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THE ZERO-LIFT DRAG OF A SLENDER BODY OF REVOLUTION
(NACA RM-10 RESEARCH MODEL) AS DETERMINED FROM
TESTS IN SEVERAL WIND TUNNELS AND IN FLIGHT
AT SUPERSONIC SPEEDS

By Albert J. Evans
SUMMARY

The results of tesgsts of a slender body of revolution designated
the NACA RM-10 have been complled from various NACA test facilities.

Zero-1lift drag data are presented for a Reynolds number range from
about 1 X 106 to 4O x 106 from several wind tunnels and from sbout

12 % 106 to 140 X 106 from free-flight tests. The Mach numbers covered
include 1.5 to 2.4 for the wind-tummel data and 0.85 to 2.5 for the
flight results. The wind-tunnel models were tested with and without
60° sweptback stabilizing fins and the flight models were tested with
stabllizing fins.

Comparison of the data obtained 1n the severasl wind tunnels for
the body alone (without fins) shows good agreement between the different
facllities. There are unexplalned differences however between the wind-
tunnel results with fins attached and fllight results, as well as differ-
ences between full-scale and half-scale flight models, which cannot be
explained as an effect of Reynolds number.

Te results presented are complled in the present paper to facili-
tate the correlation of results obtalned in other test facilities.

INTRODUCTICN

During the early development period of wind-tunnel testing, it was
found that test data from different wind tumnels frequently showed
important discrepancies. Many of these difficulties were resolved by
a combinstlon of Improved techniques and equipment, together with the
application of wall and support interference corrections. In an effort
to reduce further the uncertainty of comparisons between data from
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various sources, 1t was considered desireble to make tests of the game
model in many different wind tunnels. 1In 1920 the British Aeronautical
Research Committee instituted a program of international scope (ref. 1)
whereby the same NWPL airshlp and wing models were tested in the major
facilities of the world.

Since that time the gubsonic wind tunnel has become a reliable
gource of aerodynamic datas, and the reasons for the discrepancles that
remain are fairly well understocd. In recent years many supersonic
wind tunnels have been bullt, and the test results have shown in some
cases a lack of agreement too large to be ignored. An interest has
accordingly been expressed in a test program for the supersonic speed
range similar to the early subsonilic program.

During the December 1952 Rome meetlng of the Advisory Group for
Aeronautical Research and Development of the North Atlantic Treaty
Orgeanization, 1t was decided to encourage such & program of tests in
supersonic wind tumnels. One configuration selected for this purpose
was a slender body of revolution deslgnated the NACA RM-10, for which
the zero-1ift drag had been measured in several NACA wind tunnels and
in flight.

The purpose of the present paper i1s to compile and present the
results of the drag meagurements from the various test facllities and
to make the results generally availeble in a conelse form to those who
would be iInterested 1in making compareble tests in other test facilities.

The present paper presents s brief description of the model instal-
latlon in each of the test facilities together with a descriptlion of the
model Instrumentation and the methods used to reduce the meagsured data
to drag-coefficient form.

The results presented cover a Reynolds number range from about

12 x 106 to 140 x 10° for the free-flight models and 1 x 108 to 40 x 100
for the tunnel models. The Mach numbers covered include 0.85 to 2.5 in
flight and sbout 1.5 to 2.4 in the wind tunnels.

The results presented hereln have been gathered from a number of
Independent NACA investligations end in some cases descriptive material,
sketches, or descriptions of data-reduction procedure are credited to
the original investigators. The followlng list contains the names of
NACA staff members whoge work has been presented herein.

L. E. Hasel

A. R. Sincleir

C. V. Hemilton 4- by k-foot tunnel

K. R. Czarnecki langley Aeronaltical Lsboratory
J. BE. Marte
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Luidens

Simon

Eserwein 8- by 6-foot tunnel

Obery Iewis Flight Propulsion Ieboratory
Schueller

égzietti g-inch tunnel

Bromn Tangley Aeronsutical Ieboratory
Perkins

Gowen 1- by 3-foot tunnel, No. 2
Jorgensen Ames Aeronautical Iaboratory
Jackson Rocket propelled model tests
Rumsey Pilotless Aircraft Research Division
Chauvin langley Aeronsutical Iaboratory
Loposer

SYMBOLS

body frontal area

base drag coefficient, DB/qA

forebody friction drag coefficient, Dg/qA

forebody pressure drag coefflclent, DP/qA

total drag coefficient with or without fins, DT/qA

specific heat at constant pressure, 7.T4 Btu/1b/°F for air
body base diameter

sting or sting shield dlameter

acceleration due to gravity, 32.2 ft/sec/sec
mechanical equivalent of heat, 778 f£t-1b/Btu

basic body length .
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Mach number T

dynamic pressure, %pvg, 1b/eq Tt

radial distance from body axis to any point in boundary layer

radigl distance from body axls to body surface

Reynolds number
distance from nose to any point on body surface

adlabatic wall temperature, ©F abs

stagnation temperature, OF abs

temperature just outside boundary laeyer, CF sbs
temperature at body skin, °F abs

ratio of meximm fin thickness to fin chord perpendicular to
leading edge

velocity inside boundary layer, ft/sec

velocity just outside boundsry layer, ft/sec

free-stream velocity, ft/sec

axlal distance from nogse to any point on body axis

normsel distance from body skin to any polnt in boundary layer
angle of gttack, deg

free-stream density, slugs/cu ft

air density just outslde boundery layer, slugs/cu £t

wall ghearing stress, 1lb/sq ft
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APPARATUS AND RANGE OF IESTS

RM-10 Missile

A sketch of the RM-10 migsile, glving the important model dimen-
gsions as a fraction of baslc body length, is presented in figure 1. The
profile of the body is such that its meridians are parabolic arcs whose

coordinates are given by the equation r, = $§5<l.0 - %). The basic
fineness ratio of the body is 15. To provide for the rocket Jet, how-
ever, the base was cut off at the 81.3%-percent-length station, which
resulted in a fineness ratio of 12.2. The four stabillzing fins, spaced
equally around the stern, had an untapered plan form. The fins were
swept back 60° and incorporated 10-percent-thick circular-arc airfoil
sections normal to the leading edge.

Most of the wind-tunnel tests were made on the body alone (without
tall fins); however, fins were added in some of the tunnel tests to
afford a comparison with the results of flight tests.

Detailils of the models tegted in the various test facilities and In
flight are presented under the description of the test setup in each
tegt facility. Some of the pertinent model details are also presented
in teble I.

Flgure 2 shows the detalls of the base sections of the various
tunnel models and the detalls of the flight-model bases are shown in
Tigure 3. ‘

4- by h-Foot Supersonic Tunnel and Model

The Iangley L4- by L-foot tunnel is a rectangular, closed-throat,
single-return-type, variable-density wind tumnnel. The results of the
tests reported herein were obtained on three models one of which was
50 inches in length and two were 42.05 inches long.

The 50-inch model was sting mounted in the tunnel test section
(see figs. 2(a) and 4(a)) and was used to measure total body drag, base
pressure drag, and skin frietion drag.

The 42.05-inch models were alsoc sting mounted and were used to
obtalin the body pressure drag, end total and base drag of the body with
fins installed.

Model construction.- The 50-inch model was constructed of steel and
Duralumin 1n four sections. The original surface roughnesses were about
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6 root-mean-square microinches on the steel and about 14 root-mean-
square microinches on the Durslumin parts with meximum peak-to-valley
roughnesses of 12 and 50 mlercinches, respectively. Most of the tests
were made, however, wilth the model painted, sanded, waxed, and polished
s0 that the resulting surface roughness was less than those of the
original surface.

One of the 42.05-inch models was constructed to produce a light-
welght model for some special wire-supported tests which are not included
herein. This model, however, was also tested as a sting-supported model
with tail fins attached and the results of these force tests are reported
in the present paper.

The midsection of the light 42.05-inch force model was formed by
glulng a l/h—inch-thick layer of balsa wood around a load-carrylng struc-
ture. The balsa wood wes then wrapped with gless-fiber cloth and impreg-
nated with a thermcsetting plestic which was stable and readlly machined.
Magnesium nose and base sections were attached to the bullt-up midsec-
tion. This model was used to obtaln drag data with fins attached to the
body. The four fins were mechined from magnesium.

The other 42.05-inch model was constructed of steel and was used to
obtain the pressure drag of the model forebody.

Model instrumentation.- The force-measurement models were sting
mounted and the total drag was measured on an electrical strailn-gage
balance mounted within the model (fig. 4(a)). Base pressures were meas-
ured by four tubes placed on the sting with the openings in the plane of
the base at 90° intervals around the sting (fig. 2(a)). Boundary-layer
profiles were determined by means of a rake shown in figure 2(a). The
rake was clemped to the sting so that boundary-layer profiles were deter-
mined sbout 1/64 inch ashead of the model base. For the boundary-layer-
profile measurements the base of the model was blocked rigidly against
the sting with wooden wedges to prevent amy relatlve movement between
the model and the rake. No other measurements were made during these
tests.

Forebody pressure drag was determined from the forebody longltu-
dinal pressure dlsgtribution which was measured by 140 orifices located
in 4 rows 90° apart.

For some of the tests conducted in the 4- by 4-foot tunnel data
were obtained with the boundary-layer transition point fixed near the
model nose. In this case transition was fixed by means of a circumfer-
ential ring of No. 60 carborundum grains located 1/2 inch back from the
model nose and about l/h inch wide in the direction of flow.
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The ratio of the sting to base diameter for the 50-inch model was
0.579. This ratio for the 42.05-inch force and pressure models was
0.36 and 0.60, respectively.

Range of tests.- Total drag of the body, base drag, and the body
skin friction drag were measured on the 50-inch model at a Mach number

of 1.6 for a range of Reynolds number from 2 X 106 to 40 x 106, The
tests were made at zero angle of attack with natural and fixed tran-
sition without tail fins attached.

The tests with the 42.05-inch body consisted of measurement of the
forebody pressure distribution at a Mach number of 1.59 for Reymolds

numbers between 1.8 x 100 and h.5 x 100, The 42.05-1inch model was also
tested with tell fins attached.

8- by 6-Foot Supersonic Tunnel and Model

The Iewls 8- by 6-foot tunnel is a rectangular, cloged~throat,
nonreturn-type wind tunnel. The results reported herein were obtained
on two models which had body lengths of 735 inches. One model was used
to obtain strain-gaege meassurements of totel drag and was instrumented
to obtain base pressure measurements with and without the stabilizing
fins attached. The second model was used to obtain the forebody pres-
sure drag and skin friction drag. ’

Model construction.- The model bodies were spun from sluminum sheet
and the noses of the bodies were blunted by removing l/h inch from the
pointed tip. There was some deviation of the actual pressure-model
contour from the calculated dimensions of the model. The deviation was
relatively large (0.032 inch undersize) at a station 20 inches behind
the meodel nose and was of the order of 0.0l inch over the remsinder of
the body except for a small portion near the base which was 0.02 inch
undersize. ©No surface roughness messurements are svellable for these
models.

Model instrumentation.- One model was rigidly connected to a three-
component straln-gage balance located inside the body and the balance
was attached to the tunnel sting-strut combination (fig. 4{(s)). The
strain-gage balance messured the total drag of the model.

Base pressure was measured at orifices on the model base located
at 1450 to each of the rows of body surface pressure orifices and at a
radius of 1.624k inches as shown in figure 2(b).

The pressure model was sting mounted on an internal cam mechanism
which ellowed the model to be remotely rotated to determine the eircum-
ferential varistion of the pressure distribution.
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The forebody pressure drag was determined from the pressure distri-
butlion measured by two diametrically opposite rows of pressure orifices
conslsting of 23 orifilices each.

Boundary-layer profiles were determined by dlasmetrically opposite

rekes extending l% inches into the stresm in the plane of the model bage.

The ratio of sting to base diameter was 0.66.

Range of tests.- The tests were conducted at values of Reynolds

number of 29.1, 29.2, 29.5, and 31.1 X 106 for Mach numbers of 1.49,
1.59, 1.78, and 1.98, respectively.

9-Inch Supersonic Tunnel and Model

The ILangley 9-inch tunnel is & rectangulser, closed-throat, closed-
circuit-type, variable-density wind tunnel. The models tested had
over-all body lengths of 9 inches and 7.325 inches.

Mocdel construction.- Three models, two of which were ldentical
except for construction detaills, were tested in the 9-inch tunnel.

The measured ordinates of the models were within 0.001 inch of
the calculated contour, and the surface roughness of the model was
5 root-mean-square microinches. These two models were 9 inches in
length.

A third model, 7.325 inches long, was constructed to incorporate
tall fins.

Model instrumentation.- Total drag measurements were made with a
strain-gage balance located in the sting support external of the model
as shown in figure 4(b). The sting support was shielded to eliminate
any tare forces on the sting. The shield extended Just 1nside the
model bage, as shown in figure 2(c), and was arranged so that the pres-
sure inslde the balance housing was equal to the model base pressure,
pernitting the determination of the model base pressure by measurement
of the pressure inside the balance housing.

Boundary-layer-profile messurements were made by means of a probe
mounted through the tunnel wall.

Forebody pressure drag was determined from the longltudinal pres-
sure distributions which were measured by a single row of 27 orifices.
A distribution of pressure around the model was obtained by rotating
the model gbout its longltudinal axis.



sD

NACA TN 204k 9

Some of the tests were run with the boundary-lasyer transition fixed
near the nose of the model (9-inch model). Transition was fixed by
placing carborundum strips as near the body nose as possible. These
strips were 3/16 inch wide and 1in one case the strip was 0.007 inch
thick using No. 180 carborundum grains and in another case was 0.017 inch
thick when No. 60 grains were used. The dats showed that the thin strip
caused transition setisfactorily and also showed that perhaps the drag
of the larger grains affected the drag results. As & consequence only
the thin-strip data have been included herein. The 7.325-inch model
(with tail fins) was tested with natural transition.

The ratlo of sting to base diameter for the 9-inch models was
0.589, and that for the 7.325-inch model, 0.49.

Range of tests.- The tests on the body without tail fins were con-
ducted at Mach numbers of 1.62, 1.93, and 2.41 over a Reynolds number

range of approximately 1 X 106 to 11 X 106 at each Mach number.

The tests with fins attached to the 7.325-inch body were conducted
at a Mach number of 1.62 and a Reynolds number of 2.66 X 106.

1- by 3-Foot Supersonic Tunnel and Model

The Ames 1- by 3-foot tunnel No. 2 1s an intermittent blow-down
wind tunnel. The model tested in the 1- by 3-foot tunnel was
12.208 inches in over-all body length.

Model instrumentation.- The total drag of the model was measured
by an electrical strain-gage balance mounted in the sting support
external to the model. The sting support was shielded to eliminate
any tare forces on the sting (see fig. 2(d)) and was arranged so that
the pressure inside the balance housing was equal to the model base
pressure, permitting the determination of the model base pressure by
measurement of the pressure Inside the balance housing.

Skin friction drag was obtained in the 1- by 3-foot-tunnel inves-
tigation indirectly by subtracting the forebody pressure and base drag
from the total drag.

Measurements of the body surface roughness are not available for
the 1- by 3-foot-tunnel model. Forebody pressure drag was determined
from the longitudinal pressure digtribution on the body, which was
measured by a single row of 12 orifices. The circumferential pressure
variation was measured by rotating the bedy.

The tests conducted in the 1- by 3-foot tunnel were made with
natural trangition.
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Range of tests.- The tests were conducted at Reynolds numbers of

8.6 and 17.4 x 10° and for Mach numbers of 1.52 and 1.98 for the body
aelone and 1.98 for the body with tail fins.

Flight Models

The results obtained 1in free flight were obtained on nine rocket-
powered models of the same configuration. Five of the models were
146.5 inches in over-sll body length and are designated as flight
models 1, 5, 6, 7, and 8. Model 1 was used to obtain base pressure
measurements and models 5, 6, 7, and 8 were used to obtain the total
dreg measurements. The other four models were 75.25 inches in length
and are designated as models A, B, C, and E.

Model comnstructlon.- The models were all metal in construction,
utilizing spun magnesium-alloy skins and cast magnesium-alloy tail
cones to which the teall fins were attached.

A1l models carried a sustalner motor internally; one 146.5-inch
model and a1l the 73.25-~inch models also utlilized various booster
rocket motors to obtain high Mach numbers.

The body coordinates of the models were within 0.020 inch of the
computed body contour and the surfaces were smooth and highly polished
at the time of launching.

Model instrumentation.- The data presented for the flight models
were obtained during the decelerating portion of the flight trajectory
after rocket-motor burnout.

Velocity and total drag were obteined from the CW Doppler radar.
Also, total drag and base drag were reduced from date telemetered to
the ground receiving statlion by instrumentation incorporating s longl-
tudinel accelerometer and a pressure cell. Atmospheric date were
obtained by radlosonde observations.

Base pressure was measured insglde the afterbody between the rocket
nozzle and the skin by an open-end tube located in the models as shown

in figure 3.

Range of tests.- The Mach number range was from spproximately 0.85
to 2.5 and the Reynolds number range was from 12 X 106 to 140 X 106.
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DATA REDUCTION

Total drag.- Total drag is defined as the drag of the models with
or wlthout fins as determined from measurements obtained from the
strain-gage balance in the case of the wind-tunnel model tests. The
total drag of the flight models was determined from measurements of
the model deceleration after rocket-motor burnout by Doppler radar and
telemeter spparatus.

Base drag.- Basge drag was determlned from pressure measurements
made at the base of the models. The position of the pressure orifice
at the base of each of the models is shown in figures 2 and 3. Base
drag is defined as the difference between the pressure measured on the
model bagse and the free-stresm static pressure times the model base
area.

Forebody pressure drag.- Forebody pressure dreg 1s defined as the
axial force exerted on the model body by the pressures acting on the
model surface excluding the model base surface. The value of forebody
pressure drag was determined by integreting the measured pressure dis-
tribution over the body surface with respect to the body frontel area.

Skin friction drag.~ Skin frilction drag coefficients were determined
by means of rake surveys of the total pressure through the boundary lsyer
and static-pressure measurements at the reke location. Skin friction
drag was determined in the 1- by 3-foot tunnel by subtracting the base
and forebody pressure drag from the model total drag. Results from the
Y- by 4-foot and 9-inch tunnels were obtained by both reke surveys and
subtraction.

Reduction of the rake pressure measurements to obfain skin friction
drag regquires a knowledge of the temperature through the boundary layer
which was determined by using the theoretical relation given by Crocco
in reference 2 which gives the temperature as g function of velocity.
This relatlon, which assumes a Prandtl number of 1.0 and steady-state
conditions, wes modifled by the inclusion of the recovery factor p in
order to obtailn adlabatic wall temperature rather than stagnation temper-
ature vhen the heat transfer is zero. The relation used 1s then

2
T=a+ bu - Pu
2Jgep
Tew - Ts
where f = ———— &and a and b are constants.

Ty - Ty
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Eveluating the constants from the boundary conditlons, T = Ty
at u="Us and T = T, and introducing the definition of adlabatic
wall temperature .

2
PUs

T a T +
aw & 2Jgc

b

glve

u>+B<U6 ’u)

T = T5 + (TW - EW)(l - Eg 2chp

A value of B = 0.88, an approximation for both leminsr and turbulent
boundary layers, was used in the reduction of the 4- by h-foot-tunnel
data. The results from the 9-inch tunnel were obtained by using a
value of B = 0.88 for laminar flow end £ = 1.0 for turbulent
boundery-layer flow.

The integrated form of the boundary-layer equation from refer-
ence 3 can be wriltten as

B e}
T, = 53- (p U2 - pu2>r dy - U, EL <p U, - pu)r dy
L e o 578 8 3g o 578

By teking dx = ds, which causes negligible error for a slender body of
revolution, letting r = r, + y, and integrating with respect to x,

the average skin friction drag coefficient is glven by

2 *
ch = EK 0 TWrW dx

The varlation of boundary-lsyer thickness with exial distence along
the body was assumed to be linear from a value of O at the body nose to
the value determined at the measurement station. This esgtimation of the
boundary-layer growth was used in the determination of the skin friction
drag coefficients from the 4- by L-foot-tunnel and 8- by 6-foot-tunnel
tests. The error involved In using thils assumption of linear boundary-
layer growth amounts to legs than 5 percent of the skin friction drag
coeffieclent. The coefficlents from the 9-inch-tunnel pressure surveys
have been determined from a calculation of the boundary-layer growth
along the body.
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Force coefficlents.- All the force coefficients presented herein
are based on the free-stream dynamic pressure and the maximum cross-
sectional ares of the body.

Corrections.- The wlnd-tunnel data presented herein have been cor-
rected for the buoyancy effects on the drag coefficlents in all cases
where the correctlons were required. In some of the tunnel tests the
static-pressure gradient through the tumnel test section was sufficiently
small that the corrections to the drag values fell well within the exper-
imental accuracy of the data. In these cases no buoyancy corrections
were gpplied to the drag data.

The results of investigations to determine the effects of sting
dilameter and length of sting behind a boattailed body have shown that
sting Interference effects are negligible for the ratios of sting to
base diameter and of length of sting to base diameter used in the
pregent tests. Sting interference corrections are therefore not neces-
sary for the data presented herein.

The results of the wind-tunnel tests presented were obtained in
all cases under conditions of temperature equilibrium between the model
body and free stream.

Also in all cases condensatlion-free flow was maintained during the
tests. '

RESULTS AND DISCUSSION

Presentation of results.- The results of the drag tests 1n the
various wind tunnels and in flight are presented 1n figures 5 to 9. All
the results are presented for zero angle of attack and are presented as
plots of CDT’ CDB, CDP’ and CDf against elther Mach number or

Reynolds number depending on which quantity was varied during the tests.
The symbols in figures 5 to 9 indicate the test points obtained in the
various facilities. TFigures 5 to 7 present the results of the wind-
tunnel tests of the body wilth no fins gttached for the condition of
natural smooth-body boundary-layer transition and for transition fixed
near the body nose. The forebody pressure drag coefficients presented
in figure 5 were determined from measurements made on the 42.05-inch
body in the 4- by k-foot tunnel at relstively low Reynolds numbers for
conditions of laminar and turbulent boundary layers. The values of
forebody pressure drag coefflcient determined from these tests were
0.041 for a laminar boundary layer and 0.0t for a turbulent boundary
layer attalned by fixing transition neasr the model nose. The values of
forebody pressure drag coefficient presented are based on the assumption
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that the values did not vary with Reynolds number except to change from

laminar to turbulent values in the Reynolds number range near 10 X 106.

This range was chosen on the basis of skin friction and boundary-layer-

profile results. In actuality the transition in forebody pressure drag

coefficient will not be so abrupt as assumed, but the difference between
the coefficients 1s very small.

Values of total and base drag coefficient from the wind-tumnel
tests for the body with four fins atteched are presented in figure 8.
The tests of the model with fins attached were conducted with natural
transition.

In the case of the flight tests where Reynolds number and Mach num-
ber varied simultanecusly during the tests the varilation of Reynolds
number with Mach number is presented in figure 10 for the nine models
tested. Three curves are shown for the 146.5-inch models, two depicting
the variation for the unboosted models 1, 5, 6, 7, and 8 and the third
for the boosted model 6. The three curves shown for the T73.25-inch
models represent differences in the three types of booster rockets used
for the tests. The values of Reynolds number atteined in the wind-
tunnel tests of the model with fins, which were conslderably lower for
the 4- by 4-foot- and 9-inch-tunnel tests than the values for the body-
alone tests, are spotted on the flight curves of figure 10 to afford a
ready comparison of the range covered in the flight tests and the wind-
tunnel tests.

Comparison and discussion of results.- The results of the tests in
the several wind tunnels have been compared in figures 11 and 12 for
conditions of natursl and fixed transition with no fins attached to the
body. The drag components are compared in figure 11 for two values of
Mach number, namely, 1.6 and 1.93, for a range of Reynolds number. Fig-
ure 12 shows a comparison of the results for three values of Reynoclds

number, 3 x 100, 8.6 x 106, and 30 x 105, for a range of Mach number.
The values of Mach number and Reynolds number chosen for the comparative
plots were selected as values which afford the opportunity of comparing
the majority of the data.

The results of the flight tests and of the tunnel tests with fins
attached to the body are compared in figure 13 as a plot of total and
base drag coefficient against Mach number. The flight date are presented
as & band, the extremities of which are the extremities of the data pre-
sented in figure 9. Cross hatching has been used to distinguish the
results of the 1L6.5-inch-model tests from those of the T3.25-1inch-model
tests. -

Comparison of the wind-tunnel date for the body alone in figures 11
and 12 shows excellent agreement in the high Reynolds number range
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between the data from the 8- by 6-foot tunnel and the L~ by 4-foot
tunnel. 1In the low Reynolds number renge the agreement in the trend
of the data from the 9-inch- and 4- by L-foot-tunnel results as shown
in figure 11(a) is good although there are small discrepancies in the
dreg values obtalned in the two faclilities. With respect to the
9-inch-tunnel results the total drag values from the L4~ by L-foot
tunnel are lower for both natural and fixed transition. Neglecting
the differences in the indicated Reynolds number of transition between
the two tunnels the megnitudes of the base drag results are in good
agreement. No sultable explsnation has been found for the differences
In megnitude of the total drag results. The comparison of skin fric-
tion values in the laminar range shows, in general, good agreement.

The frictleon drag results shown in figure 11 for the 1l- by 3-foot
tunnel indicate that boundery-layer transition in this facility apper-
ently occurred st much lower Reynolds numbers than in the 4- by L-foot-
or 9-inch-tunnel teste., This discrepancy can probebly be attributed to
the differences in wind-tunnel turbulence levels.

The varlation of skin friction drag from the 9-inch tunnel with
Mach number at constant values of Reynolds number of 3 x 106 and
8.6 x 106, shown in figures 12(a) and 12(b), shows & rise in skin fric-
tlon drag coefficient with increasing Mach number for the body with
netural transition. The rise in skin frietion drag coefficlent with

Mach number shown in figure 12(a) for a Reynolds number of 3.0 X 106
1s slight and i1s within the experimental accuracy of the tests. The
steeper rise in friction drag coefficient shown in figure 12(b) for a

Reynolds number of 8.6 X 106 can be attributed to the forward movement

of the transition polint with increasing Mach number which 1s evident

from a comparison of the results presented in figures 7(a), 7(c), and
7(e). These figures show that the transition Reynolds number was approxi-

mately 8.8, 7.5, and 6.0 x 10 for Mach mumbers of 1.62, 1.93, and 2.41,
respectively. The effect of lncreasing Msch number in decreasing the
Reynolds number of transition ls appreciasble but is in sgreement with
theoretical results concerning boundery-layer stability for the case of
zero hest transfer between the body and the air stream.

A comparison of the test results for the two different-slzed flight
models 1s shown in figure 13. The results of tunnel tests with fins
attached to the body are also shown in figure 13 for comparison with the
£light results.

As shown in flgure 10 the Reynolds number renge for the smallier
T35.25-1nch model is for the most part contalined within the range for the
larger 146.5-inch models. Therefore, the differences in the drag coef-
ficients for the two sizes of models shown In figure 13 are not readily
explainable on the basis of Reyrolds number.
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Exemination of the base drag results in figure 13 shows that the
base drag of the smaller models 1s about half that for the larger flight
model and that this difference accounts almost completely for the dif-
ference in total drag for the two sets of flight data. It does not
appear likely that these differences are due to an error in measurement
since the total drag and base' drag were measured independently. Further-
more, the smaller model results were cbtained from several separate
flights end the larger model base drag results agree with values obtained
in three different wind tunnels. This latter agreement would be expected
since the boundary layer at the base was probably turbulent for all these
models because of the presence of the fins. The base drag for the smsller
flight models appears to be . low for some as yet unknown reason.

The total drag as measured in the 8- by 6~foot-tunnel tests appears
to agree closely with the drag of the larger f£light models at M = 1.5,
but this may be fortultous in view of the differences in Reynolds numbers.
Tt has been suggested that the differences in slope of the 8- by 6-foot-
tunnel and the flight drag curves may be explalned by the fact that the
Reynolds number of the 8- by 6-foot-tunnel testes was essentially constant
whille that of the flight models increased wlth increasing Mach number.
This does not seem correct, however, since the Reynolds number range
obtained on several models at a glven Mach number 1s considerebly larger
than the Reynolds number change in going from Mach number 1.5 for example
to 2.0, If the total drag of the smaller fllght models were adjusted
by the amount required to bring the base drag into agreement wilth that
for the larger model, it would bear the same relationship to the 8- by
6-foot-tunnel total drag results as do the drag data for the larger
models.

The discrepancies noted in the foregoing discussion could possibly
be due to behavior of the fin drag as influenced both by Mach number and
Reynolds number. There 1s insufficlent information availsble, however,
to allow any conclusions to be drawn regerding this possibllity.

With regard to the data in figure 13 from the 4~ by L-foot tunnel
and the 9-inch tumnel 1t can be noted that the data for the models with
fins were obtalned at Reynolds numbers low enough to permit laminar flow
over most of the body. The total drag would thus be expected to be
lower than that for the other models which were tested at much larger
Reynolds numbers. The agreement that apparently exists between the
total dreg data from these two tunnels and the data for the smaller
flight models must therefore be regarded as fortultous.
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CONCLUDING REMARKS

The results of an extensive investigation, one objective of which
was to form a basis for comparlson of test results from varilous test
facilities, have been compiled and are presented in the present paper
for the purpose of making the data aveileble to other research agencies
interested in correlation of the regults obtained in thelr test facllities
with those obtalned in NACA test facilities.

From comparison of the data obtained in NACA facilities it is
observed that for the body alone (without tail fins) the total end com-
ponent drag coefficlents measured in the several wind tunnels were in
good agreement when proper consideration is given to the state of the
body boundary layer. Free-flight results on the fimned models show a
consistent discrepancy between two groups of models of different size.
This discrepancy is undoubtedly due to a resl difference in drag between
the two groups of models but is not explaingble with the information
avaelleble. There are also observed certain differences between wind-
tunnel and flight results which cannot be completely accounted for at
present.

NACA Headquarters,
Washington, D. C., April 16, 1953.
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TABLE I

RM-10 TEST CONFICGURATTONS

7
Tunnel size dee{hjength, Model surface Surface roughness Fing Type support
8 by 6 foot 73 Aluminum Not availsble Yes and Sting
no
| .
50 Steel and Painted, ssnded,
Duralumin in waxed and polished No
four sectlons
———————————————————————————————— Sting
2,05 Plastic on Not available Yes
4 by 4 foot glass fiber
with magnesium
nose, base and
fins
________ R S
ko, 05 Steel Not avallsble No
9 1nch 9 Steel 5 rms p in. No
————————————————— - ——— Sting
7.325 Steel Yes
1 by 3 foot 12,2 e e e — Not available Yes and Sting
no
Flight 1h6.5 Magnesium alloy Polished Yes
————————————————————————————————— Free flight
T5.25 Magnesium allcy Polished Yes
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Figure 1.- General configuration of RM-10 research model.
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