiles on to a foil heat source which produced a constant
West Lafaytte, IN 47907-1288 heat flux. The orifice plate and the surface containing the heat source were mounted
e-mail: sureshg@ecn.purdue.edu opposite each other in a parallel-plates arrangement to effect radial outflow of the spent
fluid. The local surface temperature was measured in fine increments over the entire heat
Vincent P. Schroeder source. Experiments were conducted for different jet Reynolds numbers <B@00
Department of Mechanical Engineering, <20,000), orifice-to-target spacingd.5<H/d<4), and multiple-orifice arrangements.
University of Wisconsin—Milwaukee, The results are compared to those previously obtained for single air jets. A reduction in
Milwaukee, WI 53201 orifice-to-target spacing was found to increase the heat transfer coefficient in multiple

jets, with this effect being stronger at the higher Reynolds numbers. With a nine-jet
arrangement, the heat transfer to the central jet was higher than for a corresponding
single jet. For a four-jet arrangement, however, each jet was found to have stagnation-
region heat transfer coefficients that were comparable to the single-jet values. The effec-
tiveness of single and multiple jets in removing heat from a given heat source is compared
at a fixed total flow rate. Predictive correlations are proposed for single and multiple jet
impingement heat transfer[DOI: 10.1115/1.1371923
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Introduction target spacing was decreased from 6 to 1 jet diameters, the local
hI\lH%seIt number increased everywhere throughout their experi-

use of impinging jets have made them an attractive alternativerfﬁemal range of /d=3. In addition, secondary peaks were 0b-
industrial applications ranging from the annealing of steel to tlﬁ‘?r\_le‘j atr/d~0.5 an_d ;'6 wherH/d<1. The inner peak was
drying of paper and textiles, food processing, and the them?atfr'b”ted toglocal thinning of the b_o_undary layer, while the_outer
management of electronics. While a large number of studies of K was said to be due to a transition to a turbulent wall jet.
impingement exist in the literature, relatively limited information 1€ interjet spacing is a significant factor affecting the local
is available regarding confined jet impingement, where the odtéat transfer coefficient, primarily by influencing the neighboring-
flow is confined to a parallel-plates arrangement. Few studies hd§k interactions6,7]. Huber and Viskant46] found that at their
considered arrays of confined jets and compared their perfétger orifice-target spacingsi(d=1,6), an interjet spacing of 8
mance to that of Sing|e jets at a given flow rate, pressure drop’rgﬁulted in hlgher local Nusselt numbers than smaller interjet
pumping power. spacings of 4 and 6. Furthermore, all the interjet spacings tested
The present work investigates the local heat transfer distribshowed lower local Nusselt numbers than for a single jet at the
tion under arrays of multiple air jets, and is a follow-up to @ame Reynolds numbéior H/d=1). An interjet spacing of four
previous studyf1] which reported local heat transfer coefficientsliameters was found to provide the highest average heat transfer
for single jets. The heat source is small and square, and the aver a given surface area.
fices are square-edged and short, thus giving rise to still-Goldstein and Timmerg3] obtained contour plots of the local
developing velocity profiles. In addition, the separation betwedreat transfer coefficient due to impinging arrays of thiealin-
the orifice plate and the heat source is smal#id) to ensure truly ean and severihexagonaljets at a constant Reynolds number. It
confined impingement. Jet impingement heat transfer and fluichs observed that with both array configurations, secondary
mechanics for single liquid jets has also been investigated as pagixima occurred between the jets. Gardon and Coboffjuand
of this research prograii2,3,4]. Behbahani and Goldsteii0] also observed secondary maxima
The local heat transfer to an array of impinging jets is a conpetween jets. Pan and Wefihl] attributed the secondary maxima
plex function of Reynolds number, orifice-target spacing, numbej boundary layer separation and eddying of the flows as a result
of jets, interjet spacing, and outflo@xhausk configuration. Hu-  of wall-jet interaction between the impinging jets, while Slayzak
ber and Viskantd5,6] investigated the effects of orifice-targetet al. [12] related these peaks to the amount of momentum re-
separation and Reynolds number on the heat transfer to an af@lied by the interacting wall jets. Pan and Webb also reported
of nine confined air jets. At large orifice-target spacings, a singifiat the strength of the intervening maxima increased with Rey-
jet yielded higher heat transfer coefficients than jets in the arrgy|ds number, that the maxima are stronger at smaller orifice-
for a given Reynolds number arid/d. For H/d<1, the local target spacings, and that the strongest secondary maxima occur for
Nusselt numbers for the jet arrays became similar in magnitudedga| interjet spacings.
those for a single jet at the same Reynolds number. As the orificegpat and Trabold7] investigated the effect of exhaust configu-
o ibuted by th _ _ o ~ ration on the heat transfer for an array of jets by constraining the
tribute i iractiond i ;
ot b e Eleconi and Piotoi Packaging Dion or BICELSE Butilow to two opposing directiongnstead of being radial The
lgcal heat transfer coefficients were seen to decrease as the cross-

November 1998; revised manuscript received December 26, 2000. Associate Edi ’ ’
D. Agonafer. sectional area available for outflow was decreased. Huber and

The enhanced heat and mass transfer rates obtained throug
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Viskanta[6] and Hollworth and Dagafl3] found that placing
spent air exitdlocated in the orifice plajeincreased the average 14 S Pl
heat transfer for the array by as much as 20—30 percent, especially 9 = 45°
at higher Reynolds numbers and smaller orifice-target spacings. ’ | g B
The increase was attributed to improved exhaust which in turn Y () o )
served to reduce the degrading effects of radial cross flow from B
neighboring jets. S e = e
In the present study, the local heat transfer from multiple con- v | et
fined air jets is obtained as a function of jet Reynolds number — @ [ @--- 8=0°
(Re), orifice-heat source spaciti), and interjet spacings), with
the outflow confined to a parallel-plates arrangement. The pres-
sure drop across the orifices was measured in all cases. Predictive ® ® °®
correlations are proposed in terms of the governing nondimen-
sional parameters, and are compared to those in the literature. In
ongoing work, confined air jet impingement heat transfer in con-
junction with surface enhancement is being investigated.

Experimental Setup and Procedures

A schematic of the air jet impingement facility used for the ’4 S ‘P1
experiments in this study is shown in Fig. 1. A regenerative

1 06=45°
blower with a variable-speed drive is the prime mover. The pres-
surized air is metered by one of three flowmeters mounted in ,/'
parallel. A heat exchanger mounted downstream of the blower is 4 1 g=205°

used to maintain the exit temperature of the jet to withid.2°C
of the desired value. Several valves, in conjunction with the
variable-speed motor drive controller, help to set the required flow S

rate. i
The test section consists of a cylindrical plenum, the bottom of

which is designed to accept interchangeable orifice plates, and a

traversable target plate that contains the heat source. A series of

screens and honeycomb in the plenum serve to condition the flow.

The desired orifice-heat source separation distahbebetween

the plenum and the target plate is set using three high-precision

gage blocks in a triangular arrangement to ensure parallelism 5&- 2 Jet arrays and heat source orientation for the multiple-

tween the orifice plate and the target surface. Details of the té&texperiments

section are presented f].

The temperature of the air jet is measured using a 36 gage

T-type thermocouple positioned just prior to the plenum exit.

Three different multiple-orifice arrangements were investigated: The heat sourcéwith a thermocouple mounted on its underside

two arrays of nine 1.59 and four 3.18 mm diameter orifices witt the centeris moved laterally with respect to the center of the

interjet spacingS/d=4 (hereafter referred to as thexd.59 mm orifice array, along three different raySig. 2), thus mapping the

and 4x 3.18 mm arrays and one array of four 3.18 mm diameterdocal surface temperature distribution, in minimum increments of

orifices withS/d=3. The thickness of each orifice plate was equdl-01 mm. These measurements were obtained by rotating the ori-

to the diameter of the orificorifice length-to-diameter aspectfice plate within the plenum assembly, thereby rotating the jets to

ratiol/d=1). Air from the orifice plate impinges on to a square@ different orientation with respect to the heat source. Measure-

stainless steel foil heat source (220 mm), which is mounted in ments along each ray were made only over one-half of the heated

the target plate. The heat source design is identical to that use@#tiface, since the temperature distributions were found to be sym-

[2], and further details are not provided here. metric about the center of the heater. The temperature measure-
ments obtained over the octant of the heat source surface shown
(Fig. 2) are repeated over the rest of the heat source and used in
computing area-averaged heat transfer coefficients.

The voltage drop across the heat source was measured using
solid copper wires with soldered terminal ends that are attached to
the ends of the bus bars to which the foil heater is brazed. The

/pos;T.ONING current is determined from the voltage drop across a calibrated

FLOWMETERS

RAILS resistance shunt mounted in series with the cable. Analysis using
NozzLE temperatures measureq at the top and bottom of the insulation
PLENUM PLATE layer underneath the foil heater showed the power loss by conduc-

cAGE tion to be typically 4 percent of the supply power. Radiation
d‘[[—'_‘—ll‘llil‘/ BLOCKS losses were estimated to be always less than 1 percent of the

L . — supply power. These losse®(,s) Were incorporated into the data
/*' /1 \ reduction program and subtracted from the total power dissipation

e a TARGET PLATE (Qin)- The local heat transfer coefficient was calculated from:
I.- ELEvENT
”n
DC POWER h— Qin—=Quoss  Us (l)

CANTT)  (TeT)

Fig. 1 Schematic diagram of the air jet impingement experi-
mental facility where the heat flugg and jet temperatureT() are constant, and
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[ B

the local surface temperaturgd) depends on location on the heal 1000 [————

source. The results from each experiment were also area-avera [ ; o

over the 220 mm heat source area to obtain an average he L : :.O Daéﬂmo’ )
T )

transfer coefficient r
750

- AsAn [
he s 2) o< | ol
SATT)) @ N: ,
The difference between the surface-average heat source tempz 500

ture and the jet temperatur@y— T;) was held constant in all tests < r :
I 4x3.18 mm

—e&— SINGLE

|

|
at approximately 15°C. Additional details of the heat-source co ! i
struction and heat transfer coefficient calculations are available 250 — P me=0° ‘ 1
[14] : —0--8=225° X 1

A standard uncertainty analysis showed the uncertainty at | [ Oe=as? |

percent confidence in the heat transfer coefficient to be less tt I T T T
4.5 percent. The uncertainty in the Nusselt number was sligh - 0 1 2 3 4 5
higher (5.6 percentdue to the uncertainty in the orifice diameter
The largest contribution to the uncertainty comes from the ter., r/d

perature measuremeit-0.3°C); uncertainty in the heat source _. - o

surface area was estimated at 0.28 percent. All the results ex - 1?3 m';:l)?lrar;ea(‘é;;ng?;bg?sf;gf gte(i;gtgé%ogn;o;ﬂtr&ij The

ited a high degree of symmetry about the center of the hegisheq vertical line indicates the center of any jet in the array,

source. located at r/d=2,2, (S/d=4); the vertical dotted line indicates
the center of the heater. Single-jet results at the same Re and

. . H/ d are plotted for comparison  (solid symbols ).
Results and Discussion

General features of the heat transfer from confined multiple jets
are first discussed and contrasted with single-jet behavior. Thea,
effects of orifice-to-target spacing, Reynolds number, and interj
spacing on the local heat transfer distribution under multiple jets

are then presented. Predictive correlations are then proposed {Qance from the stagnation points in a manner similar to that in
confined multiple jet impingement heat transfer and compared 49, single jet distribution. In the region<d/d<2, the curves for

others in the literature. Finally, some important design considgf;q jet array and the single jet have similar shapes.r/dsin-
ations are explored. S __ creases beyond 2, the array heat transfer coefficients drop slightly,
_The local heat transfer distribution for the<d.59 mm array iS |aye| off, and then increase in magnitude as the presence of the
illustrated in Fig. 3 for a jet Reynolds number of 15,000 and aejghhoring jets is felt. In contrast, the single jet distribution drops
orifice-target spacing off/d=4. The dashed line a/d=0 cor-  ,¢ monotonically with increasing/d over the entire extent of the

responds to the center of the central jet as well as of the heater; fagyier The average heat transfer coefficients are markedly differ-
dashed lines at/d=4 and 42 represent the centers of the adja;

- T e e . . ent for the two cases: the array configuration is twice as effective
cent and diagonal impinging jets, respectively. The jet-array dat? heat | the sinale iet at th R n
are plotted against distance from the centerlinel), and termi- at heat removal as the singie jet at the same Re (
nate when the end of the heated surface is reacbee Fig. 2 =883 versus 442 W/AK for the 9 1.59 mm array and the single
The corresponding single jet heat transfer coefficient distributidft: respectively. o )
for the same Re anH/d is also plotted in the figure for compari- The local heat transfer distribution for the<8.18 mm array is

son. Data forr/d<0 are included in the figures to demonstrat§0Wn in Fig. 4 for a jet Reynolds numbers of 20,000 andHéh
symmetry. of 4. The dotted line at/d=0 corresponds to the center of the

single jet and the heater. The dashed line/dt=2,2 corresponds
to the center of any of the jets in the array.
A minimum in the local heat transfer coefficient for the 4
1] X3.18 mm array occurs in the center of the heatéd0) due
to the absence of a central jet. A&l increases, the array heat
transfer coefficients increase as the stagnation regions of the jets
are encountered. The peak in the heat transfer coefficient along
0=45° occurs very near the jet centerliméd=2,2). Unlike the
nine-jet array of Fig. 3, the ¥3.18 mm array results in a 20
percent higher average heat transfer coefficient than the single jet
i at the same Re an#i/d (h=714 and 595 W/iK for the 4
— X 3.18 mm array and the single jet, respectiyely
] The effect of orifice-to-target spacing on the local heat transfer
1 coefficients for the % 1.59 mm array is illustrated for two differ-
\ -] ent jet Reynolds numbers of 15,000 and 5000 in Fig. 5. It is
’ 1 evident that a decrease in the orifice-target spacing tddof 4
. to 1 results in an increase in heat transfer coefficient for both
Reynolds numbers. The effect is stronger at the higher Reynolds
number: for a decrease id from 4 to 1, the percentage increase
r/d in average heat transfer coefficient at=Ri&,000 is twice(from
Fig. 3 Local heat transfer coefficient distributions for the 9 883 £° 1142_ W/rﬁK) the_mcrease at Res000 (frqm 446 to 509
X1.59 mm array (open symbols ) at Re=15,000 and H/d=4. The Wim K). This increase in heat tra}nsfer for the jet.array with de-
dashed vertical lines indicate the centers of the array jets lo- creasingH/d may be explained using the observation of Behbah-
cated at r/d=0, 4, and 4,2 (S/d=4). Single-jet results at the ani and Goldstei10] who stated that, at smakl/d, the turbu-
same Re and H/d are plotted for comparison  (solid symbols ).  lence intensity of a jet is increased by mixing with the spent flow

s expected, peaks in the heat transfer coefficient are observed
or very near ther/d-locations of the orifice centersr/d
, 4, and 42). The local heat transfer coefficient drops off with

1500

T

1200

900 |-

h (W/m? K)

600 -

300 [

i
1
|
| SO0 =450
J
0
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L | Hd= ! ' Re=15000 4 [ Re = 20000
[ i o —7— 6=0° ] -
1500 - R 225 1000 ¢
L © o} b i L
r = 3 1 750 —
1000 [~ - :
- ] 500 -
500 - -
X A ] & 250
Y = J B
£ E ] = C
= 1000 | ] E 500 -
= r : -‘C’ E Re=500:0
r ] 300 -
5001~ | . : : :
i ‘ ] 200 : -
- B - \ .
250 — | I | ] L 1 ]
L ’ ] ] 100 — | -]
L ] C ; i ]
o""""‘I""""”"""'“' o ATRTIPIVIN EFUEFE I SRS I .
-2 0 2 4 6 8 10 A 0 1 5 3 4 5
r/d r/d
Fig. 5 Variation in the 9 X1.59 mm array heat transfer coeffi- Fig. 6 Variation in the 4 X3.18 mm array heat transfer coeffi-
cients with orifice-target spacing for Re  =15,000 (top) and 5000  cjents with orifice-target spacing for Re  =20,000 (top) and 5000
(bottom ) (bottom )
from neighboring jets, the effect being similar to a single jet in
crossflow. Striegl and Dillef15] also showed that entrainment of
warmer air into the jet decreases with smah#d, increasing the 1500 AR AREDELNONAE
performance of the jet. rHd =4 ‘ —e— SINGLE -

Similar trends of variation in the local heat transfer coefficients

with orifice-to-target spacing are shown in Fig. 6 for a different jet 1200 ; ¥ ; 0 _—(— §=225%
array (4x 3.18 mn). The heat transfer fdid/d=4 is compared to 4 Mo O 8=459 1
that forH/d= 0.5 at two different jet Reynolds numbers of 20,000 900 MM i

and 5000 in the figure. As with the>91.59 mm jet array, a
decrease ii/d for the 4x 3.18 mm jet array results in an increase
in the magnitude of the heat transfer coefficients at both Reynolds
numbers. The effect is more pronounced at the higher Reynolds
number; away from the stagnation regions of the individual jets, < 300
the effect ofH/d is negligible at Re5000 (note the different o
scales used for the two plots in the figurAt the higher Reynolds E
number, a decrease kd also causes a shift in the maxima inthe < 2000
local heat transfer coefficient distributions towards the center of =

the heate(r/d=0) and a flattening of the distributions in the stag-

nation regions. This behavior may be attributed to flow interac- 1500
tions with the confining orifice plate which create higher levels of
turbulence at lowH/d [11]. The average heat transfer coefficient is

appreciably larger at the lower/d (e.g., for Re=20,000, h 1000
=714 WinfK at H/d=4 compared to 869 W/AK at H/d

600

N U |

¢}

ERTEEN I PR PR

=0.5); however, the heat transfer distribution over the heat e AR IHIY Oog o
source is more uneven at the smal¥d. 500 vaggo%

The influence of Reynolds number on the local heat transfer - "‘\ \g
coefficients is explored in Fig. 7 which shows results for the 9 r
X1.59 mm array for Re15,000 and 5000 at two different spac- 0 b Lol b B R
ings of H/d=4 and 1. Corresponding single-jet results at the same -2 0 2 4 6 8 10
Re andH/d are also included for comparison. As the Reynolds t/d

number is increased at a fixétld, the local heat transfer coeffi-

cients also increase, as e_xpected. Hid=4 spacing is charac- Fig. 7 Effect of Reynolds number on the 9 X1.59 mm array
terized by distinct peaks in heat transfer coefficient at the 10CReat transfer coefficients for ~ H/d=4 (top) and 1 (bottom ).
tions of the centers of the jets/d=0; r/d=4:0=0; andr/d  Single-jet results at the same Re and  H/d are plotted for com-
=4,2:60=45°). The distribution is flatter for the smaller spacinggarison (solid symbols ).
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< 250 = < —
oY) N ] ol 4
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L ] E i E
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-1 0 1 2 3 4 5 -1 0 1 2 3 4 5

r/d r/d

Fig. 8 Effect of Reynolds number on the 4 X3.18 mm array  Fig. 9 Influence of interjet spacing  (S/d) on the heat transfer
heat transfer coefficients for ~ H/d=4 (top) and 0.5 (bottom ).  coefficient for the 4 X3.18 mm array at H/d=4 (top) and 0.5
Single-jet results at the same Re and  H/d are plotted for com- (bottom ) and Re =20,000

parison (solid symbols ).

used in the present studyA larger heat source would cause the

of H/d=1, possibly due to an increase in crossflow velocity ang temperature of the air to rise, degrading the local heat trans-
turbulence levels at this spacifg]. The array heat transfer aIsofer coefficients 1,15].

increases faster with increasing Reynolds number than in the CaSf has been reported in the literatui®,11] that a decrease in

of the single jet at the smallé#/d. the increase im as Reynolds jyterjet spacing $/d) in multiple jets results in an increase in
number increases from 5000 to 15,000 witd=1 is 124 per- a5 averaged heat transfer. Results from the present study for two
cent for the array but only 87 percent for the single jetHXt jneriet spacings are compared in Fig. 9 where the local heat trans-
=4, the increase ih with Reynolds number is roughly the sameter coefficients for a 43.18 mm array are shown for interjet
(=100 percentfor both the array and the single jet. It is alsaspacings ofS/d=3 and 4 at a Reynolds number of 20,000 and
apparent that the stagnation-region heat transfer coefficient for {§eq— 4 ang 0.5.(All previous 4x 3.18 mmarray results in this
central jet in the X1.59 mm array exceeds the correspondingaloer were shown fos/d=4). At H/d=0.5, the heat transfer
(., at the same Re amtld) single-jet value in all cases in Fig. 7. o qeficients fors/d=3 are relatively larger over<6r/d<2, but
Local heat transfer coefficients for thex8.18 mm jet array are then drop below those fa8/d=4 for r/d>2. The net reéult is

plotted in Fig. 8 to show the effect of Reynolds number bd . S i
“4 and 0.5. As with the 8.1.59 mm array, the local heat transfe%hat the average heat transfer coefficients for the two interjet spac

coefficients increase with increasing Reynolds number as dR@S are almost identicah(=868 and 863 WK for S/d=3 and
pected. Also, as the Reynolds number increases from 50004torespectively. In fact, the effect orh of changing the interjet

20,000, the arra increases by 173 percenttdtd=0.5, whereas spacing betwee®/dof 3 and 4 was observed to be negligible for

atH/d=4, a smaller increase imof 139 percent is observed: this &l Reynolds numbers and orifice-target spacings considered here,

is consistent with the results for thexd.59 mm array. However, with the difference irh between the two interjet spacings being
in contrast to the & 1.59 mm array(where the array heat transfernever more than 5 percent.
coefficients were much higher than the single-jet values, Fig. 7 Predictive Correlations. All the average heat transfer data

the stagnation heat transfer coefficients are similar in magnitude ; } h o
for jets in the array and the single jet. In this regard, the behavﬁr?re correla_ted as functlor_l_s of the jet exit Ve'.OC'ty in terms of Re,
of both jet arrays considered in this study differs from the obserid properties(Pr), and orifice-to-target spacirigi/d). All ther-

vations of Huber and Viskantfb], who found that array heat modynamic properties were evaluated at the film temperature. The
transfer coefficients were lower than those for single jets, wh&iandtl number was practically constant throughout the experi-
compared at the same Re arttl. The array values in their work ments(Pr~0.7), and its exponent was fixed at 0.4, a value previ-
approached the single-jet values with increasing Reynolds numiggisly used in the literature for jet impingemé@;16].

as the orifice-target spacing was reduced. This difference may béAs a reference, the single-jet experiments conducted as part of
attributed to the larger heat source used by Huber and Viskathés research prografii] resulted in the following correlation for
(their open-area ratid, was approximately 40 times less than thaarea-averaged Nusselt number:
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500 |

axa18 " 4x3.18mm
X 3. mm b _ . .
| s/d=4 S/d=3 Eq.(5), 0.161 Reso](ﬁ | - L Sid=4 S/d=3 Huber:ng7\::)skanta(1994b),
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Fig. 10 The proposed correlation for the array area-averaged [ 5/d=3x S/d=4 ) Sld=4
Nusselt numbers (Eqg. 5) and the experimental results for all the L o ® Hid=4 &  Hid=4
tests in this study 500 o B Hid=2 ®  Hid=2
. o ® Hd=05 ¥ Hid=1 e}
(0] % 1
¥
¢ (b)
o\_
— o
Nu F\ 0025/ pp | —0370 3 r g
= 1~245R30‘518( - (_e A, z Martin (1977), 0.5 Re®667
Pro4 \d . d &
~ -
- . - 100 —
impingement region contribution (r/d<1.9) F |
F10.035) | 1272 5000 10000 20000
+ 1.077Re°~687( — ( — (1-A4,) Re
d)  \d ’
. . .
v Fig. 11 Comparison of the area-averaged Nusselt numbers
wall-jet region contribution (r/d>>1.9) from the present study with the predictions of (a) Huber and

Viskanta [6] and (b) Martin [18]
3)

This equation is valid for 50680Re<20,000, 0.5<H/d=4,
. <12. =1. > =12. . . . .
rlnfn?,gi(tjislszet7 er(;:z\l ta(;] (illgndlthclef vﬁéll-jlet(:ggr;ign ggrr?pgﬂgng?:j?o rcent, respectivelyA comparison of the predicted results from
out of the equation. Equatia@) predicts the average heat transfe t?oé\?r)\ mltgigt]hcelgxperlmental data for average Nusselt number is
for all the single-j i ith i - .
vci);tﬁ)nts %fsglgzeajﬁé %);pgngr)g?g?\tw |:es?)\gecrt?\/g;etelyar:? (;?]?; 'mzjm d Few studies in the literature have presented average heat trans-
—1 data for fhe 1.59 mm orificet c’iata point};aré excluded. the fer correlations for confined multiple-jet impingement, especially
average and max-imum deviations drop to 4.5 and 11.4 ’percefr(?tr the orifice and heat source dimensions investigated here. Mar-
respectively ’ ' tin'[18] proposed a correlation based on a collection of unconfined
The data.for the jet-array configurations were correlated ?ér jet data. Huber and Vi.slfantﬁ] also presented a.correllation.
functions of the Prandtl number, jet Reynolds numtRe and or the heat transfer coefficient averaged over a unit cell in their
orifice-to-target spacingH/d). The effect of interjet spacing mneer-Jter:eaer?i)t/.clgl?wvi\ltillﬁi)gt}r?u;rgzdlsgat{{ ;hi;vfg;“gsehgﬁ%t g:nsfer
(S/d) on the jet-array heat transfer was not adequately charactg}’- i a 9th €q ’ -
ized in this study to justify its inclusion as a parameter in th&imilar for each jetin th_e array; therefonefor the unit cell is also
correlations. An equation which predicts the multiple-jet aredhe average for the entire array.
averaged Nusselt numbers obtained in the present study with av]he array-average Nusselt number data of the present study are
erage and maximum deviations of 9 and 28.2 percent is: &O;I?:r?fs]‘mit: tl?iz scorlrig“o;nsd O(fb)HUEirb grndarY(;Sk\?ifsﬁl?a?\?zgs
0108 4 confined-impingement correlation predicts the average Nusselt
“) numbers of the present study to within average and maximum
. L . deviations of 12.2 and 24.3 percent, respectively, overpredicting
Jgflefquaﬂongflvsgd for S%Of(%efgo'ooo' 0.5H/d<4, and 5| the data except for the four-jet array at the interjet spacing of
'Fh or the ~ mrrr]] an | b mm %rraysh h . S/d=3. Spent fluid from the jets in their study was allowed to exit
e interjet spacmgS as a'so been used as the ¢ aralCterISIfﬁrough exhaust ports in the orifice plate, and led to an enhance-
length when correlating multiple-jet average Nusselt numbeggen iy heat transfer; this may account for the overprediction.
[7,17]. If the multiple-jet results of the present study are correlat§g,, s correlation for unconfined jets overpredicts the present
with _S as the characteristic length, the following correlation iSasults for the % 1.59 mm array and underpredicts those for the
obtained: 4x3.18 mm array. Average and maximum deviations of the ex-
)0-104 perimental results from this correlation are 16.8 and 38.4 percent,

— H
Nu= 0.127R8'593P|°'4(a

(5) respectively. Confinement has been shown to influence the heat
transfer coefficien{19,20,21, and may account for some of the

This equation predicts the multiple-jet data with lower deviatiodifference. Also, Martin’s correlation is valid for 4.435/d<14,

than Eq.(4) (average and maximum deviations are 8.6 and 24v@hereas the present study consideBéd=3 and 4.

— H
Nu5:0.161Rg°-7°7Pr°-4( g
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Fig. 12 Comparison of heat transfer coefficients for a single Fig. 13 Comparison of heat transfer coefficients for a single

3.18 mm jet (solid symbols ) with the 4 X3.18 mm jetarray (open  1.59 mm jet (solid symbols ) with the 9 X1.59 mm jet array (open
symbols ) at constant flow rate (m=9X107% kg/s) at H/d=4 Symbols ) at constant flow rate (m=3.4X 10~% kg/s) at H/d=4
(top) and 0.5 (bottom ) (top) and 1 (bottom )

. . . . he array(486 Pa for the array versus 6603 Pa for the single jet
Design Considerations. Comparisons between the array an t a higher mass flow rateif~15x 10~ * kg/s, data not shown
single-jet results have thqs‘flar been made .W'th the Reynplds NUfla average heat transfer coefficients for the array and single jet
ber held constant. By definition, this is equivalent to making com e 416 and 792 W/AK (H/d=4) and 488 and 751 WAK
parisons at the same pressure dimeasured pressure drop value H/d=0.5), respectively: again the single jet requires a twelve

are listed in Table 1 In these comparisons, the flow rate througtlmes larger pressure drop than the jet array. The trade-off for a
the array of jets is times higher than for the single jet. In de'ﬁjggle 1.59 mm jet compared to thecd.59 mm array at the same

signing impingement systems, however, it is often necessary : L _
compare the performance of a single jet versus multiple jets at s flow rate is shown in Fig. 13. For exampletdtl=1, the

same total flow rate. Figure 12 shows such a comparison: lodyerage heat transfer for the single jet .and the nine-jet array are
heat transfer coefficients with ax3.18 mm array §/d=4) are comparablg278 and 281 W/ K, respectively; however, nearly

compared to those for a single jet£3.18 mn) at the same flow t3h6 tir_nesl thet prclest_suret d{gand purpping pow%r]is required for ¢ of
rate (~9x10~* kg/s) for H/d—4 and 0.5. e single jet relative to the array to remove the same amount o

. - . heat!
Itis clear from Fig. 12 that the ¥ 3.18 mm array provides less . . . L
heat transfer than the single jet at the same total mass flow rateThe choice of whether io use a single jet or multiple jets for a

Average heat transfer coefficients for th3.18 mm array and gl;]ienhhez?]t-r%mqval applica_tion depenﬂs, e:{nonglot]!?er factors, ﬁn
- ) e : whether the design constrains are on the allowable flow rate or the
the single jet shown in Fig. 12 were 301 and 595 RHn{H/d

. ressure drop.
=4) and 327 and 559 W/K (H/d=0.5), respectively. How- P P
ever, because the array jets operate at a quarter of the velocity, ¢hgnclusions

ressure drogand thus pumping powgis significantly lower for
P e pumping powe g y The local heat transfer coefficient distributions in confined

multiple-air jet impingement were obtained as a function of
) orifice-target plate spacing, Reynolds number, and multiple-orifice
Table 1  Measured pressure drop values  (Pa) for the jet ar-  5pangement. Pressure drop values for the jet arrays and the cor-
rays. (Selected single-jet results are also included for compari- responding single jets were also measured. In all multiple-jet
sons at constant flow rate. ) . o N ;
cases, a decrease in the orifice-target spacing was found to in-

Con?'lrgiﬁ(:ﬁon 1666 | 5000 Rf*é’;;’o'ds '1‘(‘;(',‘;‘(’)9' 15000 | 20000 | 33000 crease the heat transfer coefficients, with the effect being stronger
150 at the higher Reynolds numbers. The central jet in the nine-jet
Sia=ay | N[ 1807 | — | 6432 13202 | ~— - array had considerably larger stagnation-region heat transfer coef-
ficients than the corresponding single jet at the same Reynolds
i e B e e B I number and orifice-target spacing; the average heat transfer coef-
axsasmm || o0 | oso | qe1s | 3861 | 6636 | fi_cients_ for the jet array were significantly higher than for the
(Sid=3,4) - single jet. For the four-jet array, however, the stagnation-region
348 mm — | 885 | — | 1880 | 3978 | es03 | 15070 heat transfer coefficients for each of the four jets were comparable
to the corresponding single-jet data, although the average heat
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transfer coefficient was somewhat higher for the jet array. The 6 =
effect of changing the interjet spacing from four to three nozzle
diameters resulted in higher heat transfer coefficients in the inte-
rior of the heat source, and lower values towards the edges; hoqweferences

ever, the average heat transfer coefficient was largely unaffecte

angular position of measurement rays along the
heated surface

by the change in interjet spacing. Correlations for the area-

] Schroeder, V. P., and Garimella, S. V., 1998, “Heat transfer from a discrete
heat source in confined air jet impingementieat Transfer 1998 Procs.

averaged heat transfer were proposed as functions of the jet International Heat Transfer Conference, Vol. 5, pp. 451-456.
Reyn0|ds number, fluid Prandtl number, and Orifice_target p|a’[d2] Garimella, S. V., and Rice, R. A., 1995, “Confined and submerged liquid jet
spacing, and compared with others in the literature.
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