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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE NO, 1070

AN EMPIRICAL EQUATION FOR THE COEFFICIZNT CF HEAT TRANSFER
TO A FLAT SURFACE FROM A PLANE HEATED—-AIR JET
DIRECTED TANGENTIALLY TO THE SURFACE

By John Zerbe and James Selna
SUMMARY

An investigation of the heat transfer to a surface from
plane heated—air jets discharged tangentially to the surface
was conducted to provide heat—transfer relationships regquired
in the design of heated-air Jet installations for aircraft
windshield fog prevention. -

Exper imental temperature, velocity, and heat—transfer
data were obtained by tests in which the initial jet tem—
perature and velocity were varied from 101° to 156° F and
from 52 to 218 feet per second, respectivelvy. The jets were
produced by three nozzlee of different depths: namely,
0.102, 0.313, and 0.54%7 inch.

The resulting data were correlated to yield relation~
ships for the maximum profile jet velocities and temperatures,
and the coefficients of heat transfer from the jet to the
surface, in terms of the nozzle—exit Jet velocity and tem—
perature and of the distance from the apparent Jet origin,

The test results are presented in tadbular form and the '
correlations of the data are 1llustrated graphically,

INTRODUCTION

During an analytical investigation of the use of heated—
air jets to prevent fog formations on the inside surface of
bullet—resisting windshields, it was found that the required
heat—transfer dasta were not available; consecuently, the
pPresent investigation on the heat transfer to0o a surface fronm



NACA TN No. 1070 2

a2 plane heated—air jet directed tangentially to the surface
(hereinafter designated as az surface jet) was undertaken.

The rate of transfer of heat from a surface Jjet to the
surface at & point any distance from the nozzle erit may be
defined as eguivalent to the product of a coefficient of heat
transfer and the difference between the maximum profile tem—
perature in the Jet and the temperature of the surface 2t
that point. The coefficient of heat transfer 1e dependent
principally upon the Jjet velocity and temperature. Eauations
establishing the relationship between the jet velocity and
the major jet parameters of unheated surface jets are avail-—
able in reference 1 and theoretical temperature relationships
for freely expanding heated jets are avallable in reference
2. The application of this information to heated—surface
jets has not been previously accomnplished and there are no
available expregsions for the coefficlent of heat transfer
for surface Jjets.

The purpose of the present investigation was to establish
reletionships generalizing the varilation of velocity, tem—
pPerature, and coefficients of heat transfer in heated—sur’ace
jets in order that a rational approach %to the use of heated—
air jJets for fog prevention could be made.

The investigation included the experimental evaluation
of the velocity, temperature, and heat—transfer character—~
istics of heated—surface jets emerging from nozzles of three
different configurations at several initial velocity and
temperature conditions. The resulting data are correlated
in terms of the jet properties at the jet nozzle exit and the
relationships developed are generally applicable to the heat
transfer from surface jets to smooth flat surfaces when the
heat flow to the surface is comparable to that which prevails
in a plane heated—air jet installation for aircraft wind-—
shield fog prevention.

This investigation was conducted as part of a general
study of aircraft windshield fog prevention which was under—
taken by the Ames Aeronautical Laboratory at the request of
the Bureau of Aeronautics, Navy Department.

>FYMBOLS

The symbols used in this report are defiined as follows:
c constant

a surface jet-noszle depth, feet
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a reference surface jet—nozzle depth (1/12 ft)

e distance from apparent jet origin to nozzle exit
(d/ten @), feet

h coefficient of heat transfer for surface jet, Btu per
hour, square foot, °F

k; thermal conductivity of Lucite plate, Btu per hour,
square foot, °F per foot

k thermal conductivity of air, Btu per hour, square foot,
OF per foot

L distance from nozzle exit to point under consideration,
feet :

i thickness of Lucite plate, feet
P barometric pressure, inches of mercury

q unit heat transfer through the Lucite plate, Btu per
hour, square foot

T, maximum profile jet temperature at any distance x, °p
T, jet.temperature at nozzle exit, op

T ambient—air temperature, °F

T temperature of top surface of Lucite plate, °F

Tb temperature of bottom surface of ILucite plate, OF

m Baximum profile jet temperature risg above ambient—air
temperature, at any distance x, F

o dJdet temperature at nozzle exit above ambient—air temmera—
o
ture, F

U velocity at any point in the Jet, feet per second

U maexinum profile Jet velocity ab any distance x, feet per
second

U, Jet velocity at nozzle exit, feet per second

x distance from apparent jet origin, feet
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y distance perpendicular to surface, feet
Yy distance perpendicular to surface where jet velocity
is one-half U _, feet
hx
= Nusselt number
[1)
—%;E Reynolds number
density of air, slugs per cubic foot
@ angle of expansion of surface jet, degrees
e absolute viscosity of air, pound—seconds per square

foot

EQUIPMENT AND TEST PROCEDURE

The test equipment employed (fig. 1) consisted of a
surface jet nozzle discharging heated air over a Lucite
plate (12 in. wide by 24 in. long by 1/4 in. thick), which
was mounted above an ice bath. Surface—type thermocouples
were installed on the upper and lower surfaces of the Lucite
plate (fig. 2) at four stations 5, 10, 15, and 20 inches
from the nozzle exit, to measure the tempersture drop through
the plate. The therm=l conductivity of the plate (k; =
0.125 Btu/hr, sq ft, °F/ft) was determined experimentally
and the plate was employed as a heat meter.

Jet velocities and temperatures were measured in a
vertical plane extending through the lensthwise center line
of the plate. These measurements were made with a velocitwy—
temperature probe (fig, 1) containing a total and =2 static
pressure tube and a thermocouple probe, A micromanometer
was employed to determine the jet velocities and the Jlet
temperatures and Lucite—plate surface temperatures were
indicated bvy a Brown, direct—reading, self—balancing

potenfiometer.

Tests were conducted with three gsurface Jjet nozzles
(fig. 3) 0.547, 0.313, and 0.102 inch deep at the nozzle
exites herein designated as nozzles A, B, and C, respectively.
Bach nozzle was 12 inches wide. In order to insure uniform
jet air flow, the nozzles were all designed to have the
exit depth and width prevail for a length of at{ least 10
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nossle depths before the nozzle exit. Nozzle—exit Jet tem—
peratures of approximately 100° ana 150° F together with
nozzle—exit velocities ranging from 50 to 220 feet per second
were employed during the tests. Five to nine tests were con—
ducted with each nozzle, and during each test, measurements
of the maximum profile velocity and temperanture in the jet
and of the heat transferred through the Lucite plate were
obtained at each of the four instrumented statioms, Velocity
profiles were measured at each station during several of the
tests conducted with nozzle B.

RESULTS AND DISCUSSION

The results of the tests are presented in table I.
The jet velocities given were calculated from the difference
between the total pressure in the jet and the ambient static
pressure. The static—pressure measurements in the jet were
not used in these calculations because the standard static
tube employed erroneously recorded large negative pressures,
Other investigators (references 1 and 3) usine similar
equipment 2lso found this to be true. However, when more
refined equipment was employed, they found the correct static
pressure in the Jet to be approximately one-half percent of
the dynamic pressure above ambient static pressure. There—
fore, the error involved in using the ambient static pres—
gsure 1s negligible. The rate of heat transfer through the
Lucite plate and the coefficients of heat transfer were
evalusted by the relationships

D

and

A typical set of the velocity profile data obtained
during the tests of nozzle B has been plotted nondimen—
sionally, U/U; as a function of y/y., in figure 4. The

curve drawn on this plot is from a2 similar plot given in
reference 1 for velocity profiles in an unheated surface
Jet. BSince the experimental points conform to the curve,

it is evident that the jet temperatures and the heat trans—

fer from the jet had no measurable effect on the velocity
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profiles. Thus, it was concluded that relationshipe defin—

ing jet velocities in unheated surface jets could be apvlied
equally well to heated surface jets. Concerning the maximum
profile velocities, reference 1 states that the marximum pro—
file velocity (Ums at any point x5 1is related to the

maximum profile velocity (Um)2 at any other point xz in
the same jet by the relationship

(Um), -
(Um) ( > (1)

where x (fig, 5) is the distance from the apparent jet
origin to the point under consideration and may be defined
as

x=1L + e _ (2)
where
d
e = m———— (3)
ten o

The angle o is indicated from the data of reference 1 to
be approximately 8%9 and this value 1is in agreement with
that observed during the present tests. Measurements of
the maximum profile velocities for each rozzle showed that
the initial velocity U, was equal to Uy, for a length

of approximately 44 from each nozzle exit. Thus, equation
(1) may be written as follows:

U e + 4a\% o
(=229 Y

This relationship is compared to the test data in figure 6.
The experimental points conform to the curve (ecuatipn (a))

e + 44
to a better degree at the higher values of B — vy 3nd 1%
is probable that the relationship is not strictly vealid at
low values of 2_%_&2. Low values of 3—;—32 are encountered
at distances =x which are large with respect to the cuantltv
e + 44, a constant for any given nozzle depth. The maxi—

mum deviation of any of the points from the curve is less
than 30 percent.
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Theoretical temperature data for freely expandine plane
jets (reference 2) show that the maximum profile Jet tem—
peratures above ambient—air temperature are prorortional to
the meximum profile Jet velocities. Thus the maximum pro—
file Jet temperature data given in table I were plotted
nondimensionally (em/eo) as a function of velocity (Um/Uo)

in figure 7. The plot provides the relationship

8 U S
e—m='ﬁ'r—n' (5)
[o] [o]

The maximum deviation of any of the test points from equa—
tion (5) is less than 25 percent, ZEquation (5) assumes

that the heat transfer to the surface has a negligible

effect on the temperature in the jet. This assumption is
based on the fact that the heat transferred to the surface

is very small in comparison with the heat content of the

Jjet and its validity is amply verified by figure 7. Further—
more, the heat flows obtained during the tests are com—
parable with those which would prevail in a plane heated—

air jet installation for aircraft windshield fog prevention,

The coefficient of heat transfer h is presumed %to be
defined from the theory of similarity of heat transfer(refer—

ence 4) as
hx Uoxp\ "
= ¢ (s)
F = e(2F)

where ¢ is & constant for any given surface jet, By use

of eguations (3), (4), and (6) a constant ¢y may be defined
for any surface jet as follows: If two surface jets with a
common jet origin but of nozzle depths 4 =nd 4y, rTe~
spectively, are operated so that at a distance x5 from the

apparent Jjet origin each has the same maximum profile tem—
perature and maximum profile velocity, the velocity profiles
at the point x; will be the same for each Jet and there~—
fore the coefficients of heat transfer for each jet at that
point will be identical. Thus from eguation (6)

n
¢ (Uo)n = cy (U_), (7)

The combination of equation (7) with eouations (2) and (4)
yields
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c _ Ca

2 2
dn/ a, n/

and equation (6) may be written in terms of cy and d4d; as
hx Upxp 7/ @ % ]n
-— = C3 <"""> (8)

U,x A% '
Values of hx/k and ( é) <——> have been evaluated
n

in table I using a value of 1/12 foot for d&,, this value
being defined as . Logarithmic plots of hx/k as a

Ugyxp
function of ( ) <——> for eack nozzle tested as well

as a comparison of these plots are presented in figure 8.
The maximum deviation of any of the test points from the
mean curve for any of the plots is less than 20 percent.

The curves of figure 8 all have a slope of 0.65; thus
n = 0.65 for all the jet nozzles tested. The plots for
nozzles A and B show ¢; to be 0.16, while that for nozzle
C yields a value of ¢y of 0.21. It is probable that the
value of 0,16 ig more reliable, for as pointed out with re-—
gard to the velocities, the expressions developed herein may
not be strictly valld at low values of E—i—ii and all the

e + 44
data for nozzle C were taken at low values of ——— . (See
x
fig. 6.) Also, the values of & may change slightly during
actual test operation, and any change in 4 would affect

the value of (d/dp) for nozzle C by a greater amount
than it would for the other nozzles, Furthermore, little
consideration need be given to the datz of nozzle C since
nozzles of such a small depth (d = 0.102 in.) would have
l1ittle practical use. Thus, the equation recommended for
the evaluation of the coefficient of heat transfer for sur—

face jets 1is
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0.65

5
.lf.= 0.16{<9—‘fﬁ>(-5:) } (9)

where d, 1is equal to 1/12 foot.

Ames Aeronautical Laboratory,
National Advisory Committee for Aeronsutics,
Moffett Field, Calif., February 14, 1946,

REFRRENCGES

1. Forthmann, E.: Turbulent Jet Expansion. XNACA TX No. 789,

1936.

2., Howarth, L.: OConcerning the Velocity and Temperature
Distributions in Plane and Axially Symmetrical Jets.
Proc. of the Cambridge Phil, Soc., vol. 34, pt. II,

. Prandtl, L.: The Mechanics of Viscous Fluids, Vol. III,

div. G of Aerodynemic Theory, W. ¥, Durand, ed., Julius

Springer (Berlin), 1935.

4, Scheck, Alfred: Industrial Heat Transfer, Translated
from the German by Hans Goldschmidt and Everett P.
Partridge. John Wiley and Sons, Inc., 1933,



WQ2ZIXS A, B, AN C.

TARIX 1.~ MEAT~TRARSFEA DATA FOR STRFACE JRTS DISCHARGED FRON

NACA TH ¥o. 1070 10
21 e (5 18 B el e e e e R B T T
qgle |28 fHlitlsludel el sl [ols R GEE e s
28 3| o |8 |5 [l ettt sl o] ) 1) R o ol e e
mm”m.mm o.“u:mimuw.mw eHEHE R HE R w_mwmm ijel}
2 Lo |8 |8 Iolliel} ebmined o] o ] 1 2] TR0t £ bt R L
._m.ﬂm. e (8% wwnnuafuwwm & a1l e sl 8l s
43 [ |5 |8 Jeillolelaan] o [slel ] ! |Im o elilelele] el s
A2 | e 8 |3 Bk aletole] ol || 1] o e 11 b1l ) ET» % *x:
A3 e |2 |8 InbEalelsin] el M sz B Akl sl als
A8 e |2 |3 DabiElel ool slale ol 2]l %mmmmmfm 2l o lixlaled
EEEN B elaiele] st | ol 9] ol el el
aEICRERCY G=EE _nEn Lm:.u 1 || =R &&mmmmmmﬁmman mar
Umm 2 |5 |# felAslsfs) = lof s ialE %memmm&mﬁiLm Q%)
nlm REIER S ﬂwwme_.ﬂn 1 e ml ik mmmmmmm%mLL 4 ey
P17 e |8 |8 [ebloleleltan] elele|s|dalemiz| sl Sl sl o eieiele
P13 1 |5 [ debiitelelstete elsls =2l i il lEleiel ety
| & ] e |3 | {REE el ool o] alepelta B8 33l sl a da
sIBRERER S ngian_ww wlAlsl2g m@mmmmmmmﬁmuﬂm S
18 o |8 [ [BREle]sle sista el mlais 2o lsls el e
ARG D hmm_wurmwn | ek AR ﬁmmummm 4S5 ﬂu.m
mzm £ |8 |8 |5 Jm._iﬁ Selele|sls|s <8 mm_mmmmm .wumﬁxn
Tm 3 m_wmuusm_ummm R e mmmmmmmwn.m_.. rim
N B e D R N BN e R BRI aE A AR R
L ALY T :
e E I E L i jhat I ET
“m Bl 4E | g2 «mm 348 m( mwmml? 2 | 35
s | e i o




NACA TN No. 1070 Figs. 1,3

(v) Front view . .

Figure 1.- Side and front views of surface jet
test apparatus. - S

Figure 3.- Surface jet nozzles 4, B, and C.
(Right to left.)
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