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ABSTRACT

Locallzed cooling of furnaces with jets of air is common
in industry. The particular case of a small, high velocity
slot jet impinging normally on a plane surface 1s studied
experimentally by use of a transient method. The method 1s
shown to be of use 1n determining local, as well as average,
heat transfer coefficients., These results are presented in
nondimensional form which will facilitate extension to
fluids and slot dimensions other than those used in the tests,

Some limited results for circular jets are also included,.
and these are compared to the slot Jet.
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NOMENCLATURE

Engllish Letter Symbols

A
A
leak

Arorced
b

C

>

av

leak

throat area of nozzle, 1n2

surface area of target not exposed to the jJet, 1n2
surface area of carget exposed to the jet, in2
slot Jjet width at nozzle exit, ft

target thermal capaclty, Btu/°F

specific heat, Btu/(1bm°F)

slot jet 1laength at nozzle exit, ft

dlameter of cilrcular nozzle, ft

hydraulic diameter, ft

mass velocity at nozzle exit, lbm/(hrftg)
proportionality faclor 1n Newton's Second Law,
32.20 1bm-ft/(1bf-sec?)

local heat transfer coefficient, Btu/(hrft2°F)
average heat transfer coefficient, Btu/(hrft2°F)
average heat transfer coefficient on rear of
target, Btu/(hrft2°F)

the constant 1n Eq (12), dimensionless

thermal conductivity, Btuy(hrft°F)

nalf length of rectangular target, radius of
circular targec, {t

throat length 1n nozzle, ft

ambient pressure, psila

plenum chamber pressure, psia

vili




pressure difference across nozzle, psl
potentlal flow pressure along target surface, psia
heat flux, Btu/hr

thermal resistance, (hr°F)/Btu

model temperature, °F or millivolts

plenum chamber temperature, °R

veloclty component in x-directlon, ft/hr
average veloclty at nozzle exit plane, ft/hr
potential flow velocity along target surface
in x-direction, ft /hr

centerline velocity of Jet at exlt plane of
nozzle, ft/hr

veloclity component in y-directlon, ft/hr
ideal flow rate through nozzle, lbm/hr
measured flow rate through nozzle, lbm/hr
coordinate along target surface, ft

coordinate normal to target surface, ft

Greek Letter Symbols

8
B
¢
e

wedge angle, degrees

nozzle to target distance, ft
impingement angle, degrees
time, sec

viscosity, 1bm/(ft hr)

2
density, ibm,ft°

ix




Non-Dimensional Quantlties

c nozzle discharge coefficient & wo /Wy
A aPco 2
m Euler number = (xaz—)/(pUm/Egc)
Ng nozzle Reynolds number 2 (GD,)/u
sn H
NR,l plate Reynolds number 4 (G2)/u
NR,x local plate Reynolds number for potential flow

solution 2 (U_px) /i

Ngt local Stanton number 2 hav/(ch)

Nst,av average Stanton number 2 hav/(ch)
(NSt,av)max maximum Ng. .. as function of 8/b

Ny local Nusselt number 2 (hx)/k

Np.. Prandtl number 2 (ucp)/k

Y aspect ratio of slot nozzle 4 b/b

Y nozzle compresslble flow coefficient in the

flow metering equation




I INTRODUCTION

The use of 1impinging Jets of alr for cooling and heating
purposes 1s common in 1ndustry. Thermal treatment of surfaces
such as the toughening of glass are examples of such 1lndustrial
applications. On a smaller scale, Jets are used for spot cool-
ing of electronic components and for thermal development of
photographic films.

In general, two types of jets have been used: (1) the
circular, or axial symmetric Jets, and (2) the slot or two
dimenslonal Jet. One limiting case of the slot Jet is that
where the jet intersects the surface tangentlally; this par-
ticular configuration has been called the "wall jet". Figures
la, 1b, and lc serve:to describe these various Jjet types. The
wall Jet has been investligated both analytically and experi-
mentally7’8*
transfer characteristics of either the clrcular or slot jet
at impingement angles greater than zero. The circular Jet

but no analytic treatment exists for the heat

has been investigated experimentally by Gordon1 and Vicker's2

for the case of normal impingement, ¢ = 90°, and Gordon also
studled arrays of circular Jets impinging ncrmally.

The present study arose out of a need for heat transfer
coefflcients for slot nozzles and is Intended to help fill
the gap in this area. The results herein are mainly concerned
with slot nozzles in thelr most common applied configuration,
90° or normal impingement. Thils report also presents some
limited results that were obtalned wilth one slze of circular
Jet impinging normally, but these are very limited and are
given only to provide a preliminary comparison with the more
complete slot Jjet results. Presented are the results of only
the first part of a program which will eventually cover both

»*
Raised numerals denote References.
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the slot and circular jets 1lmpinging at various angles on
both plane and rounded surfaces.

It was decided to bulld an apparatus which would approx-
imate "spot" or small area cooling and heating such as would
be the case in the cooling of eleetronic components, for
example, Thus, small, high veloclty alr Jjets were used, and
the characterlstic Reynolds numbers cbtained based on the
nozzle exit veloclty and hydraullc diameter, were falrly small
(less than 10,000 for the slot Jjets, and less than 20,000 for
the one circular Jjet).

Figure 1ld 1indicates the pertinent variables in the slot
Jet problem, The flow exilts from a rectangular nozzle of
width b and length ¢ , travels as g free Jet a dilstance
5 before 1mpinging normally onto a plane having a spot area
2b4. Neglecting end effects, it can be anticipated that the
heat transfer rate at a glven distance from the stagnation
point will be a function of the fluld dynamics invcoclved and
of the system geometry. Expressing this nondimenslonally,
for a constant Prandtl number fluid:

Ngi = f(NR’n x/b, &/b, nozzle exit velocity profile) (1)
where
A h
Not = Geo (2)
p
GD
A YUH
NR,n = Tu (3)

I>

NPr = ucp/k = constant

The veloclity profile at the nozzle exit plane must be in-

cluded as a parameter since NR N 1s based on the bulk
b4

average exlilt velocity and does not fully describe the Jet.




For the average heat transfer over a distance £ from
the stagnation point a similar correlation 1s expected:

NSt,av = f(NR,n , /b, B/b, exit profile) (4)
where:
h
A TCav
NSt,av B ch (5)




FIG. la
THE TWO-DIMENSIONAL OR SLOT JET

FIG. 1b
THE AXIAL SYMMETRIC OR CIRCULAR JET

FIG. lc

THE WALL JET
A limliting case of the slot jet

FIG. 14
NOMENCLATURE FOR SLOT JE1'S

FIG. 2a

BOUNDARY OF THE FINITE IMPINGING JET
Potential flow solution from Ref. 4

FIG. 2b
TWO DIMENSIONAL FLOW OVER A WEDGE

FIG. 2¢

NORMAL IMPINGEMENT, P = 7, m =1
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IT ANALYSIS

The avallable analytical treatments relating to im-
pinging Jets are restricted to fluild dynamlcs considerations
and only for the stagnatlon point region. A classical solution
for the case of a viscous Jjet of infinite extent striking a
plate at right angles was given by Schlichting3n He found
the same velocity gradient in both the x and y direction;
that 1s, u =ax and v = ay. The nature of the solution
1s such that the veloclty gradient, a, 1s indetermlnate.

Milne-Thomson has found a soélutlon for the case of a
finite inviscid slot Jet striking a plate. He was able to
obtain the equatilon for the boundary of the Jjet as 1t strikes
and 1s turned by the plate. His equatlon for the boundary
1s as follows:

2o (6)

3o

+ = 4n coth % (

<
il
o

This is pictured in Filg. 2a.
With the free jet boundary specified, La Place's equation
describing the flow could be solved by numerical means to check
the correspondence between the veloclty gradients in Schlich~
ting's sclution and those for the finite inviscld Jet.
The veloclty gradient in the potgngial core of the im-
£

family of lamilnar flow solutlions for heat transfer in the

plnging Jjet is important since Ecker has obtained a

case of constant Euler number flow. Constant Euler number
occurs for flow over a two dimensional wedge as shown 1in
Fig. 2b. The potential flow veloclty along the surface of
the wedge varies as x™ where m 1is the Euler number and
is a function of the wedge angle, PB. The heat transfer for
constant wall temperature 1s given by:

\JT




2m 0. 0OUm
e = 056 [5G + 0.2] (0.35 + 1+m)N 0.5 (r)
Nu ' o _ 2m Pr R,x
T4m

4 hx

where Nyu = T = Ngt * Npp *Np « (8)

U_px

A "w

NR,X T (9)

For B =7, m=1, and the inviscid flow reduces to
that glven by Schlichting; that is, u = ax . Equation
(7) then reduces to:

0.50

N R,x

= 0.57 NPrO'37 N (10)

Nu

In lleu of solving La Place's equation for the finite
Jet as defined by Milne-Thomson, we will assume that a con-
stant velccify gradlent 1n the x-direction does exlst in
the finlte jet. This 13 probably a good assumption near
the stagnation point.

Then: U = ax (11)

An approximate value of the veloclty gradient, a ,
may be extracted from Milne-Thomson's solution by noting
that the flow area after the turning of the Jet is complete
is the same as the original flow area. Thus, from consider-
ation of the continuity of the flow, the mean velocity after
complete turning 1s equal to the mean veloclty, U , which
prevaliled before turning.




Thus we can express (11) as:
X (12)

where K 1s a constant.
Using the approximation (12), one can rearrange (10) from

0.5
hx x Up
_— 0.37 (Z_‘of
k 0.57 NPr ( 32 )
0.5
hD Up 7~
to H 0.37
k .57 NPr DH(Kbu)
For the slot nozzle:
_ 2bc
DH ~ b+c
and for narrow slots b << ¢ S0
DH =~ 2b
Thus
hD 0.5 0.37 UpD, 0.5
H _ 2 _H
But
hD h GD e
H H Dy _
= (ge) () () = Ngg Ng gy
Then
2 . -0.6
NSt NR,nl/ = constant:- NPP 0.63 (13)




and for any given Prandtl number, we would expect the heat
transfer in the vicinity of the stagnation point (where (11)
may be a valid assumption) to correlat2 as

/2 _
Ngs NR,n = constant (14)

‘ Note the correspondence between (14) and the expected
correlation as given in (1). The above analysis neglects
any effects of &/b and the nozzle exit velocity profile.
The parameter x/b 1s included in the analysis in that (14)
1s expected to correlate the data at values of x/b near
the stagnatlion point.

Equation (14) provides a basis for the correlation of
the experimental results in Section VI.




IIT EXPERIMENTAL METHCD: THE TRANSIENT TECHNIQUE

The transient method for determining the convective
conductance of the Jet consists simply of recording the
transient temperature response of an inlitially heated model
as a result of Jet cooling. A simple analiysis 1s then used
to relate this transient to the conductance through a
thermal circuit as shown in Fig. 3b. It should be noted
that Fig. 3b plctures the distributed thermal resistance
and capacitance as being "lumped" into a single RC circuilt.
The criteria for this lumping 1s as folliows:

Reonvective £1im >> Fmodel
and (15)

—

cmodel >> Cconvective f11lm

The mcdels used in the experimental work were designed so
that these criterla were satlsfled., Figure 3a shows a
typical flat plate model. A small (1/2" x 1/2" x 1/4")
copper blcck is mounted flush Into a balsa wood block which
both supports the model and extends the plane target surface.
There is a small back-side heat leak in addltlion to the
predominate Jet convection on the front surface as shown in
Fig. 3¢c. The calibration of this back-s1de leakage 1s dis-
cussed in Appendix B.

The relation between the transient response and the
average jet conductance, haV s
ring to Fig. 3¢, the heat flux, q , is related to the
temperature difference through a rate equation:

is developed below. Refer-

Aotal = (VReota1)(Epiate = Pair)

If we speclfy ¢ = 0O as a datum temperature:

al-

total = (1/Rtotal) Ypiate

9




This flux 1s related to the loss 1n thermal energy in the
model by an energy balance:

at

_ = late
Qotal = - C —H5——

Combining the two equations and integrating the result.

0 b
WRiopay | 40 = - T [ —B=2=
90 to plate
1/R (6 -6)=-Tnt 1t
total o/ plate t
)
Let q): 0 when tplate = to and note that:
l/lt"cotal = l/’Rfor’ced + l/Rleak = (hA)forced + (hA)leak
Thus
C
(hA)forced =% Zn(t/to) - (hA)leak
or
h (= h ) = - ( [ ) in (JL) - h (ﬁl&ék__
forced av Aforced to leak Aforced
(16)
The conductance, hp .. 4, evaluated by (16), 1s the

average heat transfer coefficlent, hav , averaged with
respect to surface area over the whole length, 2f , of the
model, One shortcoming of the transient method heretofore
has been that it was useful only for evaluating average
heat transfer coefflcients. The next sectlon describes how
the method may be extended quite simply to yield local heat

transfer coefficlents.

10




FIG. 3a

SCHEMATIC OF TYPICAL TARGET ASSEMBLY

FIG. 3b
BASIC THERMAL CIRCUIT

FIG. 3¢

THERMAL CIRCUIT WITH BACK SIDE HEAT LEAK

o
R




AIR CAVITY
/ BALSA
WOOD
le—at GOPPER TARGET
FIG. 3a
tair ,\/Qr Tplate
- c
_16C
g —
—i: pe—
FIG. 3b
/\/&orced
. qforc:d__ folate
Rieak > Ryorced C
K 16
1 Yeak =

FIG. 3¢




IV EXTENSION OF THE TRANSIENT TECHNIQUE FOR
OBTAINING LOCAL HEAT TRANSFER COEFFICIENTS

The foregoing method of analysis of the transient
response may be extended to yield local coefficlients by
noting that the average Stanton number over the flow length
0O - x on the plate 1s glven by:

X
Al
N 2 = [ Ng dx (17)
Stav,x X5 St
Therefore:
d
N «x) =N
dax Stav,x St
and
(dNStaV X)
N = N + x (—=22a2
St Stav,x dx X
Thus
aN
(Ng,) = Ny, + & (—gBVX) (18)
St iyt Stav,z X x=4

In terms of the anticipated correlation of the results
as gilven by (1), the question i1s how does the local Ngt
vary with increasing x/b , with all the other parameters
held constant. To illustrate the application of Eq. (18),
conslder the following example. Four targets of different
lengths, £ , are available and identical flow rates from the
same nozzle at the same distance, ©& , are directed at each
cf them in turn. Then NR,n’ 8/b , and the nozzle exit
profile will have constant values for the four tests. The
results of these tests can be plotted as in Fig. 4a. A
faired curve through the test polnts provides the varilation

le




AR

in Ng¢ with increasing 4/b , at a constant value of
av,
Np,n and 8/b . The local heat transfer, Ng; » at any
k]

distance £ from the stagnation polnt may be obtained from
thls curve by graphically evaluating the ordilnate and the
derivative

dN
St,av
(NSt,av X=1 and ( dx )

x=J

Figure 4b 1llustrates how the results of Fig. lUa may be
obtalned 1n an equivalent manner with only one target of
length £ , instead of four as Just considered, by varying
the nozzle width, b . O0Of course variation of b means a
variation of nozzle exit area and thus the flow rate through
the nozzle has to be changed so as to maintaln a constant
NR,n . This extension to the method of Fig. 4b, that is,
obtalning local coefficlents indirectly on a nondimensilonal
basls, requlres that one have confidence in the proposed
St,av 28 predicted in (1) and that the
experimental scatter be small. In sectlon VI confldence in

correlation of N
the correlation 1s built up through the results of succes-

sive experiments, and then these results are used to extract
the local heat transfer values.

13




FIG. Y4a

NSt av VERSUS £/b OBTAINED BY VARYING TARGET SIZE
2

FIG. 4b

NSt ay VERSUS £/v OBTAINED BY VARYING NOZZLE SIZE
»
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V EXPERIMENTAL APPARATUS

A schematic of the overall experimental apparatus 1s
shown in Fig., 5, Air is supplied from a compressor through
a combinatlon of recelvers and pressure regulators to the
flow metering section which consists of a rotameter for
measuring the flow rate and a 100-inch mercury manometer
for measurlng the rotameter lnlet pressure., The alr 1s
then directed into the nozzle plenum chamber through a
needle valve which 1is used to set the flow rate. The plenum
chamber contailns screens for straightening and quleting the
flow and 1s topped by the nozzle block assembly for slot
nozzles and the nozzle plate for round nozzles, An alr
tight Joint is assured between the plenum and nozzle block
plate by use of an O-rlng seal.

The nozzle blcck and nozzles are shown in the photo-
graphs of Fig. 6. Three sets of nozzles were used to evalu-
ate the effect of the nozzle exlt veloclty profile on the
heat transfer characteristics of the jet. The design of
these nozzles is covered in Appendix A. They are all 0.75

inch wide and slide in a groove machined in the nozzle block.

All three sets of nozzles are interchangeable in the same
nozzle block. The nczzle (and thus the jet) thickness 1is
adjustable and the dimensions b wused in the tests were
0.010, 0.020, 0.040, 0.060 and 0.C82 inch. These were set
with the use of precision thickness gages.

The close clearance machining of the nozzles and block
allowed very adequate sealing with a thin film of grease
between the sliding surfaces and insured that all the
metered flow actually passed through the nozzle. An addi-
tional check on the equallity of flow passing through the
rotameter and nozzle 1s furnished by the calibration of the
nozzles as a flow metering device. This calibration 1is
covered in Appendix A. For every test run taken the flow

15




rate measured by the rotameter was checked against that com-
puted to be passing through the nczzle. The rotameter hes
been callbrated against a standard oriflce and is known to
be accurate to *+ 1% in the range used.

Two targets were used in the slot nozzle tests: one of
4 = 0.50 inch, the other of £ = 0,25 inch. These are
mounted 1n balsa wood supports so that they present an aero-
dynamically c¢lean surface for the implnglneg Jjet. A thermo-
couple is mounted 1n the center of each target and 1s placed
in series with a thermocouple in the plenum chamber below
the Jjet., The voltage across the leads 1s thus proportional
to the difference in temperature between the target and ti.e
alr in the plenum, This voltage 18 measured wilth a self
balancing potentiometer,

Tne relative alignment and poslitloning of the nozzle
and target 1s achleved accurately through the use of two
rotary mlcrometer tables; one to hold the farget, and one to
hold the nozzle assembly., These tables are éommonly called
rotary cross-feed tables and are used for positioning and
feeding in machining operations. With the use of these
tables, relative positicns can be set accurately to a
thousandth of an inch, and provision i1s bullt in for tilt-
ing the target to impingement angles less than 90°. Figure
7 shows the complete positioning assembly. The photograph
of Flg. 8 shows the entire experimental setup.
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FIG. 5
SCHEMATIC OF EXPERIMENTAL APPARATUS
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FIG. 6
PHOTOGRAPHS OF NOZZLES AND
NOZZLE ASSEMBLY

(See Fig. 21 for dimensions)
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SLOT NOZZLES
FIG. 6




FIG. 7
PHOTOGRAPH OF ROTARY TABLES,
NOZZLE AND TARGET
The inset shows thel inch (£ = 0.50 inches)

rectangular target assembly




FIG. 7




FIG. 8
PHOTOGRAPH OF COMPLETE EXPERIMENTAL SET UP
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VI EXPERIMENTAL RESULTS

A series of tests were conducted to systematically
investigate the influence of the independent nondimensional
parameters entering lnto the proposed correlation equatilon

(1).

Effect of Nozzle-to-Target Distance, &/b

The first series of tests were designed to obtaln the
effect of the geometrical parameter, ©5/b , on NSt,av s
all other parameters held constant. A rather pecullar
effect 1s apparent from these tests., The average heat
transfer rate over the target 1s at a maximum at §&/b
arcund 8 and decreases with ©&/b smaller than 8 and larger
than 8, The results of a large number of tests are given
in Fig. 9 1in the form of NSt,av/(NSt,av)max vs. 5/b
where (NSt,av)max is the maximum value of NSt,av
attained as a function of Q/b . The surprising aspect is,
of course, the drop off in heat transfer for small §&/b
ratlos., This effect 1s apparent throughout the entire range
of NR,n (3,000 to 10,000) and £/b (3.125 to 50). This
peaking is greater for small £/b ratios, which indicates
that 1t is a phenomenon assoclated with the heat transfer
near the stagnation -—oint. The average heat transfer
obtained with small /b ratios is, of course, dominated
by the heat transfer near the stagnation point, while that
obtained for large 4/b ratios is dominated by the wall jet
region. The stagnation point region and wall jet region are
described in Fig. 2c.

This reduction in heat transfer coefficlent for small
nozzle-to-target distances i1s similar to that observed by
Gordon1 for circular Jets. The free jet, after leaving the
nozzle, is constantly entraining the surrocunding fluid; as
far as the Jet heat transfer 1s concerned, 1t appears that
this entrainment is initially beneficial and then detrimental
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with further increase 1in Q/b beyond 10.

For the range of parameters attailnable with the present
apparatus, a nozzle placed at ©&/b = 8 appears to yleld
heat transfer coefficients no lower than 95% of the maximum
attainable at other values of &/b . Since, for design
purposes, one 1s interested in maxlimum heat transfer rates,
1t was decided to make all further tests at a constant value
of 6/b = 8.0 and correlate the results on this basis. 1In
the range 7<6/b<10 no significant variation of the heat
transfer coefficient will result as 1is evident from Flg. 9.

Effeot of Target Size, £/b

At the fixed nozzle-to-plate distance ratlo, 5/% = 8.0,
tests were taken with the two targets (£ = 0.5 and 0.25
inch), and the £/b ratio was varied for each model by vary-
ing the nozzle thickness, b . For these tests the flow rate
was adjusted so as to maintaln a constant value of NR,n .
Figure 10 shows the results of these runs graphically. It
should be noted that with this scheme of testing 1t 1s pos-
sible, by the use of two targets of different size, to obtain
test results with ldentical values of NR,n’ /b, and b6/b
and yet obtain these results with different values of [, b,
and flow rate, As seen in Fig. 10, these results correlate
very well, within the experimental uncertainty, whilch lends
confidence to the anticipated correlation of (1),

It should be noted at this time that the nozzle exlt
velocity profile included in (1) has not been mentioned so
far because this parameter was found to have a very minor
effect on the heat transfer results. Further dlscusslon of
this point will be presented later.

The lower curve of Fig. 10, that 1is, NR,n = TU00 was
also repeated at several values of ©6/b to further i1llus-
trate the effect of this parameter. These results are shown
in Filg., 11,




FIG. 9
EFFECT OF NOZZLE-TO-TARGET DISTANCE, 5/%, ON NSt av
3
(See Table 7 for tabulated results)

¢ = g0°

FIG. 10

EFFECT OF TARGET SIZE, £/b ON NSt,av AT CONSTANT NR,n

(See Table 8 for tabulated results)
5/b = 8.0
¢ = 90°
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Additional insight into the effect of 4/b may be had
by correlating the data in a somewhat different manner using

NR P instead of NR n In Fig. 10, the data i1s correlated
3 L
on the basis of (1): that is,

Nsg,av = f(NR,n, i/v, 8/b) (19)

However, NR n and z/b may be combined into a Reynolds
3
number based on the flow length along the plate as follows:

aD ELATECTES
N, (§) = o (§) - A

For the narrow slot nozzles used, bg<¢ ; therefore,
(b+¢c) = ¢ . Thus

by ~ 2W B\ _ G4 A
Neon (B) - e (B) = 27 = &%

~ NR n 4
or g,y T 32 (p) (20)

A functional relationship equivalent to {19) is thus:
Ngg,av = TNy, g» &/bs 6/b) (21)

The same results as previously presented in Filg. 10 are
graphed in Fig. 12 according to (21) as NSt,av versus

NR,ﬂ . The reference line shown 1in Fig, 1. 1s the Pohlhausen
solutlion for heat transfer from a flat plate at zero inci-
dence (¢ = 0) to an infinite stream with a laminar boundary
layer. It can be seen that on this basls the parameter £/b
has a rather minor effect in the range tested (3.125<f/b<50).
Also, 1t 1s significant that these results for normal
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FIG. 11
EFFECT OF NOZZLE TO TARGET DISTANCE S/b,
ON Ng, . VERSUS £/b CURVES
(See Table 9 for tabulatlon results)

NR,n = 7400

¢ = 90°

FIG. 12
VERSUS NR,E

¢ = 90°
5/b = 8.0

NSt,av

The Pohlhausen solutlon for a laminar
boundary layer on a flat plate at ¢ = 0O°
1s shown as a doutted line.

.25
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impingement (¢ = 90°) indicate heat transfer rates approx-
imately 50% higher than for the infinite stream at ¢ = O .
The small effect of £/b in Fig. 12 is consistent with
the behavior pictured in Fig. 10. For a constant value of
Nn,z , an 1lncrease in z/b dictates a proportionate decrease
in NR,n , by virtue of (20). For example, an increase in
/b from 3,125 to 6.25 at Ngp 2= 11,550 1s accompanied
by -a decrease in NR,n from 7&00 to 3700. This results in
a 6.5% increase in Ng, .. from 1.08x1072 to about 1.15x1072,
This effect decreases for increasing values of 4/b up to
12.5 where the converglng nature of the curves of Fig., 10
beglin to reverse the trend.

Effect of Nozzle Exit Velocity Profile

As mentioned earlier, the effect of the exit velocity
profile 18 very small and for usual engineering purposes
can be neglected. Thls conclusion was reached by repeating
a number of the previously described tests with different
exlt profiles, As described in Appendix A, at a given nozzle
Reynolds number, the veloclity proflle at the exlt plane of
the nozzle depends upon the ratio of throat length to
hydraulle dlameter in the nozzle., Thnis velocity profile is
characterlized by the ratio of the centerline velocity at the
nozzle exit to the average velocity at the exit plane, UQ/U )
The three geometrically simllar nozzles shown in Fig. 6 were
designed to have the same L/DH and uQ/U at three differ-
ent values of the nozzle spacing, b . Thus a particular
test could be run three times with everything but the ratio
uQ/U held constant by changing nozzles, but holding the
nezzle spacing and flow rate constant.

Figure 13 shows the effect of the exit veloclity profile

/
on the NSt,av/(NSt,av)max curves. Here two nozzles were
used: one with a value of uQ/U * 1.15 and one with
UQ/U 7 1.35 . For narrow nozzles with small aspect ratios
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8 value of ut/U = 1.3511represents almost fully developed
flow at the nozzle exit . Thus 1t 1s felt that the nozzle
exlt profiles tested represent as wlde a range of the profile
as would be found in a design situation.

Figure 14 1s a plot of the results of the same two
nozzles compared for thelr effect on the NSt,av vs. NR,Z
curves. Thls graph best indicates the small influence of
the effect of the exit veloclty profile. The heat transfer
to the jet with the more uniform velocity profile is appar-
ently less than that to the Jet with the higher centerline
velocity; which 1s expected, since the latter Jet has asso-
clated with 1t a higher kinetic energy. However, the effect
is sufficlently small for the two cases to be wilthin the
experimental uncertainty.

Local Heat Transfer Coeffilclents

The average heat transfer results, Fig. 10, have been
used to calculate local heat tranafer coefficients in the
manner discussed previcusly (see Fig. 4 and the associlated
text) and are presented in Fig. 15,

Further Correlatlon of the Results

The analysis indicates that 1n the region near the
stagnation point the local heat transfer should be related
to the nozzle flow through (14); that 1s

1/2

NSt NR,n = constant.

Using this prediction as an 1ndication of the form tolbe
expected, the entire results of Filg. 15 were correlatéd on
the basis of Nst(NR,n)p = constant. This correlation is
shown in Fig. 16 with p = 0.434, It can be seen that the
correlation is quite good even in the regions far away from
the stagnation point.
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Fig. 13
EFFECT OF NOZZLE EXIT VELOCITY PROFILE

ON NSt,av/(NSt,av)max

(See Table 10 for tabulated results)

b = 0.020"
L/o = 12.5
NR,n = 4500
¢ = 90°
FIG. 14

EFFECT OF NOZZLE EXIT VELOCITY PROFILE

ON N VERSUS N

S5t,av R, ¢

(See Table 10 for tabulated results)

L/o = 25.0

8/b = 8.0
¢ = 90°
FIG. 15

LOCAL HEAT TRANSFER, N VERSUS x/b

St
5/b = 8.0 ¢ = 90°
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This correlation can be extended still further. Figure
17 1s a plot of the average heat transfer results treated
in the same manner; that is, NSt,av NR,no'434 as a function
of 4/b . Again the correlation is good.

The exponent p = 0.434 was selected on the basls of
the following considerations. The results were first corre-
lated as indicated by the analysis with p = 0.50 , and the
correlation was reasonably satisfactory. However, 1t was
noted in Eq. (20) that there 1is an approximate linear rela-
tionship between NR,E and NR,n and it can be observed
that the results of NSt,av vs. NR,Z in Fig. 12 plot with
a slope of -0.434 instead of -0.50. With p = 0,434 the
correlation with NR n 1s better than that obtained with
p = 0.50. ’

It should be noted that the best interpretation line
for the local heat transfer results, Fig. .16, is analytl-
cally related to the best interpretation line for the aver-
age results, Fig. 17, through Eq. (18). The best interpre-
tatlon line on Fig.. 16 was derived in this manner.

The dotted curves in Figs. 16 and 17 indicate qualita-
tively the probable behavior of the local and average heat
transfer coefficients at and near the stagnation point. It
should be noted that at the stagnation point the local and
average heat transfer coefficilents should be equal; thus a
substantial rise 1n the local coefficlent near this point
1s needed, as indicated in Fig. 16, Such behavior 1s in
good agreement with the behavior of circular jets near the

stagnatlion point.1

Effect of the Prandtl Number

Since air at approximately 530° R was the only fluld
used in the tests (NPr = ©.705), the effect of NPr was not
observed., However, the effect of this parameter 1s predicted

analytically in (13).
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0.63

005
Nq,. N Np».

st NR.n = constant
]
If the results of this ilnvestigation are used with other
fluids, it 1s recommended that (13) be used as a guide 1n
predicting the effect of NPr . Thils NPr effect 18 in-
cluded in the equations below,

Experimental Results in Equation Form

The results presented in Fig. 12 are readlly expressible
in equation form, If the small effect of £/b 1is regarded
as a spread in the data, then the results may be character-

ized with a single line. When the effect of NPr suggested
by (13) is included, the result is
0.434  0.63 _

NSt,av NR,i NPr = 0.547 + 0,025 (22)

for 7 < % < 10 and 3« é < 50 .

Using the relation between NR I and NR n &8 given
3 k]
by (20), the above equatlion can be expressed as

0.434 = 0.63 -0.43k

_ ) (23
Nst,av MR,n Npr = 0.74 (g) )

for 7 < %-( 10 and 3« % < 50 . Thils equation is shown

irn Flg. 17.
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FIG. 16
CORRELATED LOCAL HEAT TRANSFER RESULTS

0.434
Nst Ng,n

(Npp. = 0.705)

VERSUS x/b

The data points were obtained from Flg. 15
(See Fig. 4 and Appendix E for method)
The dotted curve was obtalned from Filg. 17
in a similar manner.

FIG. 17

CORRELATED AVERAGE HEAT TRANSFER RESULTS

N o O.H34
'St, av "R,n

(Np,, = 0.705)

VERSUS 2/b
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VII COMPARISON WITH CIRCULAR JETS

In order to galn some preliminary insight as to the
relative performance of the slot Jets and the more common
clrcular jets, one cilrecular nozzle and two circular targets
were used, The nozzle was deslgned so as to be quite similar
to the slot nozzles as regards dlscharge coefficlent, I./DH
ratlo, etec. The detalls of this nozzle, together with its
discharge coefficient calibration, are included in Appendix A,
The throat area of thls nozzle and the throat area of the slot
nozzles set at a thickness of 0.040 inch are identical; that
is, A = 0.030 in.2 and thus the diameter 1s 0,196 inch,

The two cilrcular targets have diameters of 1.0 and 0.50 inch,
respectively. The results obtainable with thls equimment
are restricted to the reglon near the stagnatlon point since
the nozzle 1s relatively large compared to the target
dlameter,

The effect of nozzle-to-target distance, &/D , was
investigated with the circular Jets, and the behavior was
qulite different than that obtalned with the slot Jets.

Figure 18 shows the results of these tests. Data was taken
at 5/D values of 1,0, 5.0, and 8.0, and the results indi-
cate that the heat transfer drops off monotonically with
Increasing distance, G/D . In order to be consistent with
the slot Jet tests, which were taken with a 5/D ratio which
gave maximum heat transfer, the remaining tests for the cir-
cular Jets were taken with §/D = 1.0 , or & = 0.196 inch.
Flgure 19 presents the results of these tests. NSt,av is
given as a function of NR,n and £/D , where £ 1is the
radius of the target and D 1s the diamet:r of the nozzle.
Figure 19 for the c¢ircular Jets 1s thus analogous to Fig., 10
for the slot Jets,

It 1s interesting to compare the circular Jjet on the
basis of the correlating parameter, NSt,av NR’nO.MBM which
was found of use for the slot jets. 1In Fig. 20 the best
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curve through the slot jet results of Fig. 17 1s drawn to-
gether with the results of the circular Jjets. As can be
seen, the circular Jjet results do nct differ significantly
from the slot jet behavior, at least in the narrow £/D g
test range for the circular jets.

One of the tests for the circular jet (see Run number
508, Table 11) indicates that a flow rate of 11 pounds per
hour (Vjet = 195 ft/sec) impinging on the one-inch diameter
target results in an average Stanton number, NSt,av , of
7.20x107° and an h,, = 91.6 Btu/(hr °F £t?) over the
target surface. This particular target has an area of
0.785 in.e. An interesting comparison may be drawn between
this heat transfer and that obtainable with a slot Jet cool-
ing the same slze area. To make a valid comparison, the
flow rate and exlt area of the slot nozzle should be the
same as that of the circular one. This restriction insures
that the compressor power required for the air supply will
be ldentical for both nozzles. As has already been men-
tloned, the slot nozzle 0.750 inch wide and 0,040 inch thick
has the same area as the circular nozzle, With these facts
in mind, the results of Fig. 17 can be used to predict the
corresponding slot Jet heat transfer. Setting the two

target areas equal:

0.785 = 0.750 (24)

therefore, £ = 0.522 inch and 4/b = 13

The nozzle Reynclds rniumber may be computed from the flow
rate and dimensions of the nozzle:

w/A . Dy 2w
Np,n = m = L (btcy © 7670
!
At 4/b = 13, Ngo o Np no.43u - 0.325 from Fig, 17.
-2 3 - 2 o
Therefore, Ng, o = 6.7x10 5 (n,, = 84.7 Btu/(nr £t° °F)
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and the cilrcular jet ylelds an hav approximately 8% higher
than thls particular slot Jet whlle coolling the same area
with the same flow rate and nozzle area. However, while
equal in magnitude, the shape of the two areas cooled are
quite different. In fact, the shape of the area cooled is
important in the above comparison.

Suppose that the slot Jet had been 1.0 inech wide and
0.030 inch thick. Then the 4/b required to cocl 0.785 in,
would stl1lll be 13, but the Reynolds number would be reduced
to 5870, For this case, Ng. .o = 7.30x10"3 end the average
heat transfer coefficients for the clrcular and slot jets are
about the same at the common flow rate of 11 1lbs/hr. A ten-
tative conclusion seems to be that the shape of the area to
be cooled 1s of primary importance in declding which type of
Jet would be more economical of compressor power for a
deslired cooling rate.

2
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FIG. 18

EFFECT OF £4/D On N FOR CIRCULAR JETS
St,av

(See Table 11 for tabulated results)
¢ = 90°

FIG. 19

EFFECT OF £/D ON N FOR CIRCULAR JETS
St,av

AT CONSTANT NR,n

(See Table 11 for tabulated results)

¢ = 90°
£/D = 1.0
FIG. =20

COMPARISON OF CIRCULAR AND SLOT JETS

0.434
Ngt,av g, n vs 4/b, £/D

Data points are for the circular jets.
Solld curve 1is result of Fig. 17 for slot Jets
¢ = 90°
£/b = 8.0 £/D=1.0
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VIIT APPLICATION TO DESIGN

The foregolng comparison between circular and slot Jets
1l1lustrates how heat transfer coefflclents may be readily pre-
dicted for the slot Jets by use of the results of Figs. 16
and 17. These results are, of course, valid only for nozzle-
to-target distance i1n the range 7 to 10, Figure 9, however,
should provide a qualitative appreclation for how these
results are modified by changes 1n 5/b outside this range.
Although the nozzle Reynolds numbers for the tests were
fairly low, they are typlcal of a design situation where
small nozzles are used for locallzed cooling or heating.

The speciflc point of view taken in this study has been that
the Jet would be used for cooling a hot surface, but the
results are equally applicable for heating a cool surface,.

In applylng the results of thls study to a design 1t
should be noted that the results are evaluated on the basis
of a difference between the Jet total (or stagnation) temper-
ature and the target surface temperature. The Jet static
(or thermodynamic) temperature 1s lower than the total Lem-
perature by the kinetic energy effect of the Jet, and thils
difference 1s proportional to the square of the velocity.

In the present study, the plenum pressure was as hlgh as
16 inches of mercury gage; and thus the maximum difference
between the Jet static and total temperatures amounted to
about 20 degrees.

If the coollng, or heating, i1s to be done with arrays
of Jets rather than with one individual jet, 1nteraction
between the individual Jets in the array must be recognized.
The results here do not account for any interaction and are
strictly applicable only to Individual jets. Nevertheless,
there are many configurations where arrays of slot Jets may
be used without appreciable interaction between them. For
circular jets in arrays, interaction 1s always present and
such 1Interaction lowers the average heat transfer ratesl
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Thus, for certain applicatlions of arrays of Jjets, the slot
jet may have an advantage over the circular Jet.

It should be noted that the magnltudes of the conduct-
ance, h , obtalnable with impinging jets (50-250 Btu/
hr £t °F) are significantly higher than those normally
encountered (10-50 Btu/hr £t °F) in forced convection
situations with air at approximately atmospheric density.
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IX SUMMARY AND CONCLUSIONS

A translent technigue for the experimental determina-
tion of impinging Jet average heat transfer coefficlents
has been described, and the method has been extended to
vield local heat transfer coefficlents. The technique was
used to lnvestigate extensilvely the case of a slot Jet
impinging normally on a plane surface. The experimental
data for thils case 1s correlated on a dimensionless basis,
Figs. 16 and 17, which makes extensions to other gases,
nozzle dimenslons, and target dimensions feaslible. This
greater generality is of importance to the designer,

The wedge solution (14) analysis indicated that the
dimenslonless parameter NSt Ng,n should be useful 1in cor-
relating local heat transfer data near the stagnation regilon.
Indeed; this parameter proved valid for correlating not only
these results but also local results away from the stagnation
region and average heat transfer results as well. (See
Figs. 16 and 17 and Eq. (23).)

The results were also presented on the basls of NSt,av
vs. NR,£ , Flg. 12, On this basls the effect of z/b 1s
minor and the results are readlly represented by a single
equation (22). In some respects Fig. 12 and Eq. (22) may
prove to be the most convenlent presentation of results from
the point of view of the designer.

The transient technlique was alsoc used to experimentally
investigate in a preliminary way the case of a normally
impinging circular Jet on a plane surface, Thils study was
limlited to only a few tests, and the results were used as a
comparison with the slot Jjet results. It was tentatively
concluded that the chape of the area to be cooled 1s of
primary importance in deciding between a circular or slot
Jet. However, if arrays of Jjets are to be used, the slot
Jets may be more desirable since Interaction between them
can be held to a minimum.
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X RECOMMENDATIONS FOR FURTHER WORK

The experimental apparatus and techniques now avallable
can be used to extend the results of this study as follows:

(1)
(2)
(3)
(4)

(5)

the circular jet impinging normally,

the slot jet impinging at 0° < ¢ < 90° ,

the slot Jjet impinging on a c¢ylindrical surface,
more tests for the normally impinging slot Jet
to extend the Reynolds number and £/b ranges,
the circular and slot Jets operating with hlgher
plenum pressures to investigate supercritical
Jets and the influence of shock wave patterns on
heat transfer,

In addition, 1t would be desirable to re-examine the
analytic treatment of the problem with a view to extending
this treatment away from the stagnation region and into the
wall Jet region.
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APPENDIX A - DESIGN AND CALIBRATION OF THE FLOW NOZZLES

At the outset of thls study, it was felt that the heat
transfer coefflclents obtalined wlth the impinging Jjets might
depend to some extent on the character of the nozzle exit
plane velocity profile as well as the mean flow propertiles
of the Jet,

With this in mind, three geometrilically simllar nozzles
were desligned te operate wlth Jjet thicknesses of 0.020,
0.040, and 0.080 inch, respectively.

The reasoning behind the deslgn 1s based on the following
functlonal relatlonship for the nozzle discharge coefficlent,
C:

C = f (nozzle contour, L/Dy s Ny n) (24)
k]

This relationship has previously been substantlated both
analytically and experimentally for circular nozzles with
laminar flowlom It was felt that this relationship would
be valid for slot nozzles as well as circular nozzles.

A deslign L/DH ratlo of 2.0 and an elliptical contour
were chosen for the three nozzles, as shown in Flg. 21. The
dlscharge coefficlents for the completed nozzles were obtalned
by comparing the measured flow, W through the rotameter
with an ideal (C = 1.0) one dimensional flow through the
nozzle based on the temperature and pressure in the plenum
chamber Just upstream of the nozzle. That 1s:

P AP 1,2
w, = 4070 A Y, (—E—T——E) (25)

where Ya is the nozzle expansion factor for the perfect
gas compressible fluidg. The dlscharge coefficient 1s thus:

40




c =2 (26)

Figures 22, 23, and 24 present the calculated discharge
coefficients for the three nozzles at varlous nozzle spacings;
that 1s, at varilous L/DH ratios., Figure 25 shows a cor-
relation between the three nozzles when all are operated at
thelr design configuration of L/'DH = 2,0 . The correlation
is compared with the analytical results of Ref. 10 for the
clrcular nozzles at the same L/DH ratlio. From this com-
parison 1t is clear that the slot nozzles compare favorably
on & DH basis with the predictions for the circular nozzle,
The three nozzles at values of L/DH other than 2,0 also
agree well with the results of Ref. 1lQ.

The discharge coefflicient, cf course, does not furnish
a complete description of the nozzle flow. What 1is needed
beyond this 1s some knowledge of the veloclty profile at the
exlt plane of the nozzle., Experimental determination of the
profile, or even of the centerline velocity, 1s lmpractical
in this case because of the small slze of the nozzles. How-
ever, since the flow in the nozzles is lamlnar, the flow
pattern may be estimated uslng theory developed for the
lamlnar entry length problem in rectangular ducts, Ilanll
has published an analysis of this problem in which he
presents uQ/U in the developing region for different aspect
ratios from 1.0 to 0. Fieures 22, 23, and 24 include values
of u,/U computed from Ref. 11.

For the tests with circular jets, one circular nozzle
was designed with the contour shown in Fig. 21, As mentioned
previously, it was deslgned to have the same area as the slot
nozzle set to a thickness of 0.040 inch. It has an L/Dy
ratio of 1.55. Figure 26 1s a plot of discharge coefficient

versus norwzle Reynclds number for the nozzle.




Table 1 1s a tabulation of the nozzle variables for both
the circular and slot types.

TABLE 1
Nozzle Type
L (in.) b (in.) A (1n.9) Dy (in.) L/,
0.020 slot 0.0780 0.010 0.0075 0.01975 3.95
, 0.020 0.0150 0.0390 2.00
0.040 0.0300 0.0760 1.025
0:060 0.:0450 0.1111 0.702
0.080 0.0600 0.1445 0.540
0.040 slot 0.1520 0.010 0.0075 0.01975 7.70
0.020 0.0150 0.0390 3.90
0.040 0.0300 0.0760 2.00
0.060 0.0450 0.1111 1.38
0.080 0.0600 0.1luls 1.05
0.080 slot 0.2890 0.010 0.0075 0.01975 14,6
0.020 0.0150 0.0390 7.41
0.040 0.0300 0.0760 3.8
0.060 0.0450 0.1111 2.62
0.080 0.0600 0.1445 2,0
D !in.}
Circular 0.304 0.196 0.0300 0.196 1.55
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FIG. 21
NOZZLE CONTOURS
(2 x Full Scale)
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FIG. 22
DISCHARGE COEFFICIENT FOR THE NOMINAL 0.020
SLOT NOZZLE
(L/DH = 2.0 when b = 0.020 in.)

FIG. 23
DISCHARGE COEFFICIENT FOR THE NOMINAL 0.040
SLOT NOZZLE

(L/D; = 2.0 when h = 0.040 in;)

FIG. 24
DISCHARGE COEFFICIENT FOR THE NOMINAL 0.080
SLOT NOZZLE
(L/DH = 2.0 when b = 0.080 in.)
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FIG. 25
DISCHARGE COEFFICIENT FOR THE THREE SLOT NOZZLES
AT L/DH = 2.0
The dotted curve is an analytical result

for L/DH = 2.0 from Ref. 10

FIG. 26
CIRCULAR NOZZLE DISCHARGE COEFFICIENT

L/DH = 1.55

FIG. 27
TARGET TEMPERATURE RESPONSE FOR RUN NO. 153
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APPENDIX B - CALIBRATION OF HEAT LEAK FROM TARGET

In the early stages of the project, it was found that
the back side of the model could not be sufficiently insu-
lated by simply imbedding 1t in a material of low thermal
conductivity, such as balsa wood. When this was attempted,
there appecarcd to be some initlal heat leak lntc the balsa
wood support combined with a subsequent feedback heat
tranafer from the support to the target during the transient
test. The feedback effect appeared as a nonlinearity in the
transient curve of 6 versus [n t/fo . To resolve this
problem, it was decided to allow heat leak to occur only 1n
one directlion from the back slde of the target, but in a
manner such that it could be callbrated and allowed for 1n
the analysis of the experimental results. Section III,
Experimental Method, indicates how this leak may be accounted
for in the analysis. [See Eq. (16)]

In order to callbrate the leak, the rear of the target
was exposed to a cavity in the balsa wood support rather than
being simply imbedded in the support. (See Fig, 3a). For
calibration, the model was heated and then the target or
front surface was covered with a matching balsa wood block
and cavity. The free convectlion translent cooling was then

recorded and a value of computed under the assumption

h
that the average conductanig?k hav , over the entlre target
would be equal to hleak . This technique was used for all
four models, two rectangular and two clrcular, used in the
tests.

The results of this calibration are sugmarized below.
The correction factor of Eq. (16), hy .. (KEEEE__) is
given for the four targets. forced

Note that the heat leak effect was generally less than

5% of the forced convection effect,
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TABLE 2 - HEAT LEAK CORRECTION FACTORS

Correction PFactor

Al Btu Btu
h eak , h )
Target leak Aforced’ hr £t° °F leak hr £t° °p
large rectansgular 3.21 1.31
(£ = 0.50 in.)
small rectangular h.83 1,61
(£ =0.25 in.)
large circular 2.08 1,00
(D= 1.0 in.)
small circular h,87 ' 1.62

(D = 0.5 in.)




APPENCIX C - EXPERIMENTAL UNCERTAINTY

The experimental uncertainties were estimated for the
regults as follows:

TABLE 3 - SUMMARY OF UNCERTAINTIES

Quantity Uncertainty
NSt,av t 5%
NSt,av/(NSt,av)max t 6%

C (slot nozzles) t 2%
C (circular nozzle) t 1%

No uncertainties were estimated for the local heat
transfer results although they are certainly somewhat
greater than 5%, since there are uncertailnties in the
graphical differentlating used to obtain them., This is
particularly true in the region cleose to the stagnation
point where the curvature of the NSt,av versus £,/b
results increases rapldly.

o
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APPENDIX D - PHYSICAL PROPERTIES OF TARGETS

Altogether, four flat plate targets were used in the
tests., Thelr physical properties, 1lncluding dimenslons,
are summarized in Table 4 below.

TABLE 4 - TARGET PROPERTIES

Material (all targets): Commercial grade cast rolled copper

specific heat = 0.0923 T%E%

Flat Plate _
4+ & s
Target veigh, Dimenslons C/Aforcqg
rectangular 17.15 grams 0.980"x0,500"x0,243 1.022 _5;%_
ft="F
rectangular 8.78 grams 0.505"x0.490"x0.250" 1.035 -E%%—
ft=°F
. i 1 Btu
circular 28.05 grams 1.0" diam x 0.250 1.045 5
o
ft=°F
circular 7.22 grams 0.50" diam x 0.250" 1.08 —B&

ft=°F
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APPENDIX E - DATA RIEDUCTION METHODS

Average Heat Transfer Ccoefficlents

As an example of the data reduction method used to
obtain the average coefficients, run number 153 will be
reduced here. Thls 1s a slot nozzle test taken with the
0.080 nozzle set at a thickness of 0,040 inch. The jJet
emerging from this nozzle implnged on the small target
(£ = 0.25 inch). The test data is given in Table 5 below.

TABLE 5 -~ TEST DATA FOR RUN NO. 153

Rotameter Pressure 66.85 in. Hg gage at 68° F
Rotameter Temperature 520.0° R
Rotameter Reading g95.2%
Dimensions: -
o} 0.320 in.
0.040 1n,
(See Fig. 1d) 0.750 1n.
y 0.25 1in.
Plenum gage pressure 9.63 in. H,0 at 68° F
Plenum temperature 520.0° R
Parometric pressure 30.00 in. Hg abs. at 32° F
6 at t = 2.50 millivclts 0.0 seconds
@ at t = 2,00 millivolts 7.5 seconds
8 at t = 1.50 millivolts 17.2 seconds

For the 0,080 nozzle, the throat length L ecgquals
0.2890 inch, and when set at b = 0.040 inch the L/DH
ratio 1s 0.0760 (see Table 1), The measured flow rate
through the rotameter 1s obtained from the equation:

(meter pressure (psia)]l/2
14,7

(meter temp. (°R)]1/2
530.0

1b o .
W (EF) = 0.0615 (Rotameter reading)

<
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With the above test data, the value 1s:
W= 10.61 1b/hr

The ideal (C = 1.0) flow rate through the nozzle 1s
computed from Eq. (26):

1/2
Pn APn
—F)

2
w, = 4070 A (4in?) Y,
where Ya 1s obtalilned from Ref. 9 as a function of pressure
ratio (Ya equals 0.988 for this test). Then

w, = 12.1 1b/hr

The nozzle discharge coefficient is thus:

W
c =-8_-0.878
!

This coefficient compares closely with the callibrated coef-
ficlent of Fig. 24; the comparicon gives a check on geveral
varliables as follows, System alr leaks, errors 1n reading
the rotameter, and errors in setting the nozzle gap can all
be detected by checking the dlscharge coefficient,

The actual transient temperature response 1s plotted
before the data is reduced to Insure that the response on a
semli-log plot is llnear as specifiled by the analysis. A
nonlinear response may indlicate some aberation of the tem-
perature-time measurements or that the one lump of thermal
capacitance and resistance assumed in the analysls 1is
invalid. Thc response for run number 153 is plotted in

Flg., 27.
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The heat transfer coefficlent, hav » 18 evaluated
from Eq. (16):
h oo C £n t/%o) n A eak
av Aporced © leak "Apoinceq
C A
leak
where the ccnstants, and h (+—=——) are
Aforced leak Aforced
obtalned from Tables 4 and 2 respectively. Thus:
£n (t/fo) L8 Btu
h = - 1,035 - 4,83 —
av g(br) hr ££° °F
From Fig. 27, @ = 17.2 seconds when fn t/t_ = - 0.512
and this gilves:
Btu
h = 106,2
av hr £t° °F
From Table 1, the throat area of the nozzle is 0.030 in?
and thus:
L " 1b
G = — = 50,041 —
A ’ hr ft
From these results, NSt,av’ NR,n’ and NR,ﬁ can be com-
puted.
h
av _ - -3
Nt av = o = 8:695 * 10
p
D.G
H -
NR,n = " 7,400

O
N




S 1t S

where W = 12.11&10”6
as obtained from Ref. 12.
The result of this test is plotted in Fig. 10 at

b = 6.25 .,

Local Heat Transfer Coefflclents

1b/(ft sec) and ¢, = 0.239 Btu/(1b °F)

The subsequent test, run number 154, was taken at the
same value of NR,n as 153, but with a £/b ratio of 12.5.
This run 1s also plotted in Filg. 10. For run number 154,
Myt ay = 6.752x10"3 at 4/b = 12.5. These two runs can
thus be used to calculate the local heat transfer coeffici-
ents in the reglon between £/b = 6.25 and 4/b = 12.5 as
di scussed in the section on Extension of the Transient
Te chnique.

In the reduction of the data, Nst , the local heat
transfer, was evaluated only at the midpoints between the
average data., For example, runs 153 and 154 were used
(actually, the curve faired through these and other runs at
NR,n = T400 was used) to evaluate Ngy at x/b = 9.375 .
For this evaluation Eq. (18) becomes:

d N

St,av

(Ngy) = (N ) + 9.375 (—3=—)
S /029,375 358V % /bag.375 * Tx/0=9.375
From Fig. 10, (N ) = 7.60x10"3 and the
s St,av X/b=9.375

derivative is evaluated by taking the slope of the chord
be tween the two values of Ng. at £/b of 6.25 and 12.5.

L%V
That is, A(NSt’l/b) = 1.,80x10 and A(4/b) = 6.25 . Thus

(d NSt,aV) ~
dx

-1.80x1073 _
6.25 = = 2.88)(10
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The final result 1s (Ng. = lL.QO)t;lO'3 and this is
( St)x b=9.375
the value that 1s plotted in Fig. 15. Recall that these

results are all for a constant vaiue of N = 7400 .

R,;n
Machline Reduction of Data

The average heat transfer results were calculated on
the Burroughs 220 digital computer located in the Stanford
Computing Facility. The language used by the machlne 1s the
Balgol language. The following table gives translation from
some of the nomenclature used in this paper to that used by
the machine,

TABLE 6 - MACHINE LANGUAGE NOMENCLATURE

Quantity Machine Equivalent
run nhumber R
nozzle to plate distance, © DELTA
nozzle spacing, b BETA
transient time, O THETA
nozzle throat length, L L
hydraulic diameter, DH DH
1/2 plate length, £ LL
measured flow rate, W W
ideal flow rate, wy WI
nozzle discharge coeff., C C
conductance, h H
NR,ﬁ REYLEN
NR,n REYNOZ
NSt,av STANTON

The {olleowing p.gc  is  a sample program as used to

reduce run number 153 on the machine.




LT N SHEEE I VRS I VI N

~n

S441 JOB 1/16/62» 2MIN D E METZGER EXT 2176 C
LODX BALGOL .
COMMENT IMPINGING JET DATA REDUCTION PROGRAM FOR AVERAGE HEAT TRANSFERe1
COEFFICIENTSS .2
INTEGER RS o3
INPUT DATA (RoMPsMToMR4DELTASBETAsDELTAPMsDELTAPWsBPsNToTHETASLDH)S o4
FORMAT HEAD1(B1s#RUN#3B3 4 #LENGTH=WIDTH RATIO#+B3+#DISTANCE-WIDTH RATIO#.5
sB3 s #EXPAN~COEF s YA%yB6s ¥FLOWILB/HR*sB5 9 *FLOWsLB/HRSQF TH9B346

s#Hy BTU/HRSQF TOF #4W0) $ o7
FORMAT HEAD2(B9s*L/DH#9B11+*NOZZLE COEF#,B7+#NOZ REYNOLDS NO#,83, o8
#PLATE REYNOLDS NO#,B2,#5TANTON NOsH/GCP¥+B4, 9
#NUSSELT NOWHDH/K*,W21$% ¢10
WRITF (SSHEADI) S WRITE ($SHEAD2)$ o11

LL=0¢25% CONST1=1910408 CONST224483% CP=2042398% K=20.0151% MU=20,0436% »l2

STARTs«READ(SSDATAYS #13
W=0e0615(MR)e SQRT((((MP+BP){0+48931)/14471/(MT/53040))8 olh
EITHER IF DELTAPM EQL D.0% PSIG=DELTAPW.{0.03605)8 o15
OTHERWISES PSIG=DELTAPMe(0.4893)3 10
PATM=BP+ (04489313 17
PNOZ=PATM+PS1GS 18

YA=SQRT( ((PATM/FPNOZ) %] 243} (3e5)1(1e0~(PATM/PNOZ)I*04286)/1)e0~(PATM 19

/PNOZ)1)S «20
WIRG0T040(BETA) (0«T50) (YA) ¢ SGRT (PNOZePSIG/NT1S e21
CEW/WIS 022
HE{CONST1/THETA)~CONST2S .23
G={14440(W))/(0sT50BETA}S 024
REYLEN={LLaG)/{12.,0MU1 $ .25
REYNOZ=(DH.G)/(12,0MU; S 026
STANTON=H/ [G+CP) S «27
NUSSELT= (HeBH) /(1240K)$ .28

OUTPUT Ol (RsLL/BETA+DELTA/BETAsYAsWsGoHIS 29

OUTPUT 02(L/DHsCoREYNOZIREYLENs STANTONSNUSSELT)S «30

FORMAT F1{15:6F19.8¢W0)$ .31

FORMAT F2(B54F14.8,5F19,8,w2)8 032
WRITE ($3014F1)8 WRITe (3302+F2)8 .33
GO TC STARTS .34
FINISHS 035




APPENDIX F - TABULAR RESULTS

Tables 7 tc 10 summarlze the reduced heat transfer
data for slot jets and Table 11 summarlzes the heat trans-
fer data for circular Jjets.

Table 7 presents the effect of 6/ on N
St ,av

Table 8 presents the effect of 4£/b on Neo oy
3

Table 9 presents the effect of &/ on Ng . Vs i/b
3

Table 10 presents the effect of nozzle exit velocity
profille

Table 11 presents the circular Jjet results
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RESULTS OF EFFECT OF &/b ON NSt,nv (SEE TIG. 9).

TABLE 7.
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RESULTS OF EFFECT OF 4/b ON Ng, ,, (SEE FIG. 10).

TABLE 8.

NB,’E NSL, av hay

NR,n

£/b

PH/PB

Run

8/b = 8.0

CONO-NO OO RArdNOANO AN AN MO N~ IO NN~ O S = ONO oo~

....................................

COBWBLANOMM DOt O WO RO — e

VRO OV - O- RV NN PO O~ ~-C QRO LN IN PO SN
OO N AN ODOANO - NOADOFNOAINMNS D DO =N
OO0 OO0 COC I ICOCHHmOQ OO
OO0 OOCOOCOONCOOOOOOOCOOCOOODCOOOCODD

....................................

HOA MO =t DM OO R R S NON NP - et SO —
O A O ANRFOINONN NN RLRAC O P N - 05 = ) — D
OOL AN NOFNOEMONF - ONNENMI —~ A O OO S~ O
WOWNDOROMIIR - NOAT'NNOIEL-MOMNADN-OLOOUNNI-ON
NFRO NNt AN W ekt A A M L i AN P N T A D A N 0
- —
CCNNO M AN NSL O FOFST A BN NNt~ Nt — <
CON M PN TGOV~ OEE-ON O N — M O < <N WD \D DL e 00 00
WP LPONATAY RTINS FLARIPAANS S LI TRNNNDN
==tV ST ST NNNNN =N S S S o S NN NN
Wi e~ Wy vy o~
wo wo wo wn o NOWMO Now Np o~ oW

WNNO OO WA NO W N O O AW O 0 NUS O O N NN D
oW —~Nw — QN —teaNw — -t O — — N

000000000000000055555555555555555?)55
WA WD DWW WD IMNI N NN CIN NI N CION NI NI NI NN N I TN

....................................

0
0
0
0
0
0
0
10

SCSOODO0DOCOOCOOSOCODCOCTOOOOOOCOD
OFNHOLN AR O LN ARQOEN D OINAON—~OF
OOCOODOOOCOOOCOOCOOOOOOOOCOD

....................................

CORACSH O —~AFOMNNSD NI O OIND D DI e O P ) OV OV =

Cr—ig= < CN [~ LD O3 O WY NGO 00 € emd DY e 7=t~ OF /= [~ #=1 CN U \D CNAD (V) C O D D W) v

O D R UIA TN A= AR O RO AN LR MN e AP NN O W

WARO O A OO A OO O DO ED RO - O N~ OO DO O O G+ S

MNARANL =N AN WAt N NI RN NN U S CIOUN et A O3 P et D
- -4 — — — —t

MO O A AW AW VD P O - A NM At O NN O =t O — O -
HORNAUN O - PN AL N et = VDT NP DI N U T CE et rl e 0 O
ACOCORNVPB OO COT T T O S S 0000000 \D OO S & o = = <
ot et I P pp

OENN A RONO IR HF N A LOTCNIT - ODNNSOSNDO— AN
CNOMNOEm OO RO A ANIONO O~ OO AL =Dt OO
OO COoOMOO OO0 ~NOOO—-FTOOONCODO1OO0OD

....................................




11).

RESULTS OF EFFECT OF /b ON NSt,nv vs 4/b (SEE FIG.
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RESULTS OF EFFECT OF NOZZLE EXIT VELOCITY

TABLE 10.

13 AND 14).

PROFILE (SEE FIGS.
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CIRCULAR JET RESULTS (SEE FIGS. 18 AND 19).
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