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The fol.lowingchanges
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should be noted:

Figure 17,Eberts equation should be:

Nu = 0.0149 ReO*s

instead of

N-u= 0.0217 Re>8
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Thelineinfigure 17 indicated as result+
@ frm Eber?s equation should be changed. :.-

to correspond to the change in the equa- .-
tion,
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EEAT—TRMSFER AND BOUl?MRY-IAYER

A HEATED 20° CONE AT A MACH NUMBER OF 1.53

By Riduxrd &hemer, William R. Wimbrow, and

Heat-transfer
20° cone have been

Forrest E. Gowen

data from supersonic wind-tunnel tests of a heated
compared with theoretical results obtained by two

methods for determini~ the convective heat transfer in laminar-
bmmdary layers in a compressible fluid. The cone was heated elec-
trically and was tested at a Mach number of 1.53. Iacal rate of heat
transfer and surface-temperaturemeasurements were made over a range
of Reynolds numbers and nominal surface temperatures with both lamlnar
and turbulent boundery layers.

The theoretical and experimental results in the case of the
laminar boundary layer were found to be in good agreement in terms
of the heat-transfer coefficients in the region on the test body
where the theory was considered applicable. Good agreement in terms
of rate of heat transfer was obtained by the use of the theoretical
heat-transfer coefficients and the true temperature potential.
The effect of heat transfer on boundary-layer stability wae indicated
by Emrfao%temperature measurements for a uniform puwer input distri–
bution, the sudden decrease in surface temperature at the beginning
of the turbulent boundary-layer region being indicative of the
transition. The results provided a qualitative verification of the
effect of heat transfer on leminar boundary-layer stability that
had been predicted theoretically by Lees. (lMCA Technical fiote
Ho. 1360.)

The
No. 1300

general hea>transfer equations
are shown to reduce, for cones,
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developed in NACATll
to simple relationships, ‘
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and these are presented in the form of design
100al rate of heat transfer may be determined
attaohed bow waves. ,
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Because of aerodynamic heating, the waotioal operation of
aircraft at high speeds is dependent on the provision of adequate
insulation and cooling systems for the aircraft struoture, equipment,
yay load, and oooupaxdm. The design of such systems, in turn, is
dependent on the existence of adequate heat-transfer data and on
the development of theories by which the data w be correlated and
its application extended.

The most extensive experimental investigation to date in the
field of heat transfer at high velocities was conducted in Germany
hy Eber. (See referenoe L ) This work provides the basis for most
heat-transfer oaloulations for proposed supersonic airoraft. How-
ever, the air flow in the test seotion of the supersonic wind tunnel
at Kimhel, in which Eber perfommd his experiments,was suohthat
therehas been some question as to the extent of the larainarboundary
layer on the test bodies. (See fig. ~ of referenoe 1.) Sinoe there
are large differences in the rates of heat transfer through laminar
and turbulent boundary layers, additional experiments have been
needed to clarify Eberts results.

Anotheraspect of the heat-transfer problem, both at subsonio
and supersonic speeds, is the effeet of heat transfer on the =tabi~
ity of a laminar boundary layer. The theoretical work of Lees
(reference 2) hdioates that the effeot of surfaoe heating is
destabilizing to a laminar boundary layer and also indioates that
the effeot of surfaoe cooling is stabilizing. The results presented
in referenoe 3 for a very low Woh nuniberare in agreement with
the results of referenoe 2; however, no experimental data are
available to indicate the effect of heat transfer on boundary-layer
stability at supersonic speeds.

The purposeof the investigation presented in this report was to
obtain heat-transfer data on a body of revolution with first, a Luuinar
boundary layer and, then, a turbulent boundary layer, and to compare
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these data with the theoretical results cslcul.atedby the methods
of references k and5 andwith the results obtained by Eber. The
qualitative effect of heat transfer on the stability of the laminsr
boun~y was elso to be determined.

SYMBOLS

The following symbols have been
theoretical end experimental data:

A

a

Cp

Cv

c

~

H

h

E

k

z

M

m

Nu

u Pr

sxea, squarefeet

speed of sound, feet per second

used in the presentation of the

specific heat at constant pressure, Btu per pound, %

specific Beat at constant volume, Btu

ezbitrery constant

gravitational constent, 32.2feet per

per pound, %

second squared

total pressure, pouuds per square foot, absolute

local hea-trensfer coefficient, Btu per hour, squsre foot, %

average heatArensfer coefficient, Btu per hour, sqwe foot, %

thermal conductivity, Btu per hour, squsre foot, % per foot

body length, feet

Mach naber, dtiensionless

7-1 MV2), dimensMach number p=ameter (— ionless
e

()

1%
average Nusselt number , dtiensionless

~

10C4 Nusselt n~ber
()

hs— , dtiensionless
h

boundery-leyer Nusselt n~ber
()

ha
— , dimensionless
%

Prandtl nunber
( )
% x 3600g ,dimensionless
k

static ~essure, pounds per square foot, absolute



total rate of heat transfer, Btu per hour

100al rate of heat transfer, Btu per hour, square foot

gas constant for air, 1718 foot squared

Reynolde nuniber
()

p#B
, diilleneionl&s

%

radius of 3ody, feet

distanoe fram nose along

temperature,% absolute

surface of the

~er seoond squared,‘F

body, feet

reoavery surfaoe temperature, ‘F absolute

pseudo-surface temperature [ Tst = P (To~v) + ~Js ~ absolute

fluid velooity parallel to the surface at any point withtn the
boundary la~r, feet per seoond

fluid velooity just outside the boundary layer, feet per seoond

distanoe normal to the body surface, feet

surface-temperature

‘ ‘(R9 an’
dimensionless

paraneterj for a Prandtl number of 1.0,

for a Prandtl number of 0.73, J3=
()
-,
‘R%

ratio of speoific heats (op/c@, dimensionless

boundary-layer thickness, feet

cone half-angle, dsgrees

absolute viscosity, pound+eo ond per square foot

air density, slugs per cubio foot

air density ratio (P/Pa)S dhensionless

unit surface shear, pounds per square foot
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In addition, the following subscripts

—- m-—-—-- -f- s.--* .L -a

s

v

x

0

1

used

rext3reucwuu uwzki Aby

fluid conditions at the body surface

~ Petit slow the body, just outside

5

have been used:

the boundsry layer

location of a particular limit of integration along the length
of the body

fluid conditions at total temperature a@ pressure (efter ise~
tropic compression from static conditions)

fluid conditions just behind em attached oblique shock wave from
the nose of a body

The superscript ? together with the subsoript s have been
to indicate the pseudo-s~fa~e ~Pe~~es %’> and ‘k _

physical constants of air based on this

In order to obtain continuity in this report, the various theo-
retical developments involved in the presentation and e~lemation of
the test data are presented separately in appendices. Only the results
of each development are presented in the text.

A method for calculating the rate of heat trsnsfer in the laminar
boundsry-layer region of bodies of revolution in steady supersonic
flight is presented in reference 4 end is used as the basis of the
theoretical calculations for the present investigation. The method
assumes a linear velocity profile within the laminar boundary layer
and also assumes a Trandtl nwiber of one, but considers the effect of
compressibility. The
appendix A to reduce,

The equation defining

general equations
for cones, to the

NU=~= 1.225G,

of reference 4 are shown in
single equation,

J== (A15)=

the veriable B, as a function of Mach nuxiber

?-

‘The equaticm designation (A15) indicates equation(l~)of appendix A.
This method of designation is used throughout this report.

CONFIDENTIAL
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and surface-temperatureparameter, is given in appendix A.

. Equation (A15) gives the value of local Nusselt number or 100al
heat-transfer c!oefficient at any point on a oone, However, in many
heat-transfer problems the average heat-transfer (soeffioient is
required rather than the 100al value. me average value of heat- -
transfer coefficient from the nose to a~ point on a Qone with a
lmdnar boundary layer is shown In ap~ndix B to be given by the
relation.

.

v

(B5)

This simplerelationship,first reco@zed by Hantzsche and Wendt
(referenoe 5) results fram the form of equation (AI-5)and the gecmdiry
of oones. Z!hisequation may be used to convert 100al values of
Nusselt number to avera~ values as long as the surfaoe temperature
is constant.

In a laminar boundery layer in subsQniU flQw, the velocity pro-
file is known to be very similar to the profile calculated by Blasius.
Velocity profiles in a laminar boundary layer in supersonic air flow

.

have not been measured for any apprec3abk! range of Maoh numbers, but
the profiles have been calculated by several investigators. The trend
of the calculated profile shapes with increasingMach number is from v

the Blasius profile at subsonia Mach numbers toward an almost linear
profile at a Mach number of 10. (See reference 6,) me effeot of
surfaoe cooling at any Mach number is to make the velooity profile
approach that of some lower Mach number, or to become less linear.
Although a linear velooity profile is assumed In the development of
the method of reference 4, the effeot of this assumption is shown
by the comparison between the methods of references 4 and 7 devel-
oped ti appendix C. The method of reference 7 assumes a Blasius
velocity profile in an incompressible fluid and assumes a Rmndtl
number of one. Since the only differences in the two methods are
the profile assumptions and the consideration of compressibility in
the method of reference 4, the difference in the results Qbtained
by the two methods at some mibsonio Mach number, at whioh compressi-
bility can be neglected, would onlybre due to the velocity profile
assumptions. In the comparison of the heat-transfer coefficients on
a flat plate, given by the two methods, the
gives the relation

h
A

= 0.332 k
s

and tiom the method of reference 4, for M=O

CONFIDENTIAL

method of reference 7

(C5)

and 13=1.0,
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f
h= O.285k ~ (C7)

It is evident from the constants in the above equations that the
effect of the linear velocity profile assumption, at the conditions
of zero Mach number and zero heat transfer, is to decrease the cal-
culated heat-transfer coefficient hy about 15 percent relative to
that obtainedby the method of referewe 7. The assumption of a
linear velocity profile leads to a calculated loundary-layer thick-
ness that is 50 percent greater than is the case with the method of
reference 7 and a bountiry-layer Nusselt number that is 30 ~ercent
greater. These two effects are partially cmnpensating and the
difference in the heat-transfer coefficients, as indicated by the
constants in equations (C!5)and (C7), is relatively small.

The local values of Nusselt number on cones with attached bow
waves can be calculated by equation (A1.5)~ the conditions of the
air stream just outside the boundary layer are known. The details
of the method by which the theoretical data based on reference 4
were calculated for this report are presented in appendix D together
with a step~y~tep outline of the method for using a series of

.
desi~ charts based on equation (A15).

d APPARATUS AND TEST PRCKXIIJRK!

Wind Tunnel

The tists were perfomed in the Ames l-ly 3<oot supersonic
wind tunnel No.1. This tunnel was temporarily equipped with a
l-by 2-1/2400t test section and a fixed nozzle that provided a
test-sdction~ch number of 1.53. SiXme no aero@namic fOrceS Were
to be measured, the strain-gage balance equipment was removed and
the test cone was mounted tith a suitable adapter to the balance
housing.

Test cone

The usual ease of heat transfer at supersonic syeeds is for
heat to flow into the surface rather than out of the surface. From
the theoretical aspect either case would he satisfactory to obtain a
partial check on the theory of refereme 4, but a complete comparison
requires the testing of both a heated and a cooled body under similar
test conditions. An electrically heated cone was chosen for these
tests because of the simplicity of the experhental tedniques which
could be employed.

coKFmNTrAL



8 coNFIIIENTIAL NACAR.M NO. A8L28

.

The 20° cone was constructed as shown in figure 1. The exterior
shell was machined from stainless steel and all other mtal parts
were mde of copper. The exterior surface of the model had a smooth, i

ground finish, estimated to be a 3Hcroinch root mean square (rms)
surface. The walls of the shell were tapered to maintain an approxi-
mately constant incremental resistance along the cone length when cold.
The cone was heated by passing a high amperage (800 amperes maximum),
low voltage (0.45 volts maximum), alternating electrical current
longitudinally through the cone surface. Because no current would
flow through the extreme nose of the cone, the forward 25 percent of
the cone was in effect unheated.

Eight thermocouples were installed at equal.length increments
along the cone to allow determination of the temperature distribution.
The thermocouples were made from 3~age coppe~onstantau duplex wire
with welded junctions. They were instslled in holes drilled completely
through the shell end werlesoldered in place. Ten leads of 20+gage
copper wire were slso installed in the shell, in a similar msmner, to
provide a means of measuring incremental voltage drops along the cone.
The locations of the thermocouples and the voltage leads are indicated
in figure 1. A photograph of the assembled cone is shown in figure 2,
snd a photograph of the cone installed in the wind tunnel is shown ti
figure 3.

w

Instrumentation
if

The wiring of the test cone was connected as shown in figure 4.
The variable voltage transformer controlled the input to the primary
sise of the power transfcmmer. The secondary side of the power trans-
former was grounded to the tunnel shell which acted as one lead in the
circuit. The other lead co~istecl of two parallel cables that were
connected to two binding posts at the base of the cone. Two cables
were used to keep the cable size down to a convenient dismeter. These
cables passed through a current transformer which was in turn connected
to an ammeter to measure the current input to the cone.

The eight thermocouples were connected through a selector switch
to a potentiometer. The potentiometer was used to obtain a zero read-
ing on an external light-beam galvanometers,the potentiometer output
then being equal to the thermocouple potential.

The ten voltage leads from the cone were connected through a
selector switch to an electronic voltmeter in such a manner as to
measure the voltage drops of successive increments along the cone.
The local power input, or rate of heat transfer per unit length,

.

.

cmFDENTIAL
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is given by the product of
drop.

The total tewerature

coNFlmNTIAL 9

the current and the incremental voltage

of the air streem was measured by nine
thermocouples in the tuunel settling chember which were co~ected
through a selector switch to a direct reading potentiometer.

Procedure

Data were obtained over a remge of Reynolds nmbers fra approxi-
mately 0.5 to 2.5 millions. This variation of Reynolds number was
effected by varying the pressure level within the tunnel. The tunnel
was fhst brought to the desired pressure and then allowed to run
until the general temperature distribution on the cone cane to equilib-
ria. When this condition was reached, the surface temperature of the
cone was measured by the surface thermocouples. The surface temper–
ature measured under these conditions (zero heat flow) is celled the
recovery surface temperature, or just recovery temperature TR.
The heating circuit was then closed and the cone heated to the desired
temperature, as indicated by the potentiometer reading of the most
forward surface thermoco~le, by adjusting the input voltage. Since
the average total temperature of the air stream was in the order of
100° F, cone temperatures of 120°, 140°, 1600, 1800, and 200° F were
arbitrarily chosen as nominal velues at which to obtain data. The
surface temperature varied along the length of the cone through a
range of about ~ to 37°,depending on the temperature level, the front
of the heated section of the cone always being the hottest.

With the cone at the desired temperature, the following data
were read and recorded: the total pressure and totel temperature of
theair stre~, the current input to the cone, the incremental voltage
drops, and the local surface temperatures of the cone. These data
were obtained at each of the nominsl cone temperatures previously
mentioned and at nominel values of total pressure of 3, 6, 9, 15,
and 21 pounds per squsre inch absolute.

Upon completion of the tests described, surface roughness was p
employed to obtain data with a completely turbulent boundary layer.
Approximately the first 2 inches of the nose of the cone were sprayed
with clesr lacquer *d, before the lacquer was completely dry, it was
sprayed again with Mmpblack in suspension in lacquer thinner. After
the thinner evaporated, the lampblack adhered to the lacquer base and
provided a band of fairly uniform roughness around the nose of the
cone. Liquid-film tests were performed to determine if the roughness
was sufficient to cause premature transition. It was found that at
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total pressures above 6 pounds per square
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.
inch absolute, the boundary

layer was completely turbulent, Tests similar to those previously
descrtbed were performed at nominal total pressures of 9 and 17 pounds ?
per square inch absolute with the completely turbulent boundary layer.

ACCURACY OF RESULTS

The accuracy Of the experimental.data was determinedly esti-
mating the uncertainty of the individual measurements which entere”d
into the determination of the final results. The over+ll unce~
tainty of any given parameter was then obtained by geometric summa—
tion of the uncertatity of eaoh of the factors entering the final
value of that parameter as indicated by the method employed in
reference 8.

The estimated uncertainty of the basic measurements are as
follows:

Totd.temperature. , . . . . . . . . ● . . ● . . ~ . . . Toi2°F

Recovery surface temperature , . . . . . . . . . . . . ~ *0.5°F
.

Free-stresm temperature just outside the boundary layer . Tv i2° F

Surface temperature.. . . . . . . . . . . . . . ..0 Ts*0.5UF w

Total pressure . . . . . . .,. , . Ho *o.~5centhneters of mercwy

Incremental voltage drops’. . . . . . . . . . . . . zSE*2 percent

Inputawperage . . . . . . . . . . . ● Z M amperes (1 to 3 percent)

ConedimensiQns. . . . . . . . . . .- ● Q ● ● O r ● ●
*0.005 inch

Conesegment surface areas , . ● . Q ● ● ● ● ● ● “ ● C*3”2 percent

The calmil.atedaccuracy of the final parameters wre as follows:

Surface-temperatwe paremeter , . . . . . . . . . . ~*2.4percent

Temperature potential . . . . ● I ● c ● ● AT*4.3 percent at @I1.4
*1.5percent at P=2.O

Local rate of heat transfm, . , . . . . . q*4.1 to +5.0 percent

Comm!mmm
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Hea~rausfer coefficient . . . . . . . . . .h *4.4 to ti.6 percent

Nusseltnuzber . . . . . . . . . . . . . . l’?u*4.4 to *6.6 percent

Reynoldsn@ber . . . . . . . . . . . . . Re +1.8 to *1.9 percent

A further error was introduced in the e~erimental data by radi-
ation of heat energv fiomthe cone to the tunnel walls smd an effort
was made to determine the order of msgnitude of the radiation by
~erimntsl msns. The total heat transferred from the cone is
equal to the sum of the convective aud radiant heat transfer plus the
end losses, and the radiant heat transfer is proportional to the
difference tithe fourth powers of the absolute temperatures of the
cone and wind-tunnel wall. The convective heat trmsfer is a function
of total pressure and will become zero when the total pressure is
reduced to zero. Therefore, at zero total pressure, the heat transfer
will be entirely due to radiation. Since it is impossible to evacuate
the tunnel to zero pressure and measure the heat transferred by
radiation directly, the heat loss due to radiation was evaluated from
the data obtained at the various test conditions with the tunnel in
operation.2

The totalheat transferred Q as measuredat the various
pressures was divided by the difference in the fourth powers of the
cone @ tunnel-wall absolute temperatures, and the resulting parameter

Q was plotted logarithmically against the corresponding total
TS4%4

●

pressures. Because the surface teqeratures along the cone were not
equal, data obtained by cross-plotting was ~ed tithe determination
of the correction for radiant heat transfer. The ordinate of the
logarithmic plot at zero pressure is a maasure of the heat transferred
to the tunnel walls by radiation and includes such factors as the
Stepha&Boltzmn constant, the shape factor, and the emissivities of
the cone and walls. The quantity thus attained, however, was so
small as to be completely masked in the A>percent uncertainty of
the measured heat transfer. Solutions for severalof the elemsmts
gave slightly negative losses. Consequently, the correction for
radiation was assured to be negligible.

‘h attempt was made to obtain the radiation calibration with the
tunnel inoperative, but the cone surface temperatures were found
to be very erratic because of fre~onvection currents. For this

. reason the mthod was abandoned.
‘The method of reducing the data to constant values of surface-
temperatureparamter is discussed in detail in the section of this

Y
report titled “Results and Discussion.”

coIamDENTIAL
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Conduction along the skin of the cone also affected the data at
the base and at the nose. Calculations show that about 10 ~ercent
of the total heat generated in the first heated element is conduoted
to the unheated nose portion and a slightly higher percentage is lost
from the last element through the base of the oone. Data from the
first and last elements have teen negleoted in the analysis of the
test data and the elements between these two appear to reoeive as
much heat from neighboring elements as they lose. Consequently, the
conduction losses are assumed to be negligible. The test Mach number,
1.53, was seleoted as the average of the linear Mach number gradient
in the region inwhloh the model was installed and the maximum devi–
ation from the average Maoh nuniberwas approximately fi.02. The Mach
nunibergradient in the test section was neglected in the reduction of
the test data.

REWLIE AND DISCUSSION

The measurements of local yower input were converted to local
rates of heat transfer by dividing by the incremental areas and
converting the electrical units to heat units. HeaWtransfer coeffi-
cients were obtained from the 100al rates of heat transfer by dividing
by the temperature potential (Ts~). Nusselt numbers were obtained
by the oofiipation of the appropriate values of heat-transfer coeffi-
cient, referenoe length, and thermal conductivity as previously
defined.

Laminar Boundary-Zayer Heat Transfer

The surfao-tempemture distributions along the oone for various
nominal values of surfaoe temperature are shown in figure 5. The
temperature variation with length is due to the local values of
electrical resistance and the hea%transfen=ooeffioient distribution.
The heat-transfer rates in a turbulent boundary layer are, in general,
much greater than those in a laminar boundary layer; therefore, the
sudden drop in surface temperature toward the base of the Gone, whioh
appears in figures 5(d) and 5(e), is indicative of transition to
turbulent flow within the boundary layer.

.

?

.

u

A rigorous comparison of theory and experiment would require

oonstant values of surface-temperature parameter and henoe constant
surface temperature along the length of the oone. However, the surface

.

coTnmmNTIAL
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e

temperatures obtained in the experiments were not constant. Ih order
to make the desired comparison, the original data were plotted as local
heabtransfer rate as a function surface-temperatureparameter, as
shown in figure 6. Lines for each longitudinal segment of the cone
were drawn through the data points. The values of local heat-transfer
rate for constant values of surface-temperaturepsrameter were then
obtained by cross-plotting.

The comparison of the data, on the basis of constant values of
surface-temperatureparameter with a changing surface temperature,
involves the assumption that the small variation in surface tempep
ature ahead of a particular petit on the cone does not affect the
heat transfer at that point. The validity of this assmption is
illustrated in figure 7by a comparison of data for a nominal surface
temperature of 180° F smd cross-plotted data for a surface-temperature
parameter of 1.8 on the basis of the Nusselt number -Reynolds number
relationship. The lines in figure 7 are faired through the data
obtained on the aft portion of the cone only. The difference between
the two methods of data presentation is small, end for this reason
the comparison of theory and e~eriment in terms of constsxrtvalues
of surface-temperatureparameter is valid for the present experiments.
It should be noted that the cross=plotted data are indicated by flagged
symbols. This method of-indicating cross-lotted data has been used
throughout this report.

The effect of the large variation in surface temperature which
occurs at the beginning of the heated portion of the cone (s/z=o.25)
is indicatedby the initially decreasing values of Nusselt nuniber
with increasing Reynolds number for each tunnel pressure. (See fig.
7.) This effect canbe eqlained by consideration of the changes which
occur In the boundary-layer temperature profile as the layer flows along
the cone.

The 100al rate of heat transfer at any point on the cone is
givenby the produot of the thermal oonduotivity of the air adJacent
to the surface and the slope of the boundary-layer-temperatureprofile
at the surface. At the beginning of the heated portion of the test
cone, a relatively oold boundary layer flows onto the heated area
and the slope of the boundary-layer-temperatureprofile beoomes large
because of the large difference between the air and surface temperatures. I
The air temperature at the surface will approach the surface temperature
as the air continues to flow along the heated surface, or the 100al rate
of heat transfer downstream of the surface-temperature discontinuity
will approach the value that would have existed if the surface—
temperature discontinuity hadlnot been present. The data shown in figure 7
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indicate this tendenoy toward the rear of the oone where the change
in surfaoe temperature with length is small in comparison with that
near the nose.

The effect of heating the aft portion of the oone will he to
increase the boundary-layer thickness in this region. The resulting
laminar boundary-layer thickness canbe calculated, at least approxi-
mately, by the following method: If the surface temperature is
assumed to be discontinuous at the edge of the heated region (no
longitudinal conduction), the boundary-layer thiolmess at any point
on the cone, either heated or unheated over its entire length, oan
be calculated by the method of referenoe 4. The boundary-layer
thickness at any point along the heated portion oanbe approximated
(as shown in fig.8) as the thickness of the boundary layer for a
cmpletely heated cone leas the diffezwnoe in boundary-layer thiolmesses
at the edge of the heated portion, for a oompletel.yheated cone and
for an unheated cone. The correction obtained by this method is small
at the beginning of the heated region on the Gone, and, beoause the
correction is small, it can be expeoted to be reasonably acourate
at any downstream position. At sane point far downstream, where the
boundary-layer thickness is considerably greater than at the beginning
of the heated region, the percent error in boundary-layer thiokness
would be insignificant.

A comparison of the theoretical local heat-transfer coefficients
for the heated- and unheated+nose conditions with the experimental
values for a surface-temperatureparameter of 1.4 is shown h
figure 9. The agreement between the e~erimentel and the theoreti-
cal values, corrected for the effect of the unheated nose, Is good

over the after portion of the cone. Figure 9 also indicates the
failure of any method for calculating heat-transfer coefficients,
based on boundary-layer thickness, when a large change occurs in
the assumed relation between the boundary-layer velocity profile
and temperature profile. A method based on different assumptions
is needed to calculate the 100sJ.rates of heat transfer in regions
where large surface-temperaturegradients exist. Such a method will
be necessary in order to calculate the optimm location of surface-
cooling heat exchangers for high+peed aircraft.

The experhumtal and theoretical values of loual Nusselt number
are shown as funotione of length Reynolds number and surface-
temperature parameter in figure 10. The .theoreticalvalues are
correoted for the effect of the unheated nose by the method illustrated
in figure 8. The effect of the correction is to alter the slope of
the lines from the 2:1 slope indicated by equation (A15). The

.

w

.

d
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.
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correction also produces the disoontinuitiesbetween the lines for
each value of total pressure, because the value of boundam-laver
thickness to which the Nusseit number is related is not
related to the length Reynolds number for the different
total pressure.

It should be noted in figure 10 that the agreement
of the theoretical lines (reference 4) and the trend of

di;ectiy
values of

between slopes
the data is

almost exact within the small scatter of the data. This agreement is
indicative of the accuracy of correcting the boundary-layer thiclmess
for the effect of the unheated nose, because the thickness correction
primsrily affects the erponent of the Nusselt number to Reynolds
number relationship.

The relationship derived by Hantsche and Wendt (reference 5)
for laminsr boundary layers is also plotted in figure 10 for comparison
with the e~erimental data end the comparable results calculated by
the method of reference 4.

For a rigorous comparison of theory and experiment, the effect
of each of the test conditions on the final results should be known.
The following variables affect leminar boundsry-layer thiclmess end
therefore the heat tremsfer at any point on a test body:

1.

2.

3.

4.

5*

6.

7.

8.

Distance along the body

Velocityof’air flow along the body

Ambien~ir temperature

Surface temperature

Ambient-air pressure

Surfac%pressure gradient

Surface-temperature gradient

Surface roughness

The effects of the first five of
for in equation (A15), and the effect

these vsriables me accounted
of surfacepressure ~adient

has been-eliminated %om the experiments by the s~lection ~f a cone
for a test body. However, a small pressure or Mach number gradient
does exist ti the wind-tunnel nozzle. An approximate correction

coIOm)ENTIAL
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for the effect of surface-temperaturegradient on boundery-layer
thickness has been made in the comparison of theory with e~eriment.
However, the effect of the surface-temperaturegradient on the
assumed boundary-layer temperature and velocity-profilerelationship
cannot be included in the correction. The effect of surface rough-
ness on lsminar boundary-layer thickness is not known quantitatively
for the surface finish on the test cone. Since surface roughness
will be present to some extent on sll supersonic aircraft, its effects
should be investigated, at least to the extent of determining a value
of roughness below which there will be little or no effect on leminar-
boundary-layer thickness or stability.

.

The agreement between the theoretical results based on references
4 and 5 and the expertiental data, shown in figure 10, is satisfactory
over the rear portion of the cone where the theories are considered
to be applicable. Whether or not the comparison is favorably or
adversely affected by surface roughness, pressure gradients or surface-
temperature gradients can only be determined by fundamental investig~
tions of each of these effects.

The plots of experimental local heat-trsnsfer coefficient against
surface-temperaturepiwemeters from which cross plots were made indicated .
a slight decrease in heabtransfer coefficient with reduction in surface-
temperature parameter; however, this trend was within the range of the
experimental accuracy (~ percent) as is the trend indicated by the
theory of reference 4 (~ percent). For this reason, the heat+

u

transfer~oefficient distributions of figure 11 are shown as only
functions of total pressure.

Satisfactory agreement between theory and experiment is shown
in figure 11 over the rear portion of the cone where the theory is
considered to be applicable. Because of this agreament, tn temns of
heat-transfer coefficient, poor agreement between the theory of refer-
ence 4 end e~eriment in terms of local rate of heat transfer can be
expected because of the incorrect temperature potential in the theo-
retical equation [q=h(Ts’~o)]. Therefore, it appeers logical to use
the true temperature potential, corresponding to a Prandtl number of
0.73 (Ts-TR) in the theoretical calculations of local rate of heat
transfer rather than that corresponding to a Prandtl nuni%erof one
(Tsf~o) that a rigorous interpretationof the theory would dictate.
The desirability of this empirical change in the theory is indicated
by the more satisfactory agreement between theory and experiment
shown by the curves for a ~andtl number of 0.73in figure 12.

r .

coNFmENTIAL
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Leminer-Boundsry-Layer Stability

.

●

.

.

The streemise extent of the leminar boundary layer on the
cone for various surface temperatures is indicative of the effect
of heat trsnsfer on boundary-layer stability. The distance from
the nose of the test body to the transition point was obtained from
the surface-temperature distribution curves of figure ~. The inflec-
tion points on the curves of figure ~, as indicated by the black dots,
were selected as being the average transition points. The effect of
heat trensfer on boundary-layer stability is shown in figure 13 as a
plot of the length Reynolds number at the transition point against
the average surface-temperature parameter up to the indicated trm
sition point. The decrease in transition Reynolds number with
increasing surface-temperature parameter confirms the prediction of ‘
reference 2 and agrees with the experimental results of reference 3.
The curve of”figure 13 shows a ~erbola-like miation of the tran-
sition Reynolds ntier with surface-temperature perameter, indicating

()&et
that the rate of change of boundary-la~r stability

F
decreases

with decreasing stability. The difference between the values of
Repolds number for transition at 15 and 21 pounds per square inch
total pressure is believed to be due to a chsnge in aKtreamturbw-
lence level.

Turbulent BoundaryAayer Heat Trensfer

The experimental surface temperature and local rate of heat-
transfer distributions along the 20° cone with an artificially
induced turbulent boundary layer -e shown in figures 14 and 15.
The same data in the nondimensional form of local.Nusselt number
as a function of length Reynolds number ere shown in figure 16.
Because of the scatter, a line of 0.8 slope (the known slope for
turbulent boundary layers) was faired through the data points.
The points which are displaced farthest above the line sre those
from the forward portion of the cone end, as in the case of the
lsmtiar boundary-layer data, sze affected by the surfac%temperature
discontinuity at the beginning of the heated region.

A comparison of the average values of Nusselt number from the
turbulent bound=y-layer data with the results obtatiedby E%er
(reference 1), by Hantzsche ~dWendt (reference 5), and those
obtained for a laminer boundary layer fiornthe design charts
(appendix D) aud corrected by the four-thirds factor to obtain
average values of heat-transfer coefficient (appendix B) is made

coNFIDmIAL
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in figure 17. The curves for each nominal value of surface temper-
ature in figure 17 tend to approach a common ltie as~totically.
This result occurs because the percent effect of the large local
Nusselt numbers in the nose region (due to the surface-temperature
discontinuity) gradually decreases as more of the cone is included
in the average. The asymptotes of the e~ertiental lines were drawn
with a slope of 0.8which is elso the slope of the line givenby
EberTs equation.

It is evident from a comparison of the various curves of figure
17 thatEberTs results were obtained from test bodies with turbulent
boundary layers. The low Reynolds nmibers of Eber?s tests should
have produced laminer boundary layers; therefore, the transition must

# have been caused by external disturbances. Figure 5 of reference 1
shows the great number of shock waves which existed in the test section
of the Kochel supersonic wind tunnel in which Eber conducted his
experiments. It is known that such shock waves are very effective
in causing premature transition of the lemln.srboumdsry layer. The
fact that transition was induced artificially in both Eber~s and the
present e~eriments limits the applicability of the data. The dif-
ference between the turbulent boundary-layer data from the present
e~eriments and the results given by Eberis equation is probably due
to the difference in the methods of causing transition. h the present

.

experiments trsmsition was induced by roughness at the nose of the cone
and the boundary layer was entirely turbulent. ~Eber3s experiments
transition, due to shock waves, would be expected to occur farther aft .

on the cone and the boundary layer at the nose would be laminar.
This being the case, the average heaktransfer coefficient and the
average Nusselt number obtained by Eber should be lower than those
obtained in the present e~eriments. The scatter of the data obtained
byEber would have masked any ohange in the slope of the Nusselt
nwnber -Reynolds number line that wouldbe expected to result from
mixed laminem =d turbulent flow.

It follows from the preceding discussion that any turbulent
boundary-layer heat-transfer data which are not obtained with natu.
ral transition or knowledge of the preceding lsminer boundary layer
will not be generally applicable to the calculation of the cooling
requirements of supersonic aircraft. The fact that Eber~s equation
gives usable results when applied to the specific problem of calck
lating the temperature-time relationship of the skin at the nose of
missiles indioates that turbulent boundary layers exist in this region
or tkt
results

If

the method of calculation rather then the data determines the
obtained.

turbulent boundary layers do exist in the nose region of

coNFrDENTrAL
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missiles, improvements
longer runs of laminer
of Increase of surface

CONFIDENTIAL

in shape and surface condition
boundary layer with the result
temperature with ttie would be

reduced. Alsoj the heat c~pacity or mass of the skin

19

would allow
that the rate
materially
could be

reduced for a given rate of increase of mlrface temperature. This
latter effect would provide an improvement in mass ratio, end, there-
fore, an hprovement in the range of the missile. The weight ad-
tage of maintaining Isminar boundary layers to reduce +he reauired
capacity of aircrafi
method of cooling.

be a~arent with ~

CONCLUSIONS

The results of the foregoing investigation lead to the follow-
ingconclusions:

1. Experimental heat-transfer coefficients obtained from tests
of a heated 20° cone at a Mach numiberof 1.53 have been found to be
in satisfactory agreement with two theoretical methods of calculating
the rate of heat transfer in the laminar bounibq-layer region of
bodies of revolution in a canpressible fluid.

2. Satisfactory agreement was obtained between the theoretical.
rates of heat transfer based on NACA TN No. 1300 and those determined
by experiment, h the region of the test body where the theory is
considered applicable, when the theoretical hea~transfer coeff’~cients
end the true temperature potential were employed.

3. The theoretical predictimof
the effect of heating a surface with a
temperature above the recovery surface
the boundary layer, has been confirmed
of 1.53.

Ames Aeronautical Laboratory,

Lees (iWATNNO. 1360)that
laminerboqlayer to a
temperature is to destabilize
experimentally at a Mach number

.

National Advisory Ccmraitteefor Aeronautics,
Moffett Field, Calif.

.
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APPENDIXA

LOCALIEAPTMNWER CCUZFFICIETWSON CONES

The general equation
a body of revolution in a

for leminar boundary-layer thichness on
compressible flufd is, fhm reference 4,

‘$)J%J%F’6i~“=[:+V]X.
in which

A=l+~+~loge(M@n)+=

B = ~ + ~ lo% (l+@) + ~ loge Z

I
(A/B)x

0
lo~vaf

Ce= 2 (A/B)o

r. 71/2

Y= 1~(l@m) + (1-~)2 I“

and

[
z= 1-

It should
preceding
a Prandtl

oA
B

d
0

g
2

logez

(Al)

.

*l[-l
be noted that the physical properties of the air in the
theoretical equations and In the following equations for
number of one are referred to’the psuedo-surface temper-

A.

. . .

ature Tsf. This change in the nomenclature from reference 4 is

necessary for the cchrparisonof theory and experiment on the basis
of equal values of surface-temperatureparameter but for different
values of Prandtl nuniber.

--

For the more specific case of a cone, the surface-~essure
coefficient is constant for a given Mach number, and equation

.-

(Al) becomes,

CONFIDENTIAL .
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(AZ!)

Becausethe radius of a cone is a linesr function of its length, the
integral of equation (A2) reduces to a constant (1/3), times the
length ratio ~, or, at a given point on the surface

(A3)

The Reynolds nmber for the flow just outside the boundary
layer using the viscosity based on surface temperature is

pvve
Re =r< (A4)

Alsoj since in the experimental investigation the value of air-
density ratio IJ* will be one, it can be eliminated from equation
(A3). With these simplifications, the laminer bouudery-layer thick-
ness relation for any cone becomes

2 6282=-—
3 me

or

= 0.816s

‘r

(A5)

(A6)

The ~ression for surface sheer per unit area for the lineer veloc-
ity profile of reference 4 is

Reynoldsanelogy between skin friction end heat trensfer for

(AT)

coluKlmNTIAL
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compressible flow gives the relation

or

~= 1.0, byassuutpticm, then TR=TO andSince Far= ~

(A8)

(A9)

(Ale)

Combining equation (A1O) with equation (7)givestherelation

q = ~ (T~~--To) (All)

and since

q = h (TJ+CO) (AM)

then
#

hb
~= 1.0 = Nub (A13)

With the laminar boundary-layer-thic~ss relatlon and the boundary-
layer Nuseelt number relation known, the two oanbe oombined to give
values of local heat-transfer ooef’ficientsdirectly,

h=ks (A14)

or in terms of local Nusselt number

(A15)

.

colwImvTIAL
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API!ENDIXB

AVERAGE WT-’ COEFFICUZNTS

The local rate of heat transfer in the lsminar
region of a cone csn be expressed in equation

h‘%
and the incremental area over which the local
cient is applied can be shown to be

The
the

or

average value
relation

but, since

then

This relation has

dli = C2S ds

(A14)

heat-trsnsfer

of the hea%transfer coefficient

23

boundary-layer

s

f f
ha cl(-) ‘F=ii=+= o

J’ J
B

dA C2 S ds
o 0

/Afh=cl S

4~=-h
3

alsobeenobtained.in
by Hantzsche and Wendt in reference $.

commmm

(Bl)

coeffi-

(B2)

is then given by

(J33)

(B4)

(B5)

a slightly different form,



-.. ———--.-— . .24

COMPARISON

For a flat plate,
of reference 7 reduces

for the bounda~layer
velocity profile where

NAC.ARM NO.A8L28COIW’IIXNXTIAIJ

APPENDIX c

WITE INCOMPRESSIBLWFLOW ‘I!KEORY

the laminar boundarplayer-thiclmess relation
to the form ..

5.3+’62=~ (cl)

thickness measured at the point in the
the dynamic pressure is one-half of free-—

stream ~c pressure. Also, in reference7, it is shownthatfor
the Blasius velocity profile
given by the relation

the bounda~layer Nusselt nuniberis

hb=—=
k

0.765

The following relation is obtained from
for the boundary-layer thickness measured at
velocity profile:

52 - 282
B Re

and

Combining and rearranging equations (Cl) and

h=

Similarly, equations (C3)and

h=

f
0.322k ‘$

(C!k) yield the

coNFIIfENTw

the
the

(C2)”.-

methodof reference
samepointinthe

.
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—

4
.

(C3)

(C4)

(C2)givestherelation

(C5)

relation

(c6) .

.
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For a Mach nuniber
and

of zero,

CONFIDENTIAL

and zero heat

—

25

transfer(S = 1.0), k = &t

h=
P

0.286k e~ (C7)

A comparisonof the constantsof equations(C5)and (C7)is indicative
of the effect of the linea~elocity-prof’ile assumption.

.

u

The
from the
nunber =

where

APPENDIX D

METHODOF CALCULATIONAND IESIGNCHARTS

value of the surface-temperature parameter can be calculatd
known bmndary-~yer conditions by the relation (for EYandtl
0.73).

( )~.TT l+fi~~’

With a Prandtl ntier of unity as is assumed in the theory

b order to have similar temperature
theoretical cases,the surface-temperature

Therefore, the

0
1*O = B0.7s

pseudo-surface temperature

T~ 1 = ~(To-T+) + ‘v

profiles in the
parameters must

is givenby the

(Dl)

(D2)

(D3)

actual and
be equal.

(D4)

relation

(D5)

or
.

.
comunEN’TIAL
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because

With the values of
temperature known,

NACARM NO. A8L28

(D6)

(D7)

surface-temperatureparameter and pseudo-surface
the values of the parameter B, the viscosity,

and the thermal conductivity of air at the surfacebased on the
pseudo-surfacetemperaturecan be determined. This,in turn, allows
the Reynolds nunibercorresponding to the desired position on thq
cone to be calculated

(D8)

With the values of B and Reynolds nuniberknown the local Nusselt
nunibercan easily be determined by equation (A15~. Thelocalheat-
transfercoefficientcanbe determinedfromthelocalNusseltnuniber
by therelation

(D9)

The theoretical results presented were calculated from the
foregoing relations. The conditions of the air stream just outside
the boundary layer were obtained by the use of reference 9, rather
thanby the linearized theory of reference 10 as indicated in
reference 4. With this change, the limit of applicability of the
methcilis not the extreme body fineness ratio dictated by linearized
theory,but rather the Mach numiberfor nose shock-wave detachment.
The change in limiting fineness ratio requires the length s in the
foregoing equations to be taken as the slant length because the
assuqtion in reference 4 that the surface and axial len@s are
equal is not valid for blunt bodies.

The following outline gives a ste~y-step procedure for
calculating the rate of heat transmission to a cone moving at .

constant supersonic velocity. Use is made of the charts of this

CONFIDENTIAL .
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report (fig. 18) which were developed from the theory set forth in
reference 4. Table II of reference 9 is very useful in many of the
calculations, and its application is indicated in the appropriate
steps. However, the syibols used in reference 9 differ from those
used in reference 4 sad the present report. A table of equivalent
symbols follows:

Present report
Reference 9

reference k

T/T. T/Ta

Tv/To T/Taat M = ~

Pv/Po p~pa at M= 1%

+/% a/aa at M = 1%

To begin the calculations the following information must be
known:

M

T

Ts

e=

P

The

flight Mach nuniber

ambient static air temperature, OF absolute

surface temperature to be maintained on the Coney ‘F absolute

half-angle of the cone, degrees

ambientiir pressure, po@s per s~~e foOt

calculations then proceed with the determination of the followtng
parameters:

1. Total temperature To

or, enter table II of reference 9 with M ~ f~ T/T. d~ectly~
(See the preceding table for equivalent symbols.)

COIWDENTIAL
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.

2. Maoh numiberjust outside the boundary layer of the cone ~.

Enter figure 18(a) with M and ec and determine ~/M. (This figure
is taken from reference Il.) +

3* Temperature of the air stream just outside the cone boundary
layer Tv,

or, enter table II of reference 9 with M = ~ and find Tv/To
directly.

4. Recovery surface temperature ~. Enter figure 18(b) with
~ and determine ~/To.

5.

6.

7.
ahead of

Surfac-emperature paramter P,

Pseudo-surface

Total pressure

TIT = j3(To~v) + Tv

behind bow shockwave H1. The total pressure
the bow shockwave Ho is givenby

or, enter table II of reference
Th&n

El

[

(7+1)M2 Stiz e

~= (Y-l)IF Sti2 e+21
where e

figure 7

8.

is the bow shock-ave
of reference 9.

9with M and find p/H directly.

*’[27F SiXL2 e- (7-1) 1– +

L 7+1

angle and can be determined from

Density at total pressure behind

col?l’~

the low shockmve POY
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,

9. Density just

or, enter table II

directly.

10. Velocity

11. Velocity
the cone V,

or, enter table II
V=qx+.

12. Absolute
figure 18(c) with

13. Reynolds

14. Remolds
the cone Re.

of

of

of

of

coImmENTIAIl

H*
Pol = RTO

outside the cone boundary

reference 9 with M = Mv

29

layer pv

and find pv/po=

sound at total temperature conditions a. ‘

2
ao = yRTo

air stream just outside the boundary layer of

z

()v %2
G ‘1+7-1 2

~%

reference 9 with M =

viscosity at the surface
(T8?-) @ dete~e

muiber per foot of slant

Re—= PQ
E lJst

~ and find av/ao then

of the cone I.LSx.Enter
Vst=

length Re/s. “

nuniberforvariouspositionson the surfaceof

(a) Choosestations along the surface of the cone at
which it is desired to determine local heat-transfer
rates.

(b) Measure the
cone from

distances s along the surface of the
the apex to the stations in feet.

COltFIIfENTIAL
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(c) Then, the Reynolds number
each station.

NACA Rki~O. A8L28

()
is equal tO ~ )(~ for

15. LocalNusseltnumberforeachstationNu.

(a) Enterfigure18(d) with & and 13 and determine
Nu/@.

(b) The local Nusselt nuniberfor each station is then found
by multiplying this value by the square root of the
Reynolds numbers for the respective stations.

16. Local heat+ramsfer coefficient h.

(a) Enter figure 18(e) with T~‘-460 and find the thermal
conductivity of air at the surface of the cone ~~.

Nu k~’
(b)Then, h is equalto ~

17. Local rate of heat transfer q.

q =h(Ts%)

18. Averageheat-transfer coefficient
cient for that portion of the cone from the
its surface for laminar flow is givenby ~
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Figure2.-Electricdly heated 20° cone with power terminals, voltage-
tap leads and thermocouple leads.

Figure 3.- Heated 20° cone installed in the test section of the Ames
l-by >foot supersonic wind tunnel No. 1.
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F7gure 5. —Surfuce - temperature distributions for various
nomhul surfuce temperatures on the heated 20°
cone with u Iomhur boundary Iuyet

CONFIDENTIAL

..

.

#

.

w



NACA N No. A8L28 CONFIDENTIAL 39

220

200

.

.

/20

/00

.

.

0 2 4 6 8

Gone length, S, in

(b) A’. =5.7 ib/S~ In. abs.

Fi’gure ~- GoPtinueo’.

CONFIDENTIAL



40 CONFIDENTIAL NACARM NO.A8L28
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Flgw’e 5- continued.
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