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RESEARCH MEMORANDUM

FREE-FLIGHT HEAT-TRANSFER MEASUREMENTS ON TWO 20°-CONE-CYL~ERS

AT MACH NUMBERS FROM 1.3 TO 4.9

By Leonard Rabb and Scott H. Simpkinson

SUMMARY

Heat-transfer data were obtained in free flight at supersonic Wch
numbers up to 4.90 and locel Reynolds numbers per foot up to 27.7 mfllion.
Two 200-included-angle cone-cylinder models, instrumented along the in-
ternal surface of the cone, were launched from a carrier airplane at an
altitude of approximately 36,000 feet. Each model was accelerated to

d maximum velocity by an internally housed rocket.
$-

The models followed
zero-lift trajectories unt”ilground impact.

~ Boundary-layer transition was indicated on one model at vsrious
stations along the cone. For this model, transition occurred at each
station at a constant surface Reynolds number of 8.0 million and a ratio
of skin temperature to local stream temperature of 1.0. Both models had
turbulent boundary layers in the regioD where, according to Van Driest’s
predictions, laminar boundary layers should have existed. However, a
surface discontinuity may have induced turbulent flow.

The maximum deviation between the local turbulent Stanton nuriiers
predicted by Van Driest and the observed data was 20 percent when the
Reynolds number was based on the distance to the cone apex. The drag co-
efficient was 0.22 at a free-stream Mach number of 4.69.

INTRODUCTION

The design of supersonic missiles requires an understanding of lami-
nar and turbulent boundary-layer characteristics under vsrious conditions
of heat transfer. hfanytheoretical analyses of the laminar boundary layer
and, to a lesser extent, of the turbulent boundary layer, have been made.
Attempts have also been made to gain an understanding of the phenomenon

. of “boundary-layer transition.” However, the factors affecting the tran-
sition from a laminar to a turbulent boundary layer and the cheracteris-

J tics of the turbulent boundary layer itself have not been adequately
evaluated. Experimental data on the subject are particularly needed at

#
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high Reynolds numbers and at very low turbulence c nd~~ions.
1=

------- :
Since these <

conditions are difficult to obtain in wind tunnelsj the NACA has imple-
mented its over-all program with a series of free-?li~: tests at W~~~S “” _ ..~~~
Island, Virginia. ,—

Y
k

The data reported herein were obtained~rom t~o t~et models.desigiied
=
.

and constructed at the NACA Lewis laboratory.
J

The tes$ models (fig. 1)
were 200-included-anglecone-cylinderbodies~of re olu%ion, which were-... A

launched subsonically at an altitude of approximat~ly%,00Q feet. m.. _______
-,= -7

d
internally housed rocket accelerated the-tes~ mode s tj maximum velocities.

4“
Following the rocket-powered period, the models de~elejistedbecause of
drag forces. The cone-cylinderswere fin-st”abilizedatidfollowed zero-”””.
lift trajectories until ground impact.

Each model was instrumented primarily t~ obtain the time history of
the skin temperature along the cone, and thedata iere>obtained with a
10-channel telemetering unit.

,.

AYPARAmJs AND PRocmum ‘ “-
.

The two models reported herein are designated iod~ 3 and model Al. _

— .L$ -.

m“

;=

._=

.—

.—

.
b

Each model was approximately 80 inches long and con~is<ed basically’of a
*.-:

200-included-angle cone with a 9.25-inch-diam&ter c~lindrical afterbody.
.-—.

The general dimensions and specifications fox-the mbdels are given in _ .
-~--v‘:

fig&e 1. Solid-propellant-~ocketswere-used to ac~el~ate the models,tO “--
peak velocity. The rockets were maintained at 100°;3’b-eforeignition.
Both models were stabilized by a cruciform fin arra~em~nt. The fins were ‘
fabricated of 11-g~e (0.125-in.] carbon steel and ~d~a- root-chord thick-
ness ratio of O.011. The leading and trailing edges of-the fins were
beveled. Lead ballast (13.5 lb) was used in the no~e t~provide stability:. .
at the peak Mach number;. The shells of the models ~wer~seam-welded ._ .-
hconel and were hand-polished to a smooth mirror finish.

The models were fabricated in three sections, & s~o~ by fiWe 2.
The forward section served as a radio-telemeter ant~nna~and was se??~at~
from the intermediate section by a ceramic ring. Tl& ting caused a su~
face discontinuity that varied cticumferentiallyfrc/m”a~ump to a depres-
sion. The maximum height of this surface irregula+ty ~ms approxxtely
0.003 inch. The use of surface putty on model 4 did-no~-entirely elimi-
nate the roughness. Surface putty was not used on dode~ 3.

The following instrumentationwas used for eac~ of>he two models:
—.-

(1) One linear accelerometer (for axial,acceler!!ti~ks)

(2) One flush static-pressure orifice”on aft p&t”& cylinder (fig. 1)
-.. ,
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(3) One total-pressure probe (fig. 1)

(4) Seven resistance-wire temperature elements located along inside
surface of intermediate section (fig. 3)

The temperature-sensitive resistance elements (fig. 4) consisted of

fine platinum wires approximately $ inches long. Two inches at each end

were plated with silver to form low-resistance lead wires, leaving the
1/2 inch at the center as the effective sensing element. The wires were
cemented to the skin with a layer of high-temperature insulating varnish
that was only a few thousandths of an inch thick. The entire installation
was roughly 0.004 inch thick. Special Junction blocks located 3 inches
from the Gensing elements were used to join the silvered lead wires to
the coaxial cables from the telemeter units.

The models were carried aloft by an F-82 atiplane and were released
at an altitude of approximately 36,000 feet. Data were radio-telemetered
to the ground receiving stations from the 10-channel telemeter unit in
the intermediate section. Additional data were obtained for model 4 by
an SCR-584 radar unit. The radar was equipped with optical as well as
automatic tracking facilities. No radar data were obtained for model 3.

The time constant of the temperature elements was less than 0.003
second. This resulted in a maximum error of 1° R in the measured skin
temperature ts and 0.3° R per second in the rate of change of the skin

temperature dts/d’c. (Symbols are defined in appendix A.) These errors

are systematic errors that directly affect the calculated heat-transfer
coefficients hcv. Additional systematic errors in hcv were caused by

radiation heat losses and by a temperature drop through the skin to the
internal surface where the elements were located. The calculated values
of hcv that are discussed in this report sre uncorrected for these

systematic errors and therefore are low by a maximum of 5 percent.

Random errors also influenced the heat-transfer coefficient hcv.

The probable error due to these random errors varied from t4 to *6 per-
cent during the acceleration phase of the flights. These errors are in
addition to the above-mentioned systematic errors.

RESULTS AND DISCUSSION ,

Both test models were launched at free-stream Mach numbers of 0.55
and followed zero-lift trajectories until impact. The rocket motors
fired after delay times of 19.8 and 5.4 seconds, respectively, for models
3 and 4. The shorter delay the of mmiel 4 prevented it from pitching
downward. A flatter trajectory resulted (fig. 5), which increased the



4 NACA RM E55F27

flight time from 31.0 seconds for model 3 t6.’55.O ~ec=fis for mode”l4..;- .:
(For convenience in presenting the data, the time ~ist~ries are ~hown
from 19 to 31 seconds for model 3 and from 4-to 36\sec=nds for model 4.-”)

The maximum free-stream Mach numbers attained!wer~4.42 (model 3)”
and 4.90 (model 4). Visual contact with model 4 w& I@,t @mediately
after rocket burn-out, and the subsequent radsr data ~-ye obtained fro?n
the automatic tracking facilities of the SCR-584 r~ti-unit.

The telemeter signal of model 3 was intermitt&t. ‘ This intermit......
-.

tency, however, did not reflect on the accuiacy of ~the~recordeddata,
because the intermittence was in the carrier signs+ and not in the sub-
carrier data channels. The telemeter signal for model-4 was continuous._.
throughout the entire flight. Of a total of 20 chkne~s telemetered fo~ ,
the two models, three of the temperature chawels did riotfunction prop-
erly. No data-are presented for-these channels. t =

...— u
-

Primary Data
.-—- .-+.

s

Free-stream conditions. - The time histgries ok the measured stati;
~

pressures on the cylindrical a?terbodies of-models k a~-4 are presented. .

in figure 6. The measued pressures were les5 thanl.fr~e-streamstatic “–
A—

j
pressures because of the flow expansion at the cone~cy~hder shoulder. . ,,-_ ~
Corrections (ref. L1) were applied to the measured s“,ati%pressures to
obtain the free-stream static pressures po. ““Thec&rr&ted values Qf PO “

--

are shown in figure 6 as solid lines.
=

The free-str&am%tatic pressures of
model 4 were also obtained from radar data (see app~nd~ B). Figure 6(b)

—

shows the close agreement of the radar dda and the~cor?ected values of”- “ ~

PO“
,— -.r T—

.

The time histories of the meas~ed total presstie~-for the two models - :
are shown in figure 7. The values do not represent~fre~-streamvalues of

—

total pressure because of the inherent normal-shock”loss of the probe and .-, ‘-;
the slight loss in total pressure across the Eonical shock wave origina-
ting at the cone apex.

The free-stream Mach number, velocity, and Re@ol@ number perfoo{ ~
are presented in figures 8, 9, and lo) respeCtivelY~ The free-stream ._ ~
Mach numbers of model 3 (fig. 8(a)) increased from dpprQximately 0.8 at:
rocket ignition to a m~imum of 4.42. Model 4 (fig~ 8(b)) reached a maxi- ._ ;
mum free-stream Mach number of 4.90. Because-of the lo= rocket igniti~ri-
delay time (mentioned.previously) and the resulting~los~”in altitude; ‘- “ ‘
model 3 was still at a supersonic lkch number (2.42) at impact. Model 4
decelerated to a subsonic Mach number of 0’.80-atim~act~ The maximum
free-stream velocities attained were 4720 and 5080 feet-:~ersecond for

4“

models 3 and 4, respectively (fig. 9). The ~“imum@iee-stream Reynolds” ‘ - ‘“ ‘
numbers per foot (Reo/ft) were 20.8 million and lla~ mf~~i~ (fig” 10)* i,

—

-...

—
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Figure 10 also presents the local cone surface Reynolds numbers per foot
(Reb/ft), which are appreciably higher than the corresponding free-stream.
values. The maxtium cone Reynolds numbers per foot were 27.7 million and
16.6 million for models 3 and 4, respectively.

Axial acceleration. - The axisl-accelerationmeasurements (excluding
gravity) are presented in figure I.1in terms of gravitational units (g’s).
The acceleration data for model 3 were not continuous throughout the
flight but do present an adequate the history after 22.75 seconds. The
peak acceleration which should occur immediately after rocket ignition
was not recorded for mcdel 3. The highest recorded value was 27.3 g’s at
24.1 seconds (fig. n(a) ). The peak acceleration of model 4 was observed
immediately following rocket ignition (fig. U.(b)) to be 50.84 g’s. A
second peak of 28.4 gis occurred at 9.6 seconds. ‘I!heacceleration time
history of model 4 corresponds closely with the anticipated rocket thrust
time history..

Following the power-on phase, the acceleration (excluding gravity)
was influenced only by the drag forces acting on the models. me tOtsl
drag coefficient was therefore based on the accelerometer measurements
during the decelerating phase for both models. The total drag coefficient.,- CD, based on a maximum cross-sectional area of 0.466 square foot, is pre-
sented in figure 12 for models 3 and 4. The drag coefficient increased

3 from 0.16 at a free-stream hlachnumber of 0.80 to 0.55 at ~ of 0.99

and then decreased to 0.22 at ~

Skin temperatures. - The time
tures ts are shown in figures 13
the free-stream total temperature
perature tad based on an assumed

of 4.69.

histories of the measured skin tempera-
and 14. Also shown in each figure sre
To, the theoretical insulated skin tem-
recovery factor (see appendix B), the

static temperature just outside the conical boundary layer tb, and the
free-stream static temperature to.

The peak skin temperatures of the rear five measurements on model
3 agreed quite well with the theoretical adiabatic wdl temperature at
the corresponding times. However, this fact cannot be used to verify
the theoretical recovery factor. To do so would require a precise knowl-
edge of the emissivity of the skin. Other factors, suchas the rapid
change of To with time, also make the determination of the recovery

factor difficult. The data of the most forward element show the peak
skin temperature to be considerably lower than the corresponding ‘tad.

Calculations indicate that this difference could be due to heat flow to
the structural bulkhead close to the most forwsxd temperature element.
(fig. 3(a)).

3

@$EE%$-$-
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—

The data for the rear three temperature ele&t~of model 4 ~so_sh~w ““ ‘-
.—

good agreement between the peak skin temperature ~nd:the theoretical in-
sulated skin temperature. However, the peak skid tefieratures presented” ‘ ~
for the two most forward elements (located 180° a&] do not correspond,
to tad (fig. 14). ~is difference is not_believ~edfibe due to ..

a “bulkhead effect,” since calculations indicate ~egllgible ‘lbul&.head-”,,7~- .;
effect” for these elements. The.reasons for the ~ow~values of the p~k
skin temperatures for the forward elements are no% clearly understood.

—

.

The skin temperatures presented in figures l? &d 14 exceed the free- -’$

stream total temperatures during the latter porti~n ~ the flight because _ ~%
of the heat capacity of the metal skin. A maxim~ skin temperature of —

1650° R was observed on model 3 at a slant distance Z- from the cone”-”apex
of 24.21 inches. The”peak skin temperature of mo~el~was 1565° R at
2 = 17.23 inches; The following table pre~ents the wxhum obeerved tem-

.,

perature and maximum rate of rise for each temperature measuring station:
:

Model 3 Modei 4
1= >“

Slant Maximum Maximum Slant M+irnti Wximum
distance tempera- rate of distance te~peFti- rate of
to apex, ture, ts, tempera- to apex, ttr;e,~s, tempera-

1, OR ture rise, 2, ~- ture rise,
in. %/see in. /‘R sec

-.’
14.46 U510 330 15.29 i435:- 265
18.40 1580 320 15.23 +435= 290
20.34 1575 290 17.23 1565 270
22.34 1500 280 21.10 pJ 240
24.21 1650 320 22.91 265
25.96 1510 290

—.

—
,=
—

The peak temperatures of models 3 and 4 do not slow a smooth axial
variation. The high-peak temperature of lG50° R ?or_model 3 at 2 = 24.21
appears out of place, as does-the peak temperatur~ of-1565° R at

--

2 = 17.23 for model 4. These irregularities me dot ~fily understood’.- ““‘“”- ~
The authors feel, however, that they are;not instrumelitationerrors. “- =!

The higher values of peak skin temperatures and TZatesof temperature .;
rise for model 3 as compared with model 4 w&re the re=ult of the flight
trajectories. Model 3 ;as at lower altitudes (hQjher alr density) t;an

.:

model 4.at comparable flight speeds. i &-
.:7“

=

The maximum rate of skin-temperaturerise
second at 2 = 14.46 inches for model 3. ~“iB
heat-transfer rate of 0.35 Btu/(sq in.)(sec).

.

~

ob~erv~d was 330° R per
value ~orresponds to a e

....:: .—

.
----
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Heat-Transfer Results

Experimental Stanton number. - The time histories of the measured
skin temperatures were used to compute heat-transfer coefficients as
described in appendix B. Figure 15 shows these coefficients for model 3
in the nondimensional form of Stanton number St plotted for free-stream
Mach numbers of 2.71 to 4.42. Corresponding cone Reynolds numbers per foot
of 10.3 million to 27.2 m~ion are also indicated along the abscissa.
In addition, the figure includes the ratio of the measured skin tempera-
ture ts to the calculated static temperature just outside the boundary
layer t5. Values of this ratio vsry’from 1.2 to 2.2. Results indicate

that, throughout the Mach number range shown, the boundary layer of model
3 was turbulent all along the instrumented portion of the cone.

Figure 15 also includes the theoretical curves of Stanton number as
predicted by Van Driest in reference 2 and as corrected to cone values
(ref. 3). Two characteristic lengths were used to compute the Reynolds
number and therefore show the effect on Stanton number of the movement of
the effective origin of transition. One computation was made with 2
(the distance of the temperature element from the cone apex) and the other

. with 21 (the distance between the element and the junction of the antenna,-
and the ceramic spacer ring).

7
The data of model 4 are presented in figure 16 for free-stream Mach

numbers from 1.31 to 4.90. Corresponding cone Reynolds numbers per foot
and temperature ratios ts/t5 varied from 3.0 million to 16.7 million

and 1.0 to 2.0, respectively. The theoretical Stanton numbers in figure
16 were based on Reynolds riiunbersfrom the cone apex. Predicted laminar
values of Stanton number are also shown in figure 16 (ref. 4).

5e maximum difference between the experimental Stanton numbers and
the values of Van Driest for both models is 20 percent when the local
Reynolds number is based on the length to the cone apex 2.

The data presented in figures 15 and 16 are only for the accelerating

portion of the flights.l

lAS mentioned in appendix B, the experimental Stanton number is re-
lated to the specific heat of the skin. This in turn is a function of the
skin temperature. Data obtained from reference 5 show a sharp disconti-
nuity in the curve of instantaneous specific heat against temperature for
Inconel at temperatures between 1390° and 1490° R. Consequently, the
Stanton number cannot be evaluated accurately through this temperature

●

range. Also, the error in Stanton number approaches infinity as the
slopes of the skin-temperature curves ap~roach zero. Additional inaccu-

“3 racies occur when the difference between tad and ts becomes small.

These factors
the flights.

arrect the cacwatlons aurzng
-- . . -- ,. . . the decelerating phase of

, - ._.

ii
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Boundary-layer transition. -
..

The data~for m6del-4 “(figs.14 and 16)
clearly indicate the boundary-layer transition f~om ~arnins.rto turbul%ht” “~
flow. Boundary-1ayer transitiotiis characterized.by~tige changes iq.thg _ ~ :
Stanton number, as shown in figure 16. .For.ex~~le,-in figure lEi(c), the

Stanton number increases from 0.00032 at ~ = 2~39-_to 0.00u9 at
-..,. .— :

Mo = 2.51. The associated rapid rise in skin tern~er~turesat approxi- ____ ‘-“~
mately 8 seconds is shown in figure 14(c).

.=
The skin-temperatures from .,_....-~

6 to 10 seconds of figure 14 are presented in fi@re=17 on expanded ...._.
scales. The approximate ttie of transition at edch temperature station
is also indicated.

-. .$~-
W

Transition for model 4 first occurred at ap@ox@ately 7 seconds at
2 = 22.91. The transition point then moved forwakd until at 8.0 seconds
the entire boundary layer over the instrumented s~ect~onof the cone was

..—

turbulent. The movement of the transition point tis=lso~illustrated in ~
the top part of figure 18, which presents the fre$-stream Mach number.at
the time of transition for each station. ‘Transition“occurredat approxi-

.+

mate Mach numbers of 1.85 for the rear stations a’n~Z50 for the forward ‘–——-
stations. The cone surface Reynolds’ritibeFattrans~ion was approxi~ “--- .:
mately constant at 8.0 million for each station (lower part of fig. 18).
The transition Reynolds number may have be=n influen~ed by the surface - “~
discontinuity at the antenna junction. .— *

,— ,=

Boundary-1ayer stability. - According to Lee~ (r_ef.6) and Van Driest v
(ref. 7), complete stabilization of a laminar bo~dai~” layer is poss~b~e ““ ~
under certain conditions. Some of the data of this report are compared
with the stability criteria of Van Driest (ref. 7[)in figure 19. The ‘“

.-

theoretical stability curve is plotted for infinite F&nolds number and
a Prandtl number of 0.75 with the viscosity basedlon-%he Sutherland

=

equation. This shows that for a given local Mach~number
+

Mb, values of

ts/t5 equal to or less than those given by Van ll~ies~.wouldbe swficienti .:

to provide complete stabilization of the laminar hou@ary layer.
.

Some
experimental data of references 8 and 9 tefidto cbnfi?.%the predictions
of references 6 and 7. However, typical @ta of $hi~report, presented

.

in figure 19, show turbulent boundary lay== Welllwithin the area of ....-=.
—

complete boundary-layer stabilizationpredicted by Van Driest.
..

The data of model 4 at 2 = 15.29 al=o show!a transition point at
t6/t5 = 1.0 and a cone surface Mach number ~ ~f <.29. If transition’~_““ ~~

occurred along the instrumented portion of the co~leo_7model 3,.it OC-. __ .=
curred very early in the’flight where skin-temperaturedata w“erenot ~.
recorded because of the intermittent telemeter si&naI previously

-

mentioned.
-:I --- —:: :.. .-

The fact that turbulent boundary layers and 4 trZnsitiOn Point were *_.
indicated in a region of predicted infinite.stab~lity may be due to the “-
surface roughness at the antenna junction, although an attempt was made Q.
to remove the roughness of model 4. .



NACA RM E55F2Y 9

SUMMARY OF RESULTS

. Two 200-cone-cylinder bodies of revolution were instrumented to ob-
tain heat-transfer data in free-flight. The data were obtained at free-
stream Mach numbers up to 4.90 and at Reynolds numbers per foot up to
27.7 million, with the following results:

1. T&nsition was indicated at several stations on one model at a
constant cone surface Reynolds number of 8.0 million and a ratio of skin

% temperature to local stream temperature of 1.0.
F

2. Turbulent flow occurred on both test models in the region of com-
plete,boundary-layer stabilization predictedby Van Driest. However, a
surface discontinuity may have induced transition.

3. The local turbulent heat-transfer coefficient differed from the
theoretical values of Van Driest by a maximum of 20 percent, when the
cone Reynolds number was based on the distance from the cone apex.

Cy 4. A maximum skin temperature of 1650° R and a maximum rate of tem-

g perature rise of 330° R per second were recorded.
m

5. The drsg coefficient of the test models varied from 0.55 at a
free-stresm Mach number of 0.99 to 0.22 at a free-stream Mach number of/..

4 4.69.

Lewis Flight Propulsion Laboratory
National Advisory Cormnitteefor Aeronautics

Cleveland, Ohio, April 27, 1955
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SYMBOIS

used in this r;port::

area, 0.466 sq ft ‘

(exclusive of.gravity)

,,
>.

—,=

. .

The following symbols are

maximum cross-sectional

axial acceleration, gls

total drag coefficient

specific heat of air at

A

a

CD

‘P

Cs

G

g

Hst

%ot

hCv

k

1

M

Nu

P

Pr

P

q

R

.—
—

—.

constant pressure, B++z/(slug)(OR)

specific heat of skin, Btu/(lb)(oR) —

heat capacity of skin, (cfi)(x)(W~),Btu/(sq ~t)(l~) .

acceleration due to gravity, 32.17 ft/sec2 ~ .

static enthalpy, Btu/lb

total.enthalpy, Btu/lb
1—!-

—— .—

4-:

—

-. ?=
.-. .-

—

local convective heat-transfer coefficient, G{dt~/dz)/(tad - t~),
Btu/(sec)(sq ft)(OR} - .- ...

—

.
.- -.
,.. - — -.

.-
thermal conductivity, Btu/(sec)(ft}(OR)”

slant distance from cone apex, in.

Mach number .

Nusseltnumber, hcv2/k

total pressure, lb/sq ft .,

Prandtl number, cp~/k —

static -pressure,lb/sq ft —

heat transferred per second, Btu/sec ‘u

gas constant, 53.3 ft-lb/(lb)(OR)

— ..

—
:-. .: .

—

.,.-. .- -.-- — <

—

.
.-

.=

e.
.

—

.-

-.

.-—

w
.,.

—
—
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l-l

Re

4

St

T

t

v

w

w~

x

Reyuolds number, v2pf121.1

wetted surface area

Stanton number, hW/cpp5V~

total temperature, %

static temperature, %

velocity, ft/sec

weight of test model at rocket burn-out

specific weight

skin thickness,

recovery factor

of lhconel skin, 530.5 lb/cu ft at 70° F

ft

(+/3 for turbulent flow; F@/2 for laminar

ratio of specific heat of air at constant pressure to specific
heat of air at constant volume

coefficient of viscosity of air, lb-sec/sq ft

density of air, slugs~cu ft

time, sec

angle between flight path and vertical reference line in space

flow)

Subscripts:

ad adiabatic wall

i initid

m measured

s skin

5 conditions just outside conical boundary layer
.

a behind normal shock
.

0 free stream

a
1 slant distance from temperature element to

ceramic insulator ring
junction of antenna and
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APPENDIX B — — .-:-- -<

. .

METHOD OF CALCULATION : =
—-..

The free-stream static pressure p. emcounte~ed%y the test models __

was obtained from the flush orifice located on the!cyi%drical afterbody.
.“i

These measurements were corrected for the flow exp&s$& around the cone- , —

cylinder shoulder in accordance with reference 1.
..

~The-ambientpressure–
was also obtained from the radar data as fo~ows. !The SCR-584 radar l-la
tracking unit observed the carrier plane as,it des~enmd. At specified

a
m

intervals of pressure altitude, the radar recorded~the”position of “the ‘“
airplane. From such a survey, a curve of static p~ess~e ~ai~t alti~” ‘- ~
tude could be obtained. The radar also provided a~time history of the’
altitude encountered by the test models. ~’”combifiingthe curves of PO
against altitude and altitude against time, the cuzwe 5f p. agafist

time was obtained. The free-stream static temperature-was obtained from ._. ~
a calibrated temperature probe at each pressure al.titu-deas the carrier
airplane descended. ,- .,- .-

The free-stream velocity Y. was calculated By siimmingthe incre- ‘“- ““‘~——. ,=
mental changes of velocity over short time intervals. ““Thefollowing

—..

equation was used: ! -z .. -u
9 _:

T2
:—

I

VO =Vi + 32.17~(- a + cos ~) AT (Bi) : :,—
‘1

_...——. .
.-

where
4.

—
.—

z average axial acceleration, gts [exclusive of ‘grai%ty),during time
_

interval A%
—-, —

,:.-. . ..
* s

T
a-

average angle between flight path and v@rtic~ re~erence line in “- ““-_______
space during time interval AT

The velocity was also obtained from

where ~ was calculated from the Rayleigh

, _-z

. . .
~

.—

: :“ .,:.(B2).

—. .-
equatiou:

-a
—-

“.~x ,,

k-
.-

,

, ----

—.- —
,..—
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‘0,6
(B3)

and Po,a is the measured total pressure behind the normal shock cor-

rected for total-pressure loss ackoss oblique shock wave at apex of cone.
‘Thefree-stream velocity VO was also obtained directly from the radar
data.

The total drsg coefficient was calculated for the decelerating por-
tion of the flight from

where W is the weight of
.

The free-stream total

@
the total enthalpY %ot,O

—

CD =
2W a

x

(B4)
n

the test model at rocket burn-out.

temperature To was obtained by evaluating

from

v:

%Ot,o = %,o + 50,056 (B5)

Reference 10 gives the correspond ~ for the calculated ~ot,o.

The free-stream Reynolds nuniberper foot Re~ft was calculated
from

(B6)

where
( ‘a)) and ‘0

p. was obtained from the general gas law P.

was obtained

(1) to

The Reynolds
d from

from \ -/

and the Sutherland equation (model 3)

and reference 10 (model 4)

number per foot at the cone surface Re~/ft was obtained



,- ... -—
~B7) .;-. -7:

-._,.. .
. .

—

where Vb) tb~ and pb were obtained from the M.,l.T. cone tables (ref.

U]. The viscosity, Vb, was evaluated at tb an@ olj~airiedfrom
.. . ..

—
reference 10. T;—” — -., *

.=—e

The convective heat-transfer coefficient hc; -s obtained by writing ~
,fi

a heat balance at the wall that neglected small r@iat-ion and conduction .. .._~
losses:

— .— -:

dts ! --

&= ‘cv(tad - ‘s)~ ~‘TT= (~),: --J_

!-

and, therefore,

dt~
G—

hm = d’c
tad - t;

i —u”,=
z“.
.,—
*-

-+
.

.. . . . ,_ 4
.*

The heat capacity of the wall is

(B9)

-.
where c~ is from

The adiabatic

reference 5.

wall temperature ‘ad

‘ad = tb + P(TO

tis cal@lated by

.-.— -.where

p . p’#/3 f or turbulent flow (Bll)

(B12) “

and the Prandtl number

The heat-transfer
form as Stanton number

R was evaliwted at t8.

coefficient was calculated’in the nondimensional—.
St:

. .
h~

y:, .- .*-.:.7.–
st=— -- (B13) ‘:

cpPFJa

..
where

CP
was evaluated at

., -.. .... . .---, .

——

,- —- =... -
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(f) 61sntdistsncefrom cone apex, 25.96inches.

Figure 13. - Concluded. ‘IElmehistoryof air and sldn temperaturesfor model 3.
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