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Abstract--An experimental study was conducted to determine the heat transfer for single and multiple 
confined and submerged impingement jets in single- and multi-phase flows. This type of heat transfer is of 
commercial interest in high performance finned coolers used in avionic equipment. Part I deals with single- 
phase liquid flows of Freon R-113 with Part II covering two-phase flows. Stagnation point and local 
average Nusselt numbers, suitable for design purposes, were determined as functions of the Reynolds 
number, the dimensionless spacing between the confining plates, and, for multiple jets, as a function of 

pitch spacing. The resulting correlation equations match the experimental data from __+ 10% to _ 25%. 

1. INTRODUCTION 

The present study was motivated by the need for accu- 
rate multiple-jet impingement data in the design of 
small, high performance, finned heat transfer units 
also known as compact high intensity coolers 
(CHICs) that utilize impinging jets, vented through 
orifices in successive fins, as shown in Fig. 1. This 
system may be described as submerged and confined 
impingement ;"submerged" because the jet discharges 
from an orifice into the same fluid, and "confined" 
because the spent jet fluid leaves between narrowly 
spaced plates. In actual CHIC units the heat from an 
external source is conducted to multiple fins, through 
which the coolant flows in a staggered hole arrange- 
ment. Fluid enters from the top and, after impinging 
on the bottom bar, leaves at right angles to the view 
shown. 

There is a vast literature in the field, dealing mostly 
with free jets (liquid jet entering a gas-filled region, 
where no entrainment takes place) and with sub- 
merged turbulent .jets (the jet fluid is the same as the 
surrounding fluid thus allowing for significant entrain- 
ment). Single or multiple jets may be either round or 
two-dimensional (slot) jets. Most multiple-jet exper- 
iments have the spent fluid discharged radially, thus 
providing cross-flows of  differing magnitudes. As 
summarized by Downs and James [1] and by Chang 
[2], the Nusselt number vs Reynolds number cor- 

tPresently address: Yuen Ze Institute of Technology, 
Taiwan. 

:~Author to whom correspondence should be addressed. 

relations for various conditions obtained by the many 
authors may differ by a factor of 10. Even the stag- 
nation point Nusselt number vs Reynolds number 
data for single-jet submerged air flows, obtained by 
10 different authors [3-12] differ by more than 75%. 

The major generally applicable results gleaned from 
the literature are : 

(1) The stagnation point impingement heat trans- 
fer tends to be highest if the stagnation point is close 
to the end of the potential core of the emerging jet. 

(2) The local heat transfer is highest at the stag- 
nation point. It then drops radially outward although 
there may be a slight increase when the laminar flow 
becomes a turbulent wall jet. 

(3) Irrespective of the fluid used, the stagnation 
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Fig. 1. Schematic cross-section through a compact high 
intensity cooler (CHIC) unit. 
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NOMENCLATURE 

dj nozzle exit diameter [mm] 
h heat transfer coefficient [W m -2 K -~] 
Nu(O) stagnation point Nusselt number 
Nu(r) local averaged Nusselt number 

(averaged from r = 0 to r) 
Pr Prandtl number 
p pitch spacing (mm) 
q" heat transfer rate per unit area 

[W m 21 
R radius of diffusion plate for single-jet 

tests 
r radial distance from stagnation point 

(mm) 
Rej jet Reynolds number, based on nozzle 

exit diameter and velocity 

T 
Z 

temperature [~'C] 
plate spacing (mm) or axial direction. 

Subscripts 
b refers to fluid bulk condition 
e region 0, 1 or 2 for multiple-jet 

thermocouple readings 
o stagnation point 
w refers to wall conditions. 

Superscript 
- average value. 

point Nusselt number varies approximately as the 
Reynolds number (based on emerging jet diameter 
and velocity) to the 0.58 power. 

(4) Free stream turbulence can increase the heat 
transfer significantly. 

The recent numerical and experimental slot jet 
study of Kunugi et al. [13] indicates strong recir- 
culation effects induced by close spent jet confinement. 
Garimella and Rice [14] performed laser sheet vis- 
ualization tests on submerged and confined cylindrical 
jets using FC77 at jet Reynolds numbers of about 
15000. They found that the entrainment vortex 
became pronounced at plate spacing values of 
10 > z/d 3 > 8 and with actual recirculation occurring 
once z/dj < 5.0. Thus, when compared to free jets, 
significant changes in heat transfer coefficients, both 
at and away from the stagnation point, should be 
expected. 

The purpose of the present study was to uniquely 
relate multiple confined jet impingement to single-jet 
behavior and to lay the basis for a two-phase impinge- 
ment study. Thus, it was decided to use a single work- 
ing fluid (R-113) and to utilize the same experimental 
test setups for both the single- and the highly pressured 
two-phase flows. This required compromises in instal- 
lation and instrumentation, both of which became 
more complex (and the results somewhat less accu- 
rate) than would have been the case if only single- 
phase tests had to be performed. 

2. EXPERIMENTAL SETUP 

2.1. Overall test loop 
In the test loop, illustrated in Fig. 2, liquid Freon 

113 (R-113) was pumped from a storage/degassing 
tank through steam and electric preheaters to a series 
of valves. For the tests reported here, the heaters pro- 
vided a subcooled liquid at the test section. All test 
sections, including those for single- and multiple-jet 

assemblies, were fitted into a cylindrical, flanged pipe 
unit 11.43 cm long and 11.43 cm diameter. This unit, 
together with an approach straightening section, was 
mounted on a swing linkage. It was coupled upstream 
through flexible tubing to the flashing valves while 
downstream it was connected flexibly to an after- 
cooler/condenser. This arrangement permitted tests to 
be run with the impingement jet upward, downward 
and horizontal. The cooled R- 113 then passed through 
a flow meter of appropriate size before being returned 
to the storage tank. The mass flow through the test 
section was controlled by the valves upstream of the 
test section and two by-pass valves. Whenever the test 
geometry was changed, the system was run for about 
24 h to remove entrapped air through the degassing 
tank and bleed valves. 

The absolute accuracy of the thermocouples, apart 
from any biasing installation errors, was estimated to 
be + 0.2°C with a differential accuracy for readings in 
the same test of +0.06°C. Pressure measurements 
were within _+3000 Pa. The flow meter accuracy 
ranged from 1 to 2%. 

2.2. Single-jet test setup 
For the single-jet experiments, the test section 

assembly cross section is shown in Fig. 3. The fluid 
entered through a nozzle in the "nozzle plate" to 
impinge upon the "target plate." Both plates were 
76.2 mm diameter, 3 mm thick, copper disks located 
with a separation layer of mica over a thin cut-foil 
resistance heater, 66.6 mm in diameter. The heater 
was tightened to the copper plate by a backing plate 
with bolts and nuts. Good thermal contact was 
assured by silicon grease. The surfaces in contact with 
the cooling fluid were nickel plated. All heating sec- 
tions were backed by Fluorosint to insulate against 
axial heat conduction. Different height spacers 
allowed for various separation distances between 
nozzle and target plates. 
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Fig. 2. Schematic diagram of test loop. 
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After impingement, the fluid moved radially out- 
ward in the inter-plate space and eventually left the 
assembly. Upstream temperature and pressure 
measurements were taken directly after the straight- 
ening section. Fluid temperatures were also recorded 
at the test section exit and pressures were recorded at 
the test section sidewall between the nozzle and target 
plates. 

Two sets of five thermocouples, set 90 ° apart, were 
embedded in the target diffusion plate at radial 
locations of 3.2, 8.0, 14.3, 22.2 and 30.5 mm from the 
center where a single stagnation point thermocouple 
was seated. All thermocouples were at a depth of 1 
mm from the impingement surface. Since, in the actual 
high intensity CHIC unit, heat is also transferred from 
the nozzle plate, a corresponding nozzle plate heater 
was constructed with two sets of four thermocouples 
embedded again at a depth of 1 mm, but at only four 
radial locations (9.5, 14.3, 20.6 and 28.6 mm from the 
center). The AC power for the heaters was controlled 
by two rheostats, one for the nozzle plate and one for 
the target plate. The voltage drop across the heating 
element was measured directly while the current was 
noted via a calibrated shunt. 

2.3. Multiple-jet test setup 
A different design had to be employed for the mul- 

tiple-jet testing. Here the heating unit consisted of 
a 0.0254 mm thick stainless steel strip, glued on a 
Fluorosint substrate. As shown in Fig. 4(a), the target 
plate consisted of 36 holes, laid out in a 6 x 6 array 
with 10 mm pitch spacing. The holes, drilled through 
the heating plate and substrate, were originally 1.0 
mm diameter, subsequently drilled out to 2.0 mm. The 
diagram also shows the thermocouple locations. Fluid 
entered through the nozzle plate, which had a cor- 
responding hole arrangement of 25 holes in a 5 × 5 
array, off-set so that the impingement points on the 
target plate would be in the middle of four drain holes. 
Thermocouples, arranged as in the target plate, were 
also incorporated. 

Heating was by direct current fed to the steel sheet 
through copper bus bars. A sectional view of the 
assembly is given in Fig. 4(b). All thermocouples were 
electrically insulated from the heating strips by a thin 
(about 0.02 mm thick) epoxy coat between the ther- 
mocouple beads and the heater. 

Although the thermocouple arrangement, which 
was symmetric about the impingement point, should 
have led to identical dual sets of temperatures, this 
was not uniformly found to be the case. Slight differ- 
ences in the epoxy thickness separating the bead from 
the heating sheet may have contributed to these 
measured temperature differences. After considerable 
testing, it was decided to use only the highest tem- 
perature read at any location, yielding the lowest heat 
transfer coefficient. This may have underestimated the 
actual heat transfer coefficient by at most 10-12%. 

For both single- and multiple-jet runs, the whole 
test section assembly was insulated. Separate "dry" 

LE~G'ffl UNIT: mm 

FLUID 

I FLow No=,  

LINE CLOSURE 
NUTS 

I I  ~ n l i l l  I I I  /-/~UST/~LE 

TEMPERATdRE I " ~ ~ J PRESSURE 
SENSOR TAP I ~  V v V ~'~ ~ ~ G1JA6~ TAP 

COPPE 
BUS BAR i 

1 / I [ J i ,  I 

ou .ow/I , ,.f I .! ,i 
I,Ij i1,1. iJ, ! 

" 1 ",, ELEMENT POWER 
(b) UNE ~_OSURE 

NUT~ 

Fig. 4. Multi-jet assembly : (a) target plate hole and thermo- 
couple layout ; (b) assembly cross-section. 

runs showed that for a given maximum diffusion plate 
temperature the heat loss through the insulation was 
always less than 3% of the total power. This heat loss 
was accounted for in the test energy balance. 

3. DATA REDUCTION 

3.1. Single-jet impingement data 
For the single-jet impingement data, the heat trans- 

fer to the Freon could be computed at any radial 
section if the local heat flux and the local plate surface 
temperature were known. Due to the strong heat dis- 
tributing effect of the copper diffusion plate, the axial 
flux at the heater and plate top was assumed to be 
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uniform. The outer portion, where the diffusion plate 
was larger than the heating unit (to allow for 
clamping), was assumed to be insulated at the side 
and bottom [see Fig. 5(a)]. Although some radial and 
axial heat flux did actually occur, this was at radius 
values of beyond the range of interest for a CHIC 
unit. 

To determine the radial temperature distribution 
along the diffusion target plate surface in contact with 
the fluid, a least square fourth-order polynomial was 
fitted through the six data points (stagnation point 
reading and average of other two thermocouple read- 
ings at the same radius). This was subject to the 
requirement that the radial heat flux be zero at the 
stagnation point and at the outer edge of the diffusion 
plate. A typical result for a high heat flux case is 
illustrated in Fig. 5(b). 

Since the flow between narrow confining plates is 
closer to an internal passage flow rather than a bound- 
ary layer flow, a reference temperature other than the 
jet entry temperature should be used in defining the 
heat transfer coetticient. In the absence of a more 
suitable reference, the one-dimensional flow local bulk 
temperature was selected. This was computed via an 
energy balance by adding the temperature rise due to 
heating from r = 0 to r = r to the inlet temperature. 
The local heat transfer coefficient could then be cal- 
culated as follows 

h(r) ~- gl"(r)/[Tw(r)- Tb(r)] (1) 

where h(r), gf'(r), Tw(r) and Tb(r) are the local heat 
transfer coefficient, local heat flux, local plate surface 
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Fig. 5. Temperature distribution in single-jet target plate: 
(a) assumed heat conduction boundary conditions used for 
analysis ; (b) typical fourth-order target plate temperature fit 

with high heat flux. 

temperature and local bulk fluid temperature, respec- 
tively. 

While local heat transfer coefficients may be of some 
interest, of greater utility in design (and more accu- 
rate) is the local averaged heat transfer coefficient or 
Nusselt number, defined as the average value between 
the stagnation point and the local radial distance, r. 
The data are presented in terms of this local averaged 
coefficient /~(r), or as the local averaged Nusselt 
number, Nu(r), defined by 

h(r) =- q"(r)/[Tw(r)- Tb(r)] Nu(r) =- h(r)dj/k 

(2) 

where the parameters are calculated as area averages 
by 

q" (r) -- q" (r) r dr ; T(r) == - ~ T(r)rdr. 

(3) 

The actual calculations of the local and local aver- 
aged heat transfer coefficient for a system as illustrated 
in Fig. 5(a) involved the use of the fourth-order poly- 
nomial along the target plate and J-type Bessel func- 
tions. An error arises by assuming that the ther- 
mocouple data for the least square fit are taken at the 
surface rather than 1 mm below it. A separate analysis 
concluded that, over the full range of test conditions, 
this could lead to an underestimate of between 0.65 
and 2.6% in the local heat transfer coefficients. 

3.2. Multiple-jet data 
In the multi-jet case, only a small number of ther- 

mocouples (three in any radial direction) could be 
accommodated in any square impingement cell. For 
comparison with single-jet data, each 10 mm x 10 mm 
cell was matched by an equal area circle of 11.3 mm 
diameter. The three thermocouple readings were then 
assumed to reflect the center temperature of rings of 
influence (0.63 mm 2 for the stagnation region, 59.1 
mm 2 for the next ring and 40.2 mm 2 for the outer 
ring). 

4. RESULTS AND DISCUSSION 

4.1. Single-jet heat transfer 
Figure 6(a) shows typical values of single-phase 

local averaged Nusselt numbers, Nu(r), computed 
from the temperature curve fits, as a function of r/dj 
for several values of jet Reynolds number at a given 
value ofz/~. The computed points were chosen so that 
their locations were close to the actual thermocouple 
locations. Correlations for Nu(r), developed sub- 
sequently, are included as solid lines. The behavior 
illustrated is typical of all jet diameters and z/dj ratios 
tested. Nu(r) is highest at the stagnation point, where 
local and local averaged Nusselt numbers agree, and 
then drops off in the wall jet region with increasing 
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Fig. 6. Local average Nusselt number Nu(r) for single-jet heat 
transfer at z/dj = 2.0. (a) Computed local averaged Nusselt 
number vs distance from stagnation point r/dj (solid lines are 
results of equations (9) and (10)). (b) Effect of jet Reynolds 

number Rej on local average Nusselt number. 

m 

radius. Nu(r) and the heat transfer coefficients increase 
with increasing Rej. 

To arrive at appropriate correlations, log Nu(r) was 
first plotted against the log of the jet Reynolds number 
(Rej) for various values of r/g and for various power 
settings at a fixed plate spacing ; for z/g = 2 illustrated 
in Fig. 6(b). Corresponding graphs were developed 
for other values of z/g. These graphs, all of which 
cover turbulent flow, clearly showed that a single 
power law relation between local averaged Nusselt 
number Nu(r) and jet Reynolds number held for all 
test conditions. Since over the test range the Prandtl 
number for R-113 was essentially constant, a separate 
Prandtl number dependency could not be determined. 
Thus, while in general there are functional relation- 
ships of the form 

Nu(O) = f (Rej, Pr, zig) 

and 

Nu(r) = f(Rej, er, z/g, r/dj) (4) 

the tests suggested that the ratio Nu(r)lNu(O) was only 
a function of the geometry, i.e. 

Nu(r)/Nu(O) = f (z/g, r/g). (5) 

As expected, the experiments also confirmed that, for 

single-phase flows, the Nusselt number remained 
essentially independent of heat flux. 

The Prandtl number dependence for liquid jet 
impingement has been characterized with exponents 
ranging from 0.33 to 0.487 by Jiji and Dagan [15], Ma 
and Bergles [16] and Metzger et al. [17]. A value of 
0.4 was chosen as representative for this study. 

A plot of the stagnation point Nusselt number, 
Nu(O), divided by Pr °'4 against jet Reynolds number 
for the test conditions 1.5 ~< z/g <~ 4.0 is shown in Fig. 
7. As evidenced by the figure, the effect of the z/g on 

Nusselt number shows only a small decrease in Nu(r) 
with increasing nozzle-to-plate spacing. This does not 
match the free jet data of many investigators who 
observed a peak in Nu(O) vs zig within the potential 
core (zig ~ 5-7), although even for free jets there is 
no full agreement. For a submerged liquid jet, Ma and 
Bergles [15] reported no zig dependence, neither did 
Serizawa et al. [18] for confined impingement flow. 
Thus the small dependence of Nu(O) on z/g observed 
in the present study of confined flow (with its high 
recirculation) appears appropriate although ad- 
ditional clarifying work would be useful. 

The small zig variation shown in Fig. 7 was utilized 
in the correlation of the stagnation point Nusselt num- 
ber given by 

Uu(O) = 0.660Re °'574 Pr °~4 (zig) 0.,06. (6) 

The comparison of experimental stagnation point 
Nusselt numbers with the results predicted by equa- 
tion (6) is shown in Fig. 8 together with + 10% con- 
fidence limits. Eliminating the zig effect over the 
actual test range 1.5 ~< zig ~< 4 would not lead to a 
significant error. 

In order to find the specific correlation suggested 
by equation (5), log [Nu(r)/Nu(O)] was plotted on 
Fig. 9 vs log rig for all values of zig. The data scatter is 
indicated by the band height. No consistent variation 
with zig could be detected ; the region of largest data 
scatter occurred far from the stagnation point where 
zig effects should be minimal. Thus, the final cor- 

3 
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Fig. 7. Modified stagnation point Nusselt number vs jet 
Reynolds number at various values of z/dj for single-jet heat 

transfer. 
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relation of N~(r)/Nu(O) was found to be a function lOOO 
of r/~ only. However, the figure suggests a dis- 
continuity in the r/dj effect with a large negative power 80o 
applicable once r/dj exceeds 1.25. This change may 
be due to the development of the turbulent  wall jet, A~' 

0oo augmented by the strong recirculation vortex in a -, 
narrowly confined jet. Iz  

A detailed examination of all data yielded 400 

Nu(r)/Nu(O) = [1 + 0.1147(r/dj) T M  ] -~ 
2 0 0  

whenr /~  <~ 1.25 (7) 

Nu(r)/Nu(O) = 1.0632(r/dj) 0.62; r/~ > 1.25. (8) 0 

These correlations were then again compared to all 
the original computed data as shown in Fig. 10(a) for 
small values of r/dj and in Fig. 10(b) for larger r/~. 
Close to the stagnation point the correlations fit all 
data to within + ]0% ; at larger radial distances the 
agreement is within +25%.  

od~=4mm, z/d~=l.5 / /  
e d)=4rnrn, z/dj=2.0 / / / 

2VX . W  -20% 

I I I I I 
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Nu(rl.p. 
Fig. 10. Comparison of correlation of local average Nusselt 
number with experimental Nusselt number in single-jet heat 

transfer : (a) for r/dj <~ 1.25 ; (b) for r/d i > 1.25. 
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Fig. 9. Experimental local average Nusselt number divided 
by stagnation point Nusselt number vs radial distance, r/dj, 
for single-jet heat transfer at various values of z/~. All data 

fall within the vertical ranges shown. 

Combinat ion of equations (7) and (8) with equation 
(6) leads to the overall correlations for the single sub- 
merged jet given by 

Nu(r) = 0.660Rej °'574 Pr °4 (z/dj) -°A°6 

x [1 +0.1147(r/dj)L8'] -1 (9) 

for r/~ ~< 1.25, while for larger values of r/~ 

Nu(r) = 0.7017Re °574 P r  o.` (z/d3 -°1°6  ( r / ~ )  - ° 6 2  

(lO) 
holds. These correlations are plotted as solid lines in 
Fig. 6(a) for z/~ = 2. All correlations are based on 
using R-113 over the range: 9500 ~< Rej ~ 110 000, 
1.5 <~ z/dj <~ 4.0 and 6.0 ~< Pr <. 8.5. An uncertainty 
analysis for the experimental Nusselt numbers 
suggested that these are accurate to within _ 20% for 
single-jet flow over most of the test range. As expected 
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for single-phase jet impingement, flow orientation (up, 
down or horizontal) did not influence the results. 

while the 
became 

4.2. Multiple-jet  heat transfer 
An energy balance provided the local bulk tem- 

perature at the temperature measurement points cor- 
responding to the middle and outer ring positions 
discussed previously. The stagnation point heat trans- 
fer was given by 

h0 = q"/(Two -- Ti,,ot) (11) 

local average heat transfer coefficient 

he(r) = O"/[Twe(r) - The(r)] (12) 

where e = 1 or 2 depending on the middle or outer 
ring selected. The mass flow rate for each jet was taken 
to be 1/25 of the total flow rate. 

Typical data-correlated results, comparing the 
multi-jet stagnation point heat transfer to that of the 
single-jet, are shown in Fig. l l(a): corresponding 
results for the local average Nusselt number are given 

10 3" 

lO 2- 

10' 

+ d;=l ram, z/d;=3.0, p/d;=lO.O / 
x dj~l rnm, z/dj~6.0, P/~=IxO.O / 

. . . . . . .  . o / 0 l - £ . . i '  ' '1'c 

~o 3. 

't 

io2- 

101 
1E 

+ dj=1 mm, z/dj=3.O, p/dj=10.O / 
x dj=l ram, z/dj=6.0, p / ~  

i i i i i J i i I i i i i i J i i 

10 2 Nulrl,,~t~t,=~. 

Fig. 11. Comparison between data-correlated single-jet Nus- 
selt number vs experimental multi-jet Nusselt numbers : (a) 
stagnation point comparison ; (b) local average Nusselt num- 

ber comparison. 

in Fig. 11 (b). It is noted that single-jet data resulted 
in higher stagnation point heat transfer than multiple 
jets, while the opposite held for single-jet local average 
heat transfer coefficients. It is difficult to assess 
whether these differences are due only to changes in 
flow conditions or whether different experimental set- 
ups also contribute to the deviations. The increased 
turbulence due to the interaction of neighboring 
impinging jets in the multi-jet flows likely reduces the 
strength (and length) of the jet potential core and the 
stagnation point heat transfer. Increased turbulence 
may result in higher heat transfer along the wall jet, 
resulting in lower values of Nu(O) with increasing z/dj 
as appears to be borne out by the test results. For a 
given value of Rej, smaller values of z/dj should 
increase the radial flow velocity in a confined flow 
between two plates and presumably increase the 
heat transfer. To determine this effect, the ratio 
Nu(r)multi_jet/Nu(r)single_je t w a s  plotted against z/dj as 
shown in Fig. 12. Although the data are too limited 
for sweeping conclusions, the overall results can be 
effectively correlated by 

N u ( r ) m u l t i _ j e  t = 1.667(z/dj) °ll6Nu(r)single_jet ( 1 3 )  

where Nu(r)singJe_je t is obtained from either equation (9) 
or (10). 

No significant separate influence of the pitch-to-jet 
diameter ratio (p /~)  was observed for the two values 
ofp /d j  = 5 and 10 tested. However, this does not im- 
ply that the multiple-jet average Nusselt number, 
Nu(r)multi_je t is not affected by p/dj. Using the equiv- 
alent circle data analysis, the maximum radius when 
used in equation (12) is directly related to the pitch, 
p, by 

r = (dj/2)[(I/n) (p/dj) 2 -- 1]. (14) 

No attempt was made to find a correlation at the 
stagnation point which presumably is of little interest 
in a multi-jet assembly. The comparison between all 
experimental data and the data-correlation local Nus- 
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Fig. 12. Ratio of local average Nusselt number of multiple 
jets to local average Nusselt number for single jets. 
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Fig. 13. Correlation comparison of multiple-jet local average 
Nusselt numbers vs experimental values. 

selt numbers is shown in Fig. 13. All test results are 
expected to be accurate to within _+25% and fall 
within _ 20% of the correlation. Again, as expected, 
no influence of flow direction could be detected. 
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Symbol I di ('~--) ,/dj ~ A~tho, 
O 4.6 4.0 4.0 X 10' Amano  a n d  Jetliem 1982 
• 6.35 7.0 5.0 x 10 J Sparrow and  Lover  1980 
O 6.35 6.5 S.5 X 104 Hrycak 1982 
/'~ 22.0 4.0 6.0 X l01 Ward a n d  M a h ~ d  1982 

/ /~ 9.0 4.0 5.6 X l0  t Gardon a n d  Cobonque 1961 

V 9.52 4.0 5.4 x 104 Hrycak 1983 

< ]  19.05 4.0 2.95 X 104 Obot ,  M&jumdar a n d  D o u c h s  1979 

[~> 10.0 6.0 4.0 x 104 Goldst~in m a d  T i m m e r s  19~2 

12.7 6.0 3.52 .x t04 Goldsteia mad Behl~zbami 1982 
9c 6.35 2,0 2.0 × lo t  Gardon  and  Ak~r&t 196,5 

5. C O M P A R I S O N  WITH THE WORK OF OTHERS 

As has already been suggested, the behavior of con- 
fined jets may differ sufficiently from the most often 
reported free jet (liquid into air) or submerged jet (air 
into air or water into water) data to make the value 
of direct comparisons questionable. The results of [13] 
dealing with confined submerged single air jets were 
presented after this study was completed. These low 
Reynolds number (maximum Rej = 8000) exper- 
iments, used primarily to confirm numerical solutions, 
do not cover the higher Reynolds number range and 
the higher Prandtl numbers of the present work and 
the results are not presented in terms of correlations. 
Reference [14] is more comparable to the present tests 
and clearly shows the importance of the recirculation 
vortex. 

Yet, it may be of practical value to try and predict 
the experimental :results of others with the corre- 
lations. It is assurned that the Prandtl number effect 
can be covered by using Nusselt number divided by 
P r  °'4. The air-in-air unconfined stagnation point Nus- 
selt number results selected from ten previous inves- 
tigations and covering approximately the same range 
of Rej and z/~ are c, ompared to the results of equation 
(6) in Fig. 14. The results are at first discouraging, 
although they confirm the major differences in results 
between other investigators. While the correlation of 
equation (6) differs widely from the result of others 
in terms of the z/a I effects, the jet Reynolds number 
exponent, m, is nearly constant. A value of m ~ 0.58 
best correlated all the data examined. This agrees with 
the present result where m in equation (6) is 0.574. 
Thus most of the differences may be associated with jet 
confinement and the effect of the recirculation vortex. 

Fig. 14. Single-jet stagnation point Nusselt number results 
of other authors compared with present correlation results. 

In the multi-jet experiments reported by others, the 
fluid was drained from one or two sides. Here the 
cross-flow effect of the spent fluid significantly alters 
the average heat transfer coefficient. Only Hollworth 
and Dagan [19] and Hollworth et al. [20] considered 
arrays of impinging jets with spent fluid removal 
through vent holes in the target surface. However, 
their setups are so different from the present con- 
figuration that a direct comparison of results does not 
seem appropriate. 

6. S U M M A R Y  A N D  CONCLUSIONS 

An extensive experimental study was undertaken to 
evaluate heat transfer characteristics for single-jet and 
multi-jet impingement in submerged confined liquid 
flows as utilized in avionic heat transfer enhancement 
units. The experiments covered a large range of 
turbulent jet Reynolds numbers with different plate 
spacing-to-jet diameter and orifice pitch-to-jet diam- 
eter ratios. 

Single-jet data were obtained for both stagnation 
point Nusselt numbers and local-average Nusselt 
numbers to permit prediction of the average heat 
transfer over a region extending outward from the 
stagnation point. It was observed that the stagnation 
point Nusselt number decreases slightly with an 
increasing plate spacing-to-jet diameter ratio, even at 
ratios which would still be within the potential core 
in unconfined flows, thus contradicting the results of 
others. In the absence of further work, it is assumed 
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tha t  this difference is caused primari ly by the recir- 
cula t ion vortex in a confined flow which contr ibutes  to 
the b reakup  of  the emerging jet. Mult i- jet  experiments  
clearly showed the s t rong jet  interact ion between 
adjacent  jets. These reduced the s tagnat ion  poin t  heat  
t ransfer  compared  to a single jet, but  slightly increased 
the heat  t ransfer  away from the s tagnat ion  point .  
Design correlat ions applicable to actual  multi-jet  
impingement  units  were developed. 

All tests reported were conducted  with highly tur- 
bulent  jets  ; no in format ion  has been obta ined  for low 
jet  Reynolds numbers  which might  be encountered  in 
some C H I C  designs. A l though  the na ture  of  the jet  
interact ions suggest tha t  tu rbulen t  analyses may be 
applicable to Reynolds numbers  lower t han  the con- 
vent ional  pipe flow t ransi t ion value of  2100, ex- 
t rapola t ion  of  the results to much  lower values can 
not  be recommended  wi thout  fur ther  tests. 
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