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ABSTRACT

Localized 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 is studied

experimentally by use of a transient method. The method is

shown to be of use in 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

English Letter Symbols

A throat area of nozzle, in2

A surface area of target not exposed to the jet, in2

leak

Aforced surface area of target exposed to the jet, in2

b slot jet width at nozzle exit, ft

Etarget thermal capacity, Btu/0 F

c specific heat, Btu/(lbm0 F)

c slot jet length at nozzle exit, ft

D diameter of circular nozzle, ft

D H  hydraulic diameter, ft

G mass velocity at nozzle exit, lbm/(hrft
2

gc proportionality factor in Newton's Second Law,

32.20 lbm-ft/(lbf-sec 2 )

h local heat transfer coefficent, Btu/(hrft 2 0 F)

h a average heat transfer coefficient, Btu/(hrft 20F)

hleak average heat transfer coefficient on rear of

target, Btu/(hrft 2 ° F)

K the constant in Eq (12), dimensionless

k thermal conductivity, Btu/(hrft0 F)

£half length of rectangular target, radius of

circular target, ft

L throat length In nozzle, ft

Fa  ambient pressure, psia

Pn plenum chamber pressure, psia

viii



AP n  pressure difference across nozzle, psi

P. potential flow pressure along target surface, psia

q heat flux, Btu/hr

R thermal resistance, (hr0 F)/Btu

t model temperature, OF or millivolts

T plenum chamber temperature, OR

u velocity component in x-direction, ft/hr

U0  average velocity at nozzle exit plane, ft/hr

U potential flow velocity along target surface

in x-direction, ft/hr

Ut centerline velocity of jet at exit plane of

nozzle, ft/hr

v velocity componenb in y-direction, ft/hr

w i  ideal flow rate through nozzle, lbm/hr

wm measured flow rate through nozzle, lbm/hr

x coordinate along target surface, ft

y coordinate normal to target surface, ft

Greek Letter Symbols

wedge angle, degrees

5 nozzle to target distance, ft

0 impingement angle, degrees

0 time, sec

viscosity, Ibm/(fG hr)

p density, ibmlft/o

ix



Non-Dimensional quWantities

Cnozzle discharge coefficient /w

m Euler number x :xi- /2g~

N Rn nozzle Reynolds number (GDH)/4t

N4
RIplate Reynolds number (O)i

NR~x local plate Reynolds number for potential flow

solution (U~,px),4

N St local Stanton number o 11av/(Gc P)

N St,av average Stanton number A= hav/(G p)

(N Sta)m maximum N Savas function of 6/b

N Nu local Nusselt number 4= (hx)/k

N P Prandtl number 4 4 /

ly aspect ratio of slot nozzle =b/c

Y anozzle compressible flow coefficient in the

flow metering equation

x



I INTRODUCTION

The use of impinging Jets of air for cooling and heating

purposes is common in industry. Thermal treatment of surfaces

such as the toughening of glass are examples of such industrial

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

dimensional jet. One limiting case of the slot jet is that

where the jet intersects the surface tangentially; this par-

ticular configuration has been called the "wall jet". Figures

la, lb, and lc serve to describe these various jet types. The

wall jet has been investigated both analytically and experi-

mentally7,8* but no analytic treatment exists for the heat

transfer characteristics of either the circular or slot jet

at impingement angles greater than zero. The circular jet

has been investigated experimentally by Gordon
1 and Vickers2

for the case of normal impingement, 0 = 900, and Gordon also

studied arrays of circular jets impinging normally.

The present study arose out of a need for heat transfer

coefficients for slot nozzles and is intended to help fill

the gap in this area. The results herein are mainly concerned

with slot nozzles in their most common applied configuration,

90' or normal impingement. This report also presents some

limited results that were obtained with one size of circular

jet impinging normally, but these are very limited and are

given only to provide a preliminary comparison with the more

complete slot jet 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 impinging at various angles on

both plane and rounded surfaces.

It was decided to build an apparatus which would approx-

imate "spot" or small area cooling and heating such as would

be the case in the cooling of electronic components, for

example. Thus, small, high velocity air jets were used, and

the characteristic Reynolds numbers obtained based on the

nozzle exit velocity and hydraulic diameter, were fairly small

(less than 10,000 for the slot jets, and less than 20,000 for

the one circular jet).

Figure ld indicates the pertinent variables in the slot

jet problem. The flow exits from a rectangular nozzle of

width b and length c , travels as a free Jet a distance

5 before Impinging normally onto a plane having a spot area

2bX. Neglecting end effects, it can be anticipated that the

heat transfer rate at a given distance from the stagnation

point will be a function of the fluid dynamics involved and

of the system geometry. Expressing this nondimensionally,

for a constant Prandtl number fluid:

N St = f(NR,n x/b, E/b, nozzle exit velocity profile) (1)

where

Nst Ah (2)

NRn A GDH (3)

N Pr =cp/k = constantNpr

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

cluded as a parameter since N,, is based on the bulk

average exit velocity and does not fully describe the jet.

2



For the average heat transfer over a distance £ from

the stagnation point a similar correlation is expected:

NSt,av = f(NR,n , £/b, D/b, exit profile) (4)

where:

A hay
Nst,av - Gop(5



FIG. la

THE TWO-DIMENSIONAL OR SLOT JET

FIG. lb

THE AXIAL SYMMETRIC OR CIRCULAR JET

FIG. ic

THE WALL JET

A limiting case of the slot Jet

FIG. ld

NOMENCLATURE FOR SLOT JETS

FIG. 2a

BOUNDARY OF THE FINITE IMPINGING JET

Potential flow solution from Ref. 4

FIG. 2b

TWO DIMENSIONAL FLOW OVER A WEDGE

FIG. 2c

NORMAL IMPINGEMENT, v = , m = 1



, /

$.OT JET OIRCULAR OR AXIAL SYMMETRIG JET

FIG. la FIG. lb

y

WALL JET 7777 77 77
NOMENOLATURE FOR SLOT JETS

FIG. Ic FIG. I d

FIG. 2a

-//

i x WALL JETI ITAGeATIOC PT I WALL JET

/ 11I1ION eION 1IOION

FIG. 2b FIG. 2c



II ANALYSIS

The available analytical treatments relating to im-

pinging jets are restricted to fluid dynamics considerations

and only for the stagnation point region. A classical solution

for the case of a viscous jet of infinite extent striking a

plate at right angles was given by Schlichting3, He found

the same velocity gradient in both the x and y direction;

that is, u = ax and v = ay. The nature of the solution

is such that the velocity gradient, a, is indeterminate.4
Milne-Thomson has found a solution for the case of a

finite inviscid slot jet striking a plate. He was able to

obtain the equation for the boundary of the jet as it strikes

and is turned by the plate. His equation for the boundary

is as follows:

b+bIncoth 1) (6)

This is pictured in Fig. 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 velocity gradients in Schlich-

ting's solution and those for the finite Inviscid jet.

The velocity gradient in the potential core of the im-

pinging jet is Important since Eckert5,6 has obtained a

family of laminar flow solutions for heat transfer in the

case of constant Euler number flow, Constant Euler number

occurs for flow over a two dimensional wedge as shown in

Fig. 2b. The potential flow velocity along the surface of

the wedge varies as xm where m is the Euler number and

is a function of the wedge angle, P. The heat transfer for

constant wall temperature is given by:

5



[ 2 0.1 (0.3 .04m)
NNu 0.56 l+m + 0.2N -0N5Pr- N 0.5 (7)2 2m Pr R,xS- =l+m

Ahx

where NNu ; -E- NSt Pr N R,x (8)

N R, = -7(9)

For r = ir , m = 1 , and the inviscid flow reduces to

that given by Schlichting; that is, u = ax . Equation

(7) then reduces to:

NNu = 0.57 NPr 0  NR,x  (10)

In lieu of solving La Place's equation for the finite

Jet as defined by Milne-Thomson, we will assume that a con-
stant velocity gradient in the x-direction does exist in

the finite Jet. This is probably a good assumption near

the stagnation point.

Then: U = ax (11)

An approximate value of the velocity 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 is equal to the mean velocity, U , which

prevailed before turning.

6



Thus we can express (ii) as:

U (12)

where K is a constant.

Using the approximation (12), one can rearrange (10) from

hx 05 0 x37 U.p 0.5
k-0.57 Npr

to hDH O N 37 DUH(p_)

For the slot nozzle:

DH 2bc

H  b+c

and for narrow slots b << c so

DH- 2b

Thus

hD0H - 5 2 5 0.37 (UpD H 0.5
k -K~() P

But
hDH  h GD 4 Lc
-k = NSt NR, n NPrP

Then

N N 1/2 constant- NPr -0. 6 3 (13)NSt NR,n =



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 correlat3 as

Nst N 1/2 constant (14)

Note the correspondence between (14) and the expected

correlation as given in (1). The above analysis neglects

any effects of b/b and the nozzle exit velocity profile.

The parameter x/b is included in the analysis in that (14)

is expected to correlate the data at values of x/b near

the stagnation point.

Equation (14) provides a basis for the correlation of

the experimental results in Section VI.

8



III EXPERIMENTAL METHOD: THE TRANSIENT TECHNIQUE

The transient method for determining the convective

conductance of the Jet consists simply of recording the

transient temperature response of an initially heated model

as a result of Jet cooling. A simple analysis is 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 pictures the distributed thermal resistance

and capacitance as being "lumped" into a single RC circuit.

The criteria for this lumping is as follows:

Rconvective film >> Rmodel

and (15)

Cmodel x> Cconvective film

The models used in the experimental work were designed so

that these criteria were satisfied. Figure 3a shows a

typical flat plate model. A small (1/2" x 1/2" x 1/4")

copper block 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 addition to the

predominate jet convection on the front surface as shown in

Fig. 3c. The calibration of this back-side leakage is dis-

cussed in Appendix B.

The relation between the transient response and the

average Jet conductance, hav , is developed below. Refer-

ring to Fig. 3c, the heat flux, q , is related to the

temperature difference through a rate equation:

qtotal = (i/Rtotal)(tplate - t air)

If we specify t ai = 0 as a datum temperature:

qtotal = (1/Rtotal) tplate

9



This flux is related to the loss in thermal energy in the

model by an energy balance:

dt plate

qtotal = -

Combining the two equations and integrating the result.

e f t dtplate

/Rtotal t plate

l/RtotaI (e - - In tplate to

Let e = 0 when tplate = to and note that:

l/Rtotal = l/Rforced + l/Rleak = (hA)forced + (hA)leak

Thus

(hA)forced = _ £n(t/t o ) - (hA)leak

or

hforced (= ) () in ( ) (leak

=av OAforced o - leak Aforced

(16)

The conductance, hforced' evaluated by (16), is the

average heat transfer coefficient, hay , averaged with

respect to surface area over the whole length, 21 , of the

model. One shortcoming of the transient method heretofore

has been that it was useful only for evaluating average

heat transfer coefficients. The next section describes how

the method may be extended quite simply to yield local heat

transfer coefficierts.
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FIG. 3a

SCHEMATIC OF TYPICAL TARGET ASSEMBLY

FIG. 3b

BASIC THERMAL CIRCUIT

FIG. 3c

THERMAL CIRCUIT WITH BACK SIDE HEAT LEAK

li
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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 coefficients by

noting that the average Stanton number over the flow length

0 - x on the plate is given by:

NSt = -f NSt dx (17)
Stav,x x0 S

Therefore:

3d (NStav,x • x) = St

and

dN~tax

Nst = NSt + x ( dx
Stav,x d

Thus

dNst

( a I _ x) (18)NSO x=1 NSt avI d x =

In terms of the anticipated correlation of the results

as given by (1), the question is how does the local NSt

vary with increasing x/b , with all the other parameters

held constant. To illustrate the application of Eq. (18),

consider the following example. Four targets of different

lengths, A , are available and identical flow rates from the

same nozzle at the same distance, 6 , are directed at each

of them in turn. Then NR,n, 6/b , and the nozzle exit

profile will have constant values for the tour tests. The

results of these tests can be plotted as in Fig. 4a. A

faired curve through the test points provides the variation



in Ngt with increasing 2/b , at a constant value of
Stav, £

N and 5/b . The local heat transfer, NSt , at anyR,n
distance £ from the stagnation point may be obtained from

this curve by graphically evaluating the ordinate and the

derivative

(Nst,aV) and dNt =av
Savx=i dx x= 2

Figure 4b illustrates how the results of Fig. 4a may be
obtained in an equivalent manner with only one target of

length 2 , instead of four a- just considered, by varying

the nozzle width, b . Of 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 maintain a constant

NR,n * This extension to the method of Fig. 4b, that is,
obtaining local coefficients indirectly on a nondimensional

basis, requires that one have confidence in the proposed

correlation of NSt,av as predicted in (1) and that the

experimental scatter be small. In section VI confidence in

the correlation is built up through the results of succes-

sive experiments, and then these results are used to extract

the local heat transfer values.

13



FIG. 4a

Nst,av VERSUS A/b OBTAINED BY VARYING TARGET SIZE

FIG. 4b

Nst,a v VERSUS 2/b OBTAINED BY VARYING NOZZLE SIZE
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V EXPERIMENTAL APPARATUS

A schematic of the overall experimental apparatus is

shown in Fig. 5. Air is supplied from a nompressor through

a combination of receivers 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 measuring the rotameter inlet pressure. The air is

then directed into the nozzle plenum chamber through a

needle valve which is used to set the flow rate. The plenum

chamber contains screens for straightening and quieting the

flow and is topped by the nozzle block assembly for slot

nozzles and the nozzle plate for round nozzles. An air

tight joint is assured between the plenum and nozzle block.

plate by use of an 0-ring seal.

The nozzle block 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 exit velooty 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 nozzle (and thus the jet) thickness is

adjustable and the dimensions b used in the tests were

0.010, 0.020, 0.040, 0.060 and 0.0-0 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 equality of flow passing through the

rotameter and nozzle is furnished by the calibration of the

nozzles as a flow metering device. This calibration is

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 nozzle. The rotameter has

been calibrated against a standard orifice and is known to

be accurate to ± 1% in the range used.

Two targets were used in the slot nozzle tests: one of

S= 0.50 inch, the other of I = 0.25 inch. These are

mounted in balsa wood supports so that they present an aero-

dynamically clean surface for the impinging jet. A thermo-

couple is mounted in the center of each target and is placed

in series with a thermocouple in the plenum chamber below

the jet. The voltage across the leads is thus proportional

to the difference in temperature between the target and tj,.

air in the plenum. This voltage is measured with a self

balancing potentiometer.

The relative alignment and positioning of the nozzle

and target is achieved accurately through the use of two

rotary micrometer tables; one to hold the target, and one to

hold the nozzle assembly. These tables are commonly 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 is built in for tilt-

ing the target to impingement angles less than 900. Figure

7 shows the complete positioning assembly. The photograph

of Fig. 8 shows the entire experimental setup.

16



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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NOZZLE BLOCK AND NOZZLES TOP VIEW

NOZZLE BLOCK AND NOZZLES BOTTOM VIEW

SLOT NOZZLES

FIG. 6



FIG. 7

PHOTOGRAPH OF ROTARY TABLES,

NOZZLE AND TARGElT

The inset shows thel inch (I = 0.50 inches)

rectangular target assembly

19



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 into the proposed correlation equation

i).

Effect of Nozzle-to-Target Distance, 5/b

The first series of tests were designed to obtain the

effect of the geometrical parameter, 5/b , on Nst,av ,

all other parameters held constant. A rather peculiar

effect is apparent from these tests. The average heat

transfer rate over the target is at a maximum at 5/b

around 8 and decreases with 6/b smaller than 8 and larger

than 8. The results of a large number of tests are given

in Fig. 9 in the form of Nst,a/(Nst av )max vs. 5/b

where (Nst,av)max is the maximum value of NStav

attained as a function of 6/b . The surprising aspect is,

of course, the drop off in heat transfer for small 6/b

ratios. This effect is apparent throughout the entire range

of NR,n (3,000 to 10,000) and 1/b (3.125 to 50). This

peaking is greater for small 1/b ratios, which indicates

that it is a phenomenon associated with the heat transfer

near the stagnation -oint. The average heat transfer

obtained with small A/b ratios is, of course, dominated

by the heat transfer near the stagnation point, while that

obtained for large A/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 coefficient for small

nozzle-to-target distances is similar to that observed by

Gordon1 for circular Jets. The free jet, after leaving the

nozzle, is constantly entraining the surrounding fluid; as

far as the jet heat transfer is concerned, it appears that

this entrainment is initially beneficial and then detrimental
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with further increase in 6/b beyond 10.

For the range of parameters attainable with the present

apparatus, a nozzle placed at 6/b = 8 appears to yield

heat transfer coefficients no lower than 95% of the maximum

attainable at other values of 5/b . Since, for design

purposes, one is interested in maximum heat transfer rates,

it was decided to make all further tests at a constant value

of 5/b = 8.0 and correlate the results on this basis. In

the range 7<5/b<10 no significant variation of the heat

transfer coefficient will result as is evident from Fig. 9.

Effect of Target Size, X/b

At the fixed nozzle-to-plate distance ratio, 5/b = 8.0,

tests were taken with the two targets (2 = 0.5 and 0.25

inch), and the 1/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 maintain 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 it is pos-

sible, by the use of two targets of different size, to obtain

test results with identical values of NR,n, I/b, and 5/b

and yet obtain these results with different values of 2, b,

and flow rate. As seen in Fig. 10, these results correlate

very well, within the experimental uncertainty, which lends

confidence to the anticipated correlation of (1).

It should be noted at this time that the nozzle exit

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 tiansfer results. Further discussion of

this point will be presented later.

The lower curve of Fig. 10, that is, NR,n = 7400 was

also repeated at several values of 5/b to further illus-

trate the effect of this parameter. These results are shown

in Fig. 11.
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FIG. 9

EFFECT OF NOZZLE-TO-TARGET DISTANCE, b/b, ON NSt,av

(See Table 7 for tabulated results)

0 = 900

FIG. 10

EFFECT OF TARGET SIZE, 2/b ON NSt,av AT CONSTANT NR,n

(See Table 8 for tabulated results)

=/b 8.0

= 900
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Additional insight into the effect of 1/b may be had

by correlating the data in a somewhat different manner using

NR,A instead of N In Fig. 10, the data is correlatedR,1 R,n
on the basis of (I): that is,

NSt,av = f(NR,n-!i/b, 5/b) (19)

However, NR,n and 1/b may be combined into a Reynolds

number based on the flow length along the plate as follows:

NR,n (it* b -

For the narrow slot nozzles used, b<<c ; therefore,

(b+c) c . Thus

NR,n ( = (b) = 2 = R,

N Rn A
or NR,A - 2 (20)

A functional relationship equivalent to (19) is thus:

NSt,av = f(NRA, i/b, 6/b) (21)

The same results as previously presented in Fig. 1O are

graphed in Fig. 12 according to (21) as Nst,a v versus

N R, The reference line shown in Fig. IK is the Pohlhausen
solution for heat transfer from a flat plate at zero inci-

dence (0 = 0) to an infinite stream with a laminar boundary

layer. It can be seen that on this basis the parameter /b

has a rather minor effect in the range tested (3.125<i/b<50).

Also, it is significant that these results for normal

24



FIG. 11

EFFECT OF NOZZLE TO TARGET DISTANCE 6/b,

ON Nst,av VERSUS 1/b CURVES

(See Table 9 for tabulation results)

NR,n  7400

= 90.

FIG. 12

Nst,av VERSUS NR,1

0 = 900

/b = 8.0

The Pohlhausen solution for a laminar

boundary layer on a flat plate at q, 00

is shown as a dotted line.
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impingement (0 = 90*) indicate heat transfer rates approx-

imately 50% higher than for the infinite stream at 0 = 0
The small effect of 1/b in Fig. 12 is consistent with

the behavior pictured in Fig. 10. For a constant value of

NR,1 , an increase in 1/b dictates a proportionate decrease

in NR,n , by virtue of (20). For example, an increase in

2/b from 3.125 to 6.25 at NR A = 11,550 is accompanied

by a decrease in NR,n  from 7400 to 3700. This results in

a 6.5% increase in Nst,av from 1.08x0 -2 to about 1.15xl0-2 .

This effect decreases for increasing values of X/b up to

12.5 where the converging nature of the curves of Fig. 10

begin to reverse the trend.

Effect of Nozzle Exit Velocity Profile

As mentioned earlier, the effect of the exit velocity

profile is very small and for usual engineering purposes

can be neglected. This conclusion was reached by repeating

a number of the previously described tests with different

exit profiles. As described in Appendix A, at a given nozzle

Reynolds number, the velocity profile at the exit plane of

the nozzle depends upon the ratio of throat length to

hydraulic diameter in the nozzle. This velocity profile is

characterized by the ratio of the centerline velocity at the

nozzle exit to the average velocity at the exit plane, u VU

The three geometrically similar nozzles shown in Fig. 6 were

designed to have the same L/DH and u./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

u./U held constant by changing nozzles, but holding the

nozzle spacing and flow rate constant.

Figure 13 shows the effect of the exit velocity profile

on the Nst,av/(Nst,av)max  curves. Here two nozzles were

used: one with a value of u /U " 1.15 and one with

u;/U ~ 1.35 For narrow nozzles with small aspect ratios
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a value of ut/U = 1.35 represents almost fully developed

flow at the nozzle exit I . Thus it is felt that the nozzle

exit profiles tested represent as wide a range of the profile

as would be found in a design situation.

Figure 14 is a plot of the results of the same two

nozzles compared for their effect on the NSt,av vs. NR,1

curves. This graph best indicates the small influence of

the effect of the exit velocity 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 is expected, since the latter Jet has asso-

ciated with it a higher kinetic energy. However, the effect

is sufficiently small for the two cases to be within the

experimental uncertainty.

Local Heat Transfer Coefficients

The average heat transfer results, Fig. 10, have been

used to calculate local heat transfer coefficients in the

manner discussed previously (see Fig. 4 and the associated

text) and are presented in Fig. 15.

Further Correlation of the Results

The analysis indicates that in the region near the

stagnation point the local heat transfer should be related

to the nozzle flow through (14); that is

N St N 1/2 =constant.' N~t NR,n =.

Using this prediction as an indication of the form to be

expected, the entire results of Fig. 15 were correlat@d 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

ONNSt,av/(NSt,av max

(See Table 10 for tabulated results)

b = 0.020"

1/b = 12.5

N R,n 4500
= 900

FIG. 14

EFFECT OF NOZZLE EXIT VELOCITY PROFILE

ON Nst,av VERSUS NR,1

(See Table 10 for tabulated results)

b = 0.020

1/b = 25.0

5/b = 8.0
0 = 900

FIG. 15

LOCAL HEAT TRANSFER, NSt VERSUS x/b

/b = 8.0 ¢ = 900
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This correlation can be extended still further. Figure

17 is a plot of the average heat transfer results treated0. 434
in the same manner; that is, N N as a function

3t,av R,nasaunto
of 1/b . Again the correlation is good.

The exponent p = 0.434 was selected on the basis 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, it was

noted in Eq. (20) that there is an approximate linear rela-

tionship between NR, and N R,n  and it can be observed

that the results of Nstav vs. N R, in Fig. 12 plot with

a slope of -0.434 instead of -0.50. With p = 0.434 the

correlation with N. _ is better than that obtained with

p = 0.50.
It should be noted that the best interpretation line

for the local heat transfer results, Fig. J-6, is analyti-

cally related to the best interpretation line for the aver-

age results, Fig. 17, through Eq. (18). The best interpre-

tation 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 coefficients should be equal; thus a

substantial rise in the local coefficient near this point

is needed, as indicated in Fig. 16. Such behavior is in

good agreement with the behavior of circular jets near the

stagnation point.
1

Effect of the Prandtl Number

Since air at approximately 530' R was the only fluidused in th e tsW ( ) U1 'p

used""thctezP+ (Pr 705), th1e effect of N Pr was not

observed. However, the effect of this parameter is predicted

analytically in (13).
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N 0.5 NPro.63 constantN~~St NR'n =cntn

If the results of this investigation are used with other

fluids, it is recommended that (13) be used as a guide in

predicting the effect of Np, . This Npr effect is in-

cluded in the equations below.

Experimental Results in Equation Form

The results presented in Fig. 12 are readily expressible

in equation form. If the small effect of i/b is 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

NStavN 0.434 Pr.63 0,547 + 0.025 (22)

for 7 < F < l0 and 3 < F < 50

Using the relation between N R, and NR,n  as given

by (20), the above equation can be expressed as

0.434  0.6 3 = 0.74 ()0.43 (23)Nst,av NR,n Npr =

for 7 < g < 10 and 3 < < 50. This equation is shown

in Fig. 17.
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FIG. 16

CORRELATED LOCAL HEAT TRANSFER RESULTS

N .434 VERSUS x/b
NSt R,n

(NPr = 0.705)

The data points were obtained from Fig. 15

(See Fig. 4 and Appendix E for method)

The dotted curve was obtained from Fig. 17

in a similar manner.

FIG. 17

CORRELATED AVERAGE HEAT TRANSFER RESULTS

N t o.434 VERSUS 1/b
St, av R,n

(NPr = 0.705)
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VII COMPARISON WITH CIRCULAR JETS

In order to gain some preliminary insight as to the

relative performance of the slot jets and the more common

circular jets, one circular nozzle and two circular targets

were used. The nozzle was designed so as to be quite similar

to the slot nozzles as regards discharge coefficient, L/DH

ratio, etc. The details of this nozzle, together with its

discharge coefficient calibration, are included in Appendix A.

The throat area of this 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 is 0.196 inch.

The two circular targets have diameters of 1.0 and 0.50 inch,

respectively. The results obtainable with this equipment

are restricted to the region near the stagnation point since

the nozzle is relatively large compared to the target

diameter.

The effect of nozzle-to-target distance, 6/D , was

investigated with the circular jets, and the behavior was

quite different than that obtained 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, 6/D . In order to be consistent with

the slot jet tests, which were taken with a 6//D ratio which

gave maximum heat transfer, the remaining tests for the cir-

cular jets were taken with 5/D = 1.0 , or 6 = 0.196 inch.

Figure 19 presents the results of these tests. Nst,av is

given as a function of NR,n and i/D , where I is the

radius of the target and D is the diametir of the nozzle.

Figure 19 for the circular jets is thus analogous to Fig. 10

for the slot jets.

It is interesting to compare the circular jet on the

basis of the correlating parameter, Nst,a v R,n 0434which

was found of use for the slot jets. In Fig. 20 the best
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curve through the slot jet results of Fig. 17 is drawn to-

gether with the results of the circular jets. As can be

seen, the circular Jet results do nct differ significantly

from the slot Jet behavior, at least in the narrow I/D

Lebt 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 (Vie t = 195 ft/sec) impinging on the one-inch diameter

target results in an average Stanton number, Nst,a v I of'

7.24x.0 3- and an hay 91.6 Btu/(hr 'F ft 2 ) over the
target surface. This particular target has an area of

0.785 in.2 . An interesting comparison may be drawn between
this heat transfer and that obtainable with a slot jet cool-

ing the same size area. To make a valid comparison, the

flow rate and exit 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 identical for both nozzles. As has already been men-

tioned, 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 (22)

therefore, I = 0.522 inch and 2/b = 13

The nozzle Reynolds number may be computed from the flow

rate and dimensions of the nozzle:

w/A - DH  2w

R,n - 4 p (b+c) = 7670

" N 0. 134
At 2/b = 13, Nst,av NRn - 0.325 from Fig. 17.

Therefore, NSt,av a 6.7xi0 - 3 (hay 84.7 Btu/(hr ft F)
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and the circular Jet yields an hay approximately 8% higher

than this particular slot jet while cooling 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 inch wide and

0.030 Inch thick. Then the 1/b required to cool 0.785 in.
2

would still be 13, but the Reynolds number would be reduced

to 5870. For this case, Nst,a v = 7.30x10- 3 and the averageaveag

heat transfer coefficients for the circular and slot jets are

about the same at the common flow rate of 11 lbs/hr. A ten-

tative conclusion seems to be that the shape of the area to

be cooled is of primary importance in deciding which type of

jet would be more economical of compressor power for a

desired cooling rate.
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FIG. 18

EFFECT OF 2/D On Nst,av FOR CIRCULAR JETS

(See Table 11 for tabulated results)

0 = 900

FIG. 19

EFFECT OF I/D ON NSt,av FOR CIRCULAR JETS

AT CONSTANT NR,n

(See Table 11 for tabulated results)

0 = 900

I/D = 1.0

FIG. 20

COMPARISON OF CIRCULAR AND SLOT JETS

Nst,a v NR,n
0 .4 3 4  vs I/b, i/D

Data points are for the circular Jets.

Solid curve is result of Fig. 17 for slot Jets

0 = 900

ib = 8.o /D = 1.0
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VIII APPLICATION TO DESIGN

The foregoing comparison between circular and slot Jets

illustrates how heat transfer coefficients 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 in the range 7 to 10. Figure 9, however,

should provide a qualitative appreciation for how these

results are modified by changes in 5/b outside this range.

Although the nozzle Reynolds numbers for the tests were

fairly low, they are typical of a design situation where

small nozzles are used for localized cooling or heating.

The specific 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 applying the results of' this study to a design it

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 is lower than the total tem-
perature by the kinetic energy effect of the Jet, and this

difference is proportional to the square of the velocity.

In the present study, the plenum pressure was as high 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 cooling, or heating, is to be done with arrays

of Jets rather than with one individual Jet, interaction

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 is always present and
1such Interaction lowers the average heat transfer rates
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Thus, for certain applications of arrays of jets, the slot

jet may have an advantage over the circular jet,

It should be noted that the magnitudes of the conduct-

ance, h , obtainable with impinging jets (50-250 Btu/

hr ft2 oF) are significantly higher than those normally

-ncountered (10-50 Btu/hr ft2 0F) in forced convection

situations with air at approximately atmospheric density.
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IX SUMMARY AND CONCLUSIONS

A transient technique for the experimental determina-

tion of impinging Jet average heat transfer coefficients

has been described, and the method has been extended to

yield local heat transfer coefficients. The technique was

used to investigate extensively the case of a slot Jet

impinging normally on a plane surface. The experimental

data for this case is correlated on a dimensionless basis,

Figs. 16 and 17, which makes extensions to other gases,

nozzle dimensions, and target dimensions feasible. This

greater generality is of importance to the designer.

The wedge solution (14) analysis indicated that the

dimensionless parameter N NP should be useful in cor-
St R,n

relating local heat transfer data near the stagnation region.

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 basis of Nst,av

vs. NR,1 , Fig. 12. On this basis the effect of 2/b is
minor and the results are readily represented by a single

equation (22). In some respects Fig. 12 and Eq. (22) may

prove to be the most convenient presentation of results from

the point of view of the designer.

The transient technique was also used to experimentally

investigate in a preliminary way the case of a normally

impinging circular Jet on a plane surface. This study was

limited to only a few tests, and the results were used as a

comparison with the slot Jet results. It was tentatively

concluded that the shape of the area to be cooled is of

primary importance in deciding between a circular or slot

jet. However, if arrays of jets 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 available

can be used to extend the results of this study as follows:

(1) the circular jet impinging normally,

(2) the slot Jet impinging at 00 e 0 < 900 ,

(3) the slot Jet impinging on a cylindrical surface,

(4) more tests for the normally impinging slot Jet

to extend the Reynolds number and 2/b ranges,

(5) the circular and slot Jets operating with higher

plenum pressures to investigate supercritical

Jets and the influence of shock wave patterns on

heat transfer.

In addition, it 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 this study, it was felt that the heat

transfer coefficients obtained with the impinging jets might

depend to some extent on the character of the nozzle exit

plane velocity profile as well as the mean flow properties

of the jet.

With this in mind, three geometrically similar nozzles

were designed to operate with jet thicknesses of 0.020,

0.040, and 0.080 inch, respectively.

The reasoning behind the design is based on the following

functional relationship for the nozzle discharge coefficient,
C:

C = f (nozzle contour, Lj/DH , N (24)

This relationship has previously been substantiated both

analytically and experimentally for circular nozzles with

laminar flow 0. It was felt that this relationship would

be valid for slot nozzles as well as circular nozzles.

A design L/DH ratio of 2.0 and an elliptical contour

were chosen for the three nozzles, as shown in Fig. 21. The

discharge coefficients for the completed nozzluo were obtained

by comparing the measured flow, Wm , 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 is:

P nAP n , 1/2

Wi = 4070 A Ya (n T (25)

where Ya is the nozzle expansion factor for rhe perfect

gas compressiole fluid9 . The discharge coefficient is thus:
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w-m Wm
C = (26)wi

Figures 22, 23, and 24 present the calculated discharge
coefficients for the three nozzles at various nozzle spacings;

that is, at various L/DH ratios. Figure 25 shows a cor-

relation between the three nozzles when all are operated at

their design configuration of L/DH = 2.0 . The correlation

is compared with the analytical results of Ref. 10 for the

circular nozzles at the same L/DH ratio. From this com-

parison it is clear that the slot nozzles compare favorably
on a 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. 10.

The discharge coefficient, of course, does not furnish

a complete description of the nozzle flow. What is needed
beyond this is some knowledge of the velocity profile at the

exit plane of the nozzle. Experimental determination of the

profile, or even of the centerline velocity, is impractical

in this case because of the small size of the nozzles. How-

ever, since the flow in the nozzles is laminar, the flow

pattern may be estimated using theory developed for the

laminar entry length problem in reutangular ducts. Ian11

has published an analysis of this problem in which he

presents u./U in the developing region for different aspect

ratios from 1.0 to 0. Figures 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 designed to have the same area as the slot

nozzle set to a thickness of 0.0)10 inch. It has an L/D,
ratio of 1.55. Figure 26 is a plot of discharge coefficient

versus nozzie Reynolds number for the nozzle,



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

TABLE 1

Nozzle Type

L (in.) b (in.) A (in. 2) DH (in.) L/DH

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
o:o6o 0o450 0'll1 0.702
0.080 0.06o0 0o1445 0.540

0.040 slot 0.1520 0.010 0.0075 0.01975 7.70
0.020 0.0150 0.0390 3.90
o.o4o 0.0300 0.0760 2.00
o.o6o 0.0450 0.1111 1.38
0.080 0.06oo 0.1445 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 O.O00

SLOT NOZZLE

(L/D H = 2.0 when h = l.n40 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/Dj = 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 it in a material of low thermal

conductivity, such as balsa wood. When this was attempted,

there appeared to be some initial heat leak into the balsa

wood support combined with a subsequent feedback heat

transfer from the support to the target during the transient

test. The feedback effect appeared as a nonlinearity in the

transient curve of e versus In t/t0 . To resolve this

problem, it was decided to allow heat leak to occur only in

one direction from the back side of the target, but in a

manner such that it could be calibrated and allowed for in

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 calibrate 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 convection transient cooling was then

recorded and a value of hleak computed under the assumption

that the average conductance, h av, over the entire target

would be equal to h leak . This technique was used for all

four models, two rectangular and two circular, used in the

tests.

The results of this calibration are summarized below.

The correction factor of Eq. (16), hleak (A leak ) is

given for the four targets. Aforced

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 Factor

Aleak Btu Btu
Tgehlak A lek 2Target forced hr ft2 -F leak' hr ft

large rectangular 3.21 1.31

(2 = o.50 in.)

small rectangular 4-83 1.61

(X = o,25 in.)

large circular 2.08 1.04
(D = 1.0 in.)

small circular -.87 1.62

(D = 0.5 in.)



APPENCIX C - EXPERIMENTAL UNCERTAINTY

The experimental uncertainties were estimated for the
results as follows:

TABLE 3 - SUMMARY OF UNCERTAINTIES

Quantity Uncertainty

Nst,av ± 5%

NSt,av/(Ns ,av)max ± 6%

C (slot nozzles) ± 2%

C (circular nozzle) ± 1%

No uncertainties were estimated for the local heat

transfer results although they are certainly somewhat

greater than 5%, since there are uncertainties in the

graphical differentiating used to obtain them. This is

particularly true in the region close to the stagnation

point where the curvature of the N versus 1/b
St,av

results increases rapidly.
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APPENDIX D - PHYSICAL PROPERTIES OF TARGETS

Altogether, four flat plate targets were used in the

tests. Their physical properties, including dimensions,

are summarized in Table 4 below.

TABLE 4 - TARGET PROPERTIES

Material (all targets): Commercial grade cast rolled copper

specific heat = 0.0923

Flat Plate
Target Weight Dimensions I/Aforced

rectangular 17.15 grams 0,980"x0,500"x0.243 1.022 Btu
ft2o°F

rectangular 8.78 grams 0.505"xO.490"xO.250" 1.035 Btu
ft 2cF

circular 28.05 grams 1.0" diam x 0.250" 1.045 Btu

ft2 ,F

circular 7.22 grams 0.50" diam x 0.250" 1.08 Btu

ft- F
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APPENDIX E - DATA REDUCTION METHODS

Average Heat Transfer Coefficients

As an example of the data reduction method used to

obtain the average coefficients, run number 153 will be

reduced here. This is a slot nozzle test taken with the

0.080 nozzle set at a thickness of 0.040 inch. The Jet

emerging from this nozzle impinged on the small target

(I = 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 680 F
Rotameter Temperature 520.00 R

Rotameter Reading 95.2%

Dimensions: -

6 0.320 in.

b (See Fig. Id) 0.040 in.
c 0.750 in.

A0.25 in.

Plenum gage pressure 9.63 in. H20 at 680 F
Plenum temperature 520.0 ° R

Barometric pressure 30.00 in. Hg abs. at 320 F

e at t = 2.50 millivolts 0.0 seconds

e at t = 2.00 millivolts 7.5 seconds
0 at t = 1.50 millivolts 17.2 seconds

For the 0.080 nozzle, the throat length L equals

0.2890 inch, and when set at b = 0.040 inch the L/DH
ratio is 0.0760 (see Table I). The measured flow rate

through the rotameter Is obtained from the equation:

[meter pressure (psia)] 1/2
lb 141.7

(-L) = u.o615 (Rotameter reading) [meter temp. (R)]1/2

530.0



With the above test data, the value is:

wm  10.61 lb/hr

The ideal (C = 1.0) flow rate through the nozzle is

computed from Eq. (26):

n n1/2

w = 4o7o A (in.) Ya (-T

where Y is obtained from Ref. 9 as a function of pressurea

ratio (Ya equals 0.988 for this test). Then

w = 12.1 lb/hr

The nozzle discharge coefficient is thus:

w
= m = 0.878wi

This coefficient compares closely with the calibrated coef-

ficient of Fig. 24; the comparicon gives a check on several

variables as follows. System air leaks, errors in reading

the rotameter. and errors In setting the nozzle gap can all

he detected by checking the discharge coefficient.

The actual transient temperature response is plotted

before the data is reduced to insure that the response on a

semi-log plot is linear as specified by the analysis. A

nonlinear response may indicate some aberation of the tem-

perature-time measurements or that the one lump of thermal

capacitance and resistance assumed in the analysis is

invalld. Thc response for run number 153 Is plotted in

Fig. 27.



The heat transfer coefficient, hay , is evaluated

from Eq. (16):

" n t/t °  A
h(v L 0) h -hleak A leak)

forced Aforced

UA fle ak
where the constants, and hleak Alea ) areforced Aforced

obtained from Tables 4 and 2 respectively. Thus:

In (t/t0 ) Btu
hay - 1.035 - 4.83 ft2  -

e~hr)hr ft 0

From Fig. 27, e = 17.2 seconds when in t/t o = - 0.512

and this gives:

h = 106.2 Btu
av hr ft 2 0F

From Table 1, the throat area of the nozzle is 0.030 in.

and thus:

w 
lb

G -m = 50,941 -

A hr ft

From these results, NSt,av, NR,n, and NR,I can be com-

puted.

Nha 8.695 10- 3Nst,av Gp

DHG
NRn - 7,2400

52



N 24,341

where . = 12.1xlO -6 ib/(ft sec) and a = 0.239 Btu/(lb OF)

as obtained from Ref. 12.
The result of this test is plotted in Fig. 10 at

= 6.25 .

Local Heat Transfer Coefficients

The subsequent test, run number 154, was taken at the
saxme value of NRn as 153, but with a 1/b ratio of 12-5.
Ttxis run is also plotted in Fig. 10. For run number 154,
Ntav = 6.752x10-3 at A/b = 12.5. These two runs can

tkus be used to calculate the local heat transfer coeffici-

ents in the region between i/b = 6.25 and A/b = 12.5 as
discussed in the section on Extension of the Transient

Technique.
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 = 7400 was used) to evaluate NSt at x/b = 9.375
For this evaluation Eq. (18) becomes:

(N SO (N + 935 (d NSt ayx/b=9.375 Stav x/b= 9.375  dx x/b=9375

From Fig.)x/b=9.375 = 7.6OxlO -3 and the
Frm i l, Ns,av xb93r

derivative is evaluated by taking the slope of the chord

between the two values of NStav at 1/b of 6.25 and 12.5.

That is, A(Nst, /b) 1 .8 0 X 1 0 LD  and A(2/b) = 6.25 . Thus

d av) -1.80x10-3
( St a = _ 2.88xi0 -4

dx 6.25
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The final result is (NSt)/ =4.Oxl03 and this is

the value that is plotted in Fig. 15. Recall that these

results are all for a constant vnlue of NR,n = 7400

Machine 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 machine is 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 number R

nozzle to plate distance, 6 DELTA

nozzle spacing, b BETA

transient time, 0 THETA

nozzle throat length, L L

hydraulic diameter, DH DH

1/2 plate length, I LL

measured flow rate, wm W

ideal flow rate, wI  WI

nozzle discharge coeff., C C

conductance, h H

NR, , REYLEN

NR,r REYNOZ

N St, av STANTON

The followlng p rZe _: a sample program as used to

reduce run number 153 on the machine.
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2 5441 JOB 1/16/629 2MIN D E METZGER EX7 2176

2 LODX BALGOL

2CMNT IPNNGJET DATA REDUCTION ROAMFRAVERAGE HEAT TRANSFERo1

2 COEFFICIENTS$ *

2 INTEGER R5 .3

2 INPUT DATA (RMPMTMRDELTABETAoELTAPM.DELTAPWo8PNT.THETALDHIS .4

2 FORMAT HEAD1CB1.*RUN*9B3s*LENGTH-WIDTH RATIO'.83#*DISTANCE-WIDTN RATIO*.5

2 ,53,4EXPAN-COEF.YA*,B6SIFLOW.LB/HR*.85.*FLOWsLB/HRSQFT*,83.6

2 9*Ht8TU/HRSQFTOF*9W0IS .7

2 FORMAT HEAD2(899*L/DH*,Bll,*NOZZLE COEF**87,*NOZ REYNOLDS NO~vB39 .8

2 *PLATE REYNOLDS N04,B2,4STANTON NO.H/GCP*9B4o .9

2 *NUSSELT N~oHDH/K*,W2)S .10

; WRITF (5SHEADI) WRITE (SSHEAD2)S .11

2 LL'=O.25S CONS71-1910.OS CON5T2-4.63S CP-O.2398S K-0.0151S MU-O.0436$ .12

2 START..READ(S$DATA)$ .13

2 W 0.O615(MR). SQRT((((MP+BP)HO.48931)/14.71/IMT/530.O))S.1

2 EITHER IF DELTAPM EOL 0.0$ PSIG2DELTAPW.10.03605)$ .15

2 OTHERWISES PSIG=DELTAPM.(0.4893)s .10

2 PATM=BP.(O.4893)S .17

2 PNOZ=PATM+PSIGS .18

2 YASR((AMPO)14)35(.-PT/NZ*.8)1.-PT .19

2 /PNOZf)S .20

2 WI.4O70.0(Bt-.TA)IO.75OI (YA).SORT(PNOZ.PSIG/NT)S .21

2 C=W/WIS .22

2 H-ICONSTl/THETAI-CONST2$ .23

2 G'( 144.O(W) I/(0.750BETAIS .24

2 REYLEN.(LL.G)/( 12.OMU)S .25

2 REYNOZs(DH.G(/( 12.OMWS$ .26

2 STANTON-H/[GoCPS .27

2 NUSSELT.(H.6HI/(12.QKpS .28

2 OUTPUT 01IR,LL/BEIA.D)ELTA/BETA.YA.WGH)S .29

2 OUTPUT O2(L/DHCREYNOLRE:YLEN,STANJONNUbSELT)S .30

2 FORMAT F1(I5 6F19.8sWO)S .31

2 FORMAT F2(B5,F14.8,5FI9.8.W2jS .32

2 WRITE (SSOIFl1 WRITt. SSOZ,F2)S .33

2 GO TO STARTS .34

2 FINISH$ .35
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APPENDIX F - TABULAR RESULTS

Tables 7 to 10 summarize the reduced heat transfer

data for slot Jets and Table 11 summarizes the fieat trans-

fer data for circular Jets.

Table 7 presents the effect of 6/b on NSt,av

Table 8 presents the effect of YI/b on Nst,av

Table 9 presents the effect of 5/b on NStavVS i/

Table 10 presents the effect of nozzle exit velocity

profile

Table 11 presents the circular Jet results
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TABLE 7. RESULTS OF EFFECT OF 8/b ON NSta v (SEE FIG. 9).

Run Pn/pa G b t/b ,/b NR n  NR,t Nst,av hay

= .25

1 1.006 10.96 26,322 0.080 3.125 2.0 7269 12,577 0.00827 52.2
2 1.006 10.95 26,286 0.080 3.125 5.0 7260 12,561 0.00914 57,6
3 1.006 10.88 26,128 0.080 3.125 8.0 7216 12,485 0.0108 67.8
4 1.006 10.87 26,100 0.080 3.125 10.0 7208 12,471 0.0106 66.4
5 1.006 10.89 26,155 0.080 3.125 15.0 7224 12,498 0.00918 57.6
6 1.025 10.96 52,615 0.040 6.25 2.0 7643 25,141 0.00711 89.7
7 1.025 10.94 52,546 0.040 6.25 5.0 7633 25,108 0.00799 100.7
8 1.025 10.93 52 490 0.040 6.25 8.0 7625 25,081 0.00829 104.3
9 1.025 10.92 52,448 0.040 6.25 10.0 7619 25,061 0.00866 108.9

10 1.025 10.97 52,685 0.040 6.25 15.0 7653 25,174 0.00757 95.7
11 1.025 10.95 52,587 0.040 6.25 20.0 7639 25,128 0.00666 84.0
13 1.111 10.85 104,233 0,020 12.5 2.0 7770 49,805 0.00617 154.3
14 1.113 10.93 104,926 0,020 12.5 5.0 7821 50,136 0.00711 178.8
15 1.112 10.89 104,510 0,020 12.5 8.0 7790 49,938 0.00674 168.8
16 1.112 10.89 104,538 0.020 12.5 10.0 7792 49,951 0.00661 165.7
17 1.111 10.87 104,316 0.020 12.5 15.0 7776 49,845 0.00607 151.7
18 1.111 10,85 104,205 0,020 12.5 20.0 7768 49,792 0.00547 136,7
20 1.537 10.91 209,572 0.010 25.0 2.0 7911 100,140 0.00504 253.3
21 1.537 10.91 209,463 0.010 25.0 5.0 7907 100,087 0.00534 268.0
22 1.536 10.90 209,353 0.010 25.0 8.0 7903 100,035 0.00512 256.8
23 1.534 10.90 209,189 0.010 25.0 10.0 7897 99,956 0.00491 246.5
24 1.536 10.90 209,353 0.010 25.0 15.0 7903 100,035 0.00449 225.3
25 1.542 10.94 210,011 0,010 25.0 20.0 7929 100,349 0.00398 200.5
28 1.002 6.68 16,026 0,080 3.125 2.0 4426 7,658 0.0108 41.4
29 1.002 6.68 16,022 0.080 3.125 5.0 4425 7,656 0.0111 42.7
30 1.002 6.68 16 022 0.080 3.125 8.0 4425 7,656 0.0132 50.7
31 1.002 6.67 16,018 0.080 3.125 10.0 4424 7,654 0.0135 51.8
32 1.002 6.67 16,014 0.080 3.125 15.0 4423 7,652 0.0119 45.7
33 1.002 6,67 16,014 0,080 3.125 20.0 4423 7,652 0.0105 40.2
34 1.010 6.67 32,028 0.040 6.25 2.0 4652 15,304 0.00948 72.8
35 1.010 6.67 32,016 0.040 6.25 5.0 4651 15,300 0.00965 74.1
36 1.010 6.67 32,019 0.040 6.25 8.0 4651 15,298 0.0103 78.9
37 1.010 6.67 32,011 0,040 6.25 10.0 4650 15,296 0,0104 80.1
38 1.010 6.67 32,011 0,040 6.25 15.0 4650 15,296 0.00953 73.1
39 1.010 6.67 32,011 0.040 6.25 20.0 4650 15,296 0.00845 64.9
40 1.045 6.68 64,138 0.020 12.5 2.0 4781 30,647 0.00726 111.6
41 1.045 6.67 64,022 0.020 12.5 5.0 4772 30,592 0.00839 128.7
42 1.045 6.67 64,022 0.020 12.5 8.0 4772 30,592 0.00832 127.8
43 1.045 6,67 63,999 0.020 12.5 10.0 4771 30,581 0.00809 124.2
44 1.045 6.67 63,989 0.020 12.5 15.0 4770 30,576 0.(0756 116.1
45 1.045 6.67 63,989 0.020 12.S 20.0 4770 30,576 0.00692 106.2
46 1.272 6.67 128,078 0,010 25.0 2.0 4835 61,199 0.00600 184.3
47 1.272 6.66 127,945 0.010 25.0 5.0 4830 61,136 0.00633 194.1
48 1.270 6.66 127,911 0,010 25.0 8.0 4828 61,120 0.00647 198,4
49 1.269 6.66 127,911 0.010 25.0 10.0 4828 61,120 0.00613 188.1
50 1.269 6.66 127,878 0,010 25,0 15.0 4827 61,104 0.00577 177.1
51 1.269 6.66 127,865 0.010 25.0 20.0 4827 61,097 0.00512 157.0
77 1.001 4.51 10,824 0.080 3.125 2.0 2990 5,172 0.0135 35.0
78 1.001 4.51 10,827 0,080 3.125 5.0 2990 5,174 0.0139 36.1
79 1.001 4.50 10,808 0.080 3.125 8.0 2985 5,165 0.0158 40.9
80 1.001 4.50 10,792 0.080 3.125 10.0 2980 5,157 0.0166 42.9
81 1.001 4.49 10,781 0.080 3.125 15.0 2977 5,151 0.0149 38.5

- 0.50

87 1.127 4.44 85.220 0.010 50.0 2.0 3217 81 441 0.00460 94.0
88 1.127 4.43 65l11 0.010 50.0 S.0 3213 81:337 0.00486 99.2
89 1.127 4.44 85,242 0.010 50.0 8.0 3218 81,462 0.00508 103.9
90 1.127 4.45 85,373 0,010 50.0 10.0 3223 81,588 0.00496 101,5
91 1.127 4.44 85.242 0.010 50.0 15.0 3218 81,462 0.00475 97.1
92 1 127 4.44 85,154 0.010 50.0 20.0 3214 81,379 0.00450 92.0
93 1.583 11.06 212,447 0.010 50.0 2.0 8020 203,027 0.00336 171.3
94 1.583 11.06 212,447 0.010 50.0 5.0 8020 203,027 0.00336 171.3
95 1.583 11.04 212,007 0.010 50.0 8.0 8003 202,606 0.00331 168.2
96 1.583 11.03 211.787 0.010 50.0 10.0 7995 202,396 0.00319 162.1
97 1.583 11.03 211,787 0.010 50.0 15.0 7995 202;3-6 0.00308 156.5
98 1.583 11.03 211,787 0.010 50.0 20.0 7995 202,396 0.00288 146.4
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TABLE 8. RESULTS OF EFFECT OF t/b ON NSa v, (SEE FIG. 10).

Run P/Pa G b -t t/b N11 n  NR, NSt, av hay

8/b 8.0

124 1.006 11.18 26,820 0.080 0.50 6.25 7407 25,631 0.00849 54.6
128 1.024 10.65 51,118 0.040 0.50 2.50 7425 48,852 0.00696 85.2
132 1.102 10.40 99,874 0.020 0.50 25.0 7445 95,445 0.00504 120.8
136 1.435 10,25 196,841 0.010 0.50 50.0 7430 188,113 0.00305 160.7
139 1.004 8.96 21,520 0.080 0.50 6.25 5943 20,565 0.00952 49.2
140 1.017 8.54 40,974 0.040 0.50 12.50 5951 39,157 0.00770 75.6
141 1.068 8.31 79,756 0.020 0.50 25.0 5945 76,219 0.00563 107.6
142 1.318 8.19 157,281 0.010 0.50 50.0 5937 15,031 0.00373 140.7
143 1.002 6,74 16,164 0.080 0.50 6,25 4464 15,448 0.0108 41.8
144 1.010 6.41 30,750 0.040 0.50 12.50 4467 29,387 0.00853 62.9
145 1.043 6.25 59,993 0.020 0.50 25.0 4472 57,333 0.00626 90.1
146 1.195 6.15 117,987 0.010 0.50 50.0 4454 112,755 0.00421 119,2
147 1.001 4.49 10,782 0.080 0.50 6.25 2978 10,304 0.0129 33.3
148 1.005 4.28 20,539 0.040 0.50 12.50 2984 19,628 0.0101 49.9
149 1.019 4.17 40,010 0.020 0.50 25.0 2982 38,236 0.00740 71.0
150 1.100 4.11 78,922 0.010 0.50 50.0 2979 75,423 0.00513 97.1
151 1.006 11.16 26,775 0.080 0.25 3.125 7395 12,794 0.0108 69.2
152 1.010 10.91 34,916 0.060 0.25 4.167 7414 16,684 0.00984 82.4
153 1.024 10.61 50,941 0.040 0.25 6.25 7400 24,341 0.00870 106.2
154 1.100 10.37 99,595 0.020 0.25 12.50 7424 47,590 0.00675 161.3
155 1.432 10,22 196,312 0.010 0.25 25.0 7410 93,803 0.00485 228.1
156 1.004 8.95 21,476 0.080 0.25 3.125 5931 10,262 0.0120 62.0
157 1.007 8.72 27,918 0.060 0.25 4.167 5928 13,340 0.0108 72.5
158 1.016 8.53 40,921 0.040 0.25 6.25 5944 19,553 0.00959 94.1
159 1.068 8.31 79,756 0.020 0.25 12.5 5945 38,110 0.00749 143.2
160 1.292 8.20 157,362 0.010 0.25 25.0 5940 75,192 0.00537 202.8
161 1.002 6.72 16,123 0.080 0.25 3.125 4453 7,704 0.0135 52.2
162 1.004 6,55 20,965 0.060 0.25 4.167 4452 10,018 0.0122 61.5
163 1.010 6.40 30,711 0.040 0.25 6.25 4461 14,675 0.0109 80.1
164 1.042 6.24 59,932 0.020 0.25 12.5 4467 28,637 0.00841 120.8
165 1,178 6.14 117,927 0.010 0.25 25.0 4452 56,349 0.00608 172.0
166 1.001 4.49 10,765 0.080 0.25 3.125 2974 5,144 0.0163 42.1
169 1,019 4.16 39,959 0.020 0.25 12.5 2979 19,094 0.00993 95.2
170 1.092 4.11 78,962 0.010 0.25 25.0 2981 37.730 0.00744 141.0
186 1.002 4.39 14,054 0.060 0.25 4.167 2984 6,716 0.0145 48.8
17 1.005 4.27 20,511 0.040 0.25 6.25 2979 9,801 0.0129 63.4
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TABLE 9. HESULTS OF EFFECT OF 8/b ON NStav VS t/b (SEE FIG. 11).

Bun Pn/P. w G b f/b 8/b NR,n NR,, NSt,,V hay

0.0- o.

122 1.006 11.19 26,848 0.080 6.25 2.0 7415 25,657 0.00737 47.5
123 1.006 11.19 26,834 0.080 6.25 5.0 7411 25'644 0.00782 50.3
125 1.006 11.19 26,848 0.080 6.25 15.0 7415 25,657 0.00746 48.0
126 1.024 10,65 51,118 0.040 12.5 2.0 7425 48,852 0.00682 83.7
127 1.024 10.65 51.092 0.040 12.5 5.0 7422 48,827 0.00676 82.9
129 1.024 10.67 51,197 0.040 12.5 15.0 7437 48,926 0.00598 73.4
130 1.102 10.40 99,823 0.020 25.0 2.0 7441 95,397 0.00505 120.8
131 1.102 10.39 99,772 0.020 25.0 5.0 7437 95,348 0.00519 124.2
133 1.102 10.42 100,027 0.020 25.0 15.0 7456 95,591 0.00454 109.0
134 1.435 10.26 196,942 0.010 50.0 2.0 7434 188,209 0.00350 165.1
135 1.435 10.25 196,841 0.010 50.0 5.0 7430 188,113 0.00340 100.7
137 1.435 10.26 197,042 0.010 50,0 15.0 7438 18r,305 0.00320 151.3

t- 0.25

71 1.006 11.16 26,789 0.080 3.125 2.0 7399 12,801 0.00837 53.8
172 1.010 10.89 34,844 0.060 4.167 2.0 7,399 16,649 0.00780 65.1
173 1.024 10.64 51,086 0.040 6.25 2.0 7421 24,410 0.00777 95.2
174 1.098 10.36 99,493 0.020 12.5 2.0 7416 47,541 0.00664 158.4
175 1.430 10.22 196,312 0.010 25.0 2.0 7410 93,803 0.00510 240.0
176 1.006 11.16 26,775 0.080 3.125 5.0 7395 12,794 0.00958 61.5
177 1.010 10.89 34,844 0.060 4.167 5.0 7399 16,649 0.00883 73.8
178 1.024 10.65 51,112 0.040 6.25 5.0 7424 24,423 0.00789 96.8
179 1.098 10.36 99,493 0.020 12.5 5.0 7416 47,541 0.00708 168.8
180 1.430 10.22 196,312 0.010 25.0 5.0 7410 93,803 0.00503 236.9
181 1.006 11.16 26,775 0.080 3.125 15.0 7395 12,794 0.00900 57.8
182 1.010 10.89 34,844 0.060 4.167 15.0 7399 16,649 0.00821 68.6
183 1.024 10.64 51,072 0.040 6.25 15.0 7419 24,404 0.00756 92.6
184 1.098 10.36 99,442 0.020 12.5 15.0 7413 47,516 0.00587 139.9
185 1.430 10.23 196,413 0.010 25.0 15.0 7414 93,852 0,00417 196.2
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TABLE 10. RESULTS OF EFFECT OF NOZZLE EXIT VELOCITY
PROFILE (SEE FIGS. 13 AND 14).

Run Pn/Pa w G 8/b NR,~ NRC Nst,av L/DL

* 0.25, b 0.020, t/b - 12.5

40 1.045 6.68 64,138 2.0 4781 30,647 0.00726 7.41
41 1.045 6.67 64,022 5.0 4772 30,592 0.00839 7.41
42 1.045 6.67 64,022 8.0 4772 30,592 0.00832 7.4143 1.045 6.67 63,999 10.0 4771 30,581 0.00809 7.4144 1,045 6.67 63,989 15.0 4770 30,576 0.00756 7.41
45 1.045 6.67 63,989 20.0 4770 30,576 0.00692 7.41

52 1,040 6.70 64,288 2.0 4792 30,718 0.00743 2.0
53 1,040 6.70 64,321 5.0 4795 30,734 0.00811 2.0
54 1.040 6.70 64,354 8.0 4797 30,750 0.00811 2.0
55 1,040 6.70 64,354 10,0 4797 30,750 0.00783 2.0
56 1.040 6.71 64,387 15.0 4799 30,766 0.00752 2.0
57 1.040 6.70 64,403 20.0 4801 30,774 0,00664 2,0

- 0.50, b "0.020, t/b f 25.0

101 1.115 11.08 106,333 8.0 7926 101,618 0.00494 7.41
102 1.078 8.87 85,176 8.0 6349 81,399 0.00534 7.41
103 1.047 6.67 63,997 8.0 4770 61,159 0.00612 7.41
104 1.022 4.46 42,774 8.0 3188 40,877 0.00725 7.41
113 1.103 11.02 105,838 8.0 7889 101,145 0.00452 2.0
114 1.067 8.90 85,417 8.0 6367 81,630 0.00513 2.0
115 1.038 6.66 63,964 8.0 4768 61,128 0.00584 2.0
116 1.018 4.45 42,709 8.0 3184 40,815 0.00668 2.0

TABLE 11. CIRCULAR JET RESULTS (SEE FIGS. 18 AND 19).

Run Pn/Pa w G S/D NIA,n  NSt,a- hav

- 0.50, D - 0.196, 4/D - 2.55

508 1.021 11.05 52,762 1.0 19,766 0,00724 91.6
509 1.021 11.03 52,651 5.0 19,724 0,00585 73.9
510 1.021 11,05 52,762 8.0 19,766 0.00549 69.4
511 1.004 4.49 21,437 1.0 8,031 0.0100 51.5
512 1.004 4.49 21,448 5.0 8,035 0.00870 44.7
513 1.004 4.49 21,426 8.0 8,027 0.00787 40.4
514 1.015 8.95 42,742 1.0 16 012 0.00778 79.7
515 1,C09 6.72 32,106 1.0 12,027 0.00856 65.9

m 0.25, D = 0.196, t/D - 1.28

516 1.022 .11.10 52,985 1.0 19,850 0.00745 94.6
517 1.022 11.09 52,901 5.0 19,818 0.00747 94.6
518 1.022 11.04 52,706 8.0 19,745 0.00733 92.7
519 1.004 4.49 21,437 1.0 8,031 0.0119 61.5
520 1.004 4.49 21,426 5.0 8,027 0.0119 61.5
521 1.004 4.48 21,415 8.0 8,022 0.0111 57.1
522 1.014 8.90 42,521 1.0 15, 929 0.00839 85.6
523 1.009 6.72 32,106 1.0 12,027 0.00950 73.2
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