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RM-lo MIsslm IN

8- BY 6-FOOT SUPERSONIC WIND TUNNEL AT MACH

NUM8ERS FROM 1.49 TO 1.98

II - ~TION AND ANALYSIS OF FORCE ~

By Fred T. Esenwein, Leonard J. Obery
and Carl F~ Schueller

SUMMARY

An e~erimental investigation to determine the aerodynamic forces
acting on a slender body of revolution was conducted in the Lewis
8- by 6-foot supersonic wind tunnel. The model used was a pointed-
nose rocket research missile desi~ted by the NACA as the half-
scale RM-10. Lift, drag, and pitching moment were measured for three ‘
configurations: body alone, body with two fins, and body with four
fins, at free-stream Mach numbers of 1.49, 1.59, 1.78, end 1.98 for
a range of angles of attack fr~ 0° to 9°. ~e investigation ~s
conducted at a Reynolds number of approximately 30,000,000 based on
the body length.

The experiment+ results of the investigation showed that the
drag coefficient increased tith angle of attack but remained
essentially independent of Mach number for all configurations. The
lift coefficient increased with Mach number for the body alone but
decreased for the body with fins. The resulting pitching-moment
coefficient increased almost linearly with angle of attack for the
body alone and was independent of Mach nuriber. For tie body With
fins, however, the ne~tive pitching-moment coefficient increased
with singleof attack end decreased with Mach number.

The experimental force and moment coefficients for the body
alone were compared with linearized potential theory end with the
semiempirical method of reference 1, which includes the effect of
viscosity. The results of this compsrism indicate that potential
theory predicted the ~essure drag at zero angle of attack; however,
the lift, the center of pressme location, and the increment of
drag due to angle of attack were much more accurately predicted by
the method of reference 1.
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A breakdown of the total drag coefficient at zero angle of
attack indicates that the pressure drag is approximately 30 percent,
the base-pressure drag is 20 percent, end the skin-friction drag
is 50 percent of the ~otal drag for %is model.

INTRODUCTION

Various theories and semienmirical methods are available for
calculating the aerodynamic char~cteristics of bodies of revolution
at supersonic speeds. Lack of experimental data for large-scale
models at high Reynolds numbers and moderate angles of attack,
however, has prevented an evaluation of the limitations of these
theories and methods.

The purposes of this investigation were (1) to ob~in force
and moment data on a specific body of revolution with and without
fins and to compare the values calwlated by linearized potential
theory and the method of reference 1 with experimentally determined
force and moment coefficients for the body alone; and (2) to con-
tribute aerodynamic data for comparison with results being obtained
from other wind-tunnel and free-flight investigations of this model
at different Reynolds nunibers. Lift, drag, smd pitching mcment
were measured for various body-fin combinations for a rsnge of free-
stream Mach numbers and angles of attack. The Reynolds number
based on b~y length was 29.1, 29.2, 29.5, azid31.1 x 106 for Mach
numbers of 1.49, 1.59, 1.78, and 1.98, respectively.

SYMBOLS

The following symbols are used in this report:

A

b

CA

CD

cD,b

ACD

axial force’

radius of body at any station x

axial force coefficient, A/qoG

drag coefficient,

kase-pressure drag

D/qoS

(P-PO) ~
coefficient,

qo ~ Cos a

increment of drag coefficient due to angle of attack
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“D,F

Cf

%

cL,a

%

cm

CP

D

d

G

h

L

2

M

m

N

P

!l

R

s

s

%/c

u~

increment of fore drag coefficient,

skin-friction coefficient, based on

lift coefficient, L/qos

dCL/da

norml force coefficient, N/qOS

(Ac@~,~) ,

wetted exea

pitching-moment coefficient, in/q#

pressure coefficient, (P-PO)/!@

drag

center of pressure location ahead of center of moments

plan-form area

axial distance

lift

length of body

Mach num%er

from nose of model to center of moments

pitching moment about station of maximum cross section

normal force

static press~e

dynamic pressure, $ PM2

Remolds number, Pul/1.l

maximum cross-sectional srea

cross-sectional area of body at any station x

airfoil thickness to chord ratio

free-stream velocity

~~ .-
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volume

wetted area

distance from nose of model

cylindrical coordinates in terms of axes fixed to body

distance from nose of model to centroid of plan-form area

angle of attick

cotangent of Mach angle, m“

ratio of specific heats, 1.40

viscosity

density

velocity potential

Subscripts:

b

o

f

P

s

o

1

2

base of model

cross flow

friction

pressure

surface of model

free-stream conditions

conditions for model at zero angle of attack

conditions for model at angle of attack

APPARAm AND PROCEDURE

A photograph of the model used in this investigation is shown
in figure 1. The basic papabolic body had a maximum diameter of
6 inches and a fineness ratio of 15; however, removal of the aft

.
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portion to provide for the

5

rocket jet in the free-flight missile
resulted in a fineness ratio of 12.2. The bcdy WSS bltmted slightly
by removal of 1/4 inch from the nose (fig. 2), which resulted in
en over-all body length of 73 inches.

Sweptbaok stabilizing fins of circular arc profile and thickness
to chord ratio of 0.10 were attached to the model during the tests
of the body tith fins. The fins had a tiper ratio of 1.0 and an .

angle of sweepback of 60°.

The model was rigidly connected to a three-component strain-
gage balance located inside the body and the balance was attaohed
ta the tunnel sting-strut combination. Thus Onlynomal and axial
forces and moments’on the model were recorded and no tare corrections
were required.

The strain-gage balance design originated at the Ames laboratwy.
Static calibration indicated that interaction effects between the
three components were negligible and that the accuracy of the balance
was of the order of 2 percent. The effects of temperature variation,
were avoided by maintaining the balance at a constant temperature.

A pendulum-type angle of attitude indloator mounted in the nose
of the model was used to measure the angle of attack within O.1OO.

The static pressure was measured on the b-me of the model at
the two points indioated in figure 2.

The three model configurations investigated were: body alone,
body plus four fins, and body plus two horizontal fins. Each con-
figuration was investigated through a ~ge of Maoh numbers from l.49
to 1.98 end at angles of attack f%om 0° to @, unless model-sting
fouling occurred at a lower angle of attack.

METHODS OF COMPUI!ATIONAND REDUCTION OF DATA

The theoretical lift, drag, and pitching moment of the body
alone were computed by means of the linearized potential theory.
Equation (7) of reference 2 expresses the tbeoretioal pressure dis-
tributions as

@BmmENmI&I,===n-~”
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where

and

--mElmxL’

c??=Cp,l + Cp,z

wl ~b 2

()cp,l=. l_- —
Uo & dx

NACA RME50D28

1
*

CP,2 = 4a Cos e & + a2(l-4 sin2 f3) J

(1)

Cp,l is the pressure coefficient at zero angle of attack and CP,2

is the additive contributicmat an~e of attack. For the body dis-
cussed herein, which is defined by-the

b=x~@-

where

and

equation

x/45)

1

(2)()~x~73.25

c = 2/(15)2 -1

reference 2 has shown that the perturbation velocity component on
the body surface is expressed as

al

{

()
3-9A-1

—.-UOC 45
ax 2

1

13(&)2-1+:,2:2 COSIF=
()1 }

(3)

.

L J J
Lift and drag coefficientswere obtained by resolving the normal

and axial force coefficients into components perpendicular md ~llel .—–.
to the free-stream direction. For the determination of the normal

—

force, only the increment of pressure coefficient due to angle of
attack need he considered and the normal force coefficient can be 9
expremed as —

.
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P1 px

CN=; JJ CP)2 b cos 0 de dx (4)

00

equation the integral corresponding to the term a2(l-4 si.n2.9)
and the resulting norrrmlf’crcecoefficient becomes

2asb
CN=~ (5)

where. a is measured in radians.

~ a similar manner, the coefficient of moment about the staticn
of maximum cross section can be expressed as

2Yt

cm=gH CP,2 b(h-x) COS e d8 dx (6)

do do

where h is the distice from
of maximum cross section. The
coefficient is

—

the nose of the bcdy to the station
final equation for the moment

.
(7)

where ~ represents the ~ cross-sectional area of the body.

The center of pressure location obtained by dividing the moment by
the normal force is

d = & (Sm-~) + h (8)

The equation for the axial pressure force coefficient excluding
the pressure force on the base can be written as

lx

CA,P ‘; H =dedxcPb C&
00

(9)



8 NACA RM E5CD28 .

~ this case, the integral of the term 4a cos 6 ~ is zero, and

and tie remaining terms yield the equation

(CD)
a2Sb.—

cA,p = }P G4 S
po)

Resolving the normal and axial force coefficients, as given by
equations (5) and (10), into components perpendicular and parallel
to the free-stream directicm gives the find relations for the lift
and drag coefficients as #

2% U%b 2@b u3Sb _ ~b
CL=~ cos G-—

s
sin a ~ —-—

s s “r
(11)

(12)

Equation (11) agrees with the value of the lift coefficient
obtained by Tsien in reference 3. The value of (CD,p)@ ~

equation (12) was determined by graphically integrating the theo-
retical pressure distribution over the surface of the body
from x=O to x=X at zero angle of attack.

The force and moment coefficients were also computed by the
method of reference 1. h this method, a viscous cross flow is
added to Munkls potential solution to determine the forces acting
on a body inclined to the free stream. The equations as given in
reference 1 for the foroe end moment coefficients are

.

cm=daz-ho“’ *G’h-~’a2

(13)

(14)

.

●

(15)
.
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In the preceding equations, TI is a constant depending on the
body shape and Cd,c is the experimentally determined section drag

coefficient of a circular cylinder of radius b at the cross-flow
~ch nmber and Reynolds number. BaBed cm the conditions of this
investigation, ~ was obtained from reference 1 as 0.71 and an
average value of Cd,c of 1.2“was selected for the range of cross-
flow Reynolds numbers.

Calculations for a theoretical skin-friction coefficient Cf

at zero angle of attack were tie using the relati~ for turbulent
flow over a smooth flat plate as given by von K&man in reference 4,
where

1Cf = 0.072 —
R0.2

(16)

based upon the wetted area. b this equation, the free-stream Reynolds
number R Is evaluated with the model lengti as the characteristic
dimension.

The calculated values of Cf were converted to a skin-friction

drag coefficient based upon the nmximum cross-sectional erea by means
of the relation

(cD,f)@ “f~ (17)

The normal and axial forces measured by the strain-gage balance
were resolved into lift and drag components by the relations

L.NCOSCL-AEI~CL (18)

D= Acosu+I’Jstia” (19)

Drag increments of 0.020 at a Mach number of 1.49 and 0.006
at a Mach number of 1.59 were added to the measured drag coefficients
to correct for an axial pressure gradient @ the tunnel test section.

Data presented in reference 5 indicate that the sting interference
effect on drag is probably negligible for the ratio of sting diameter
to base diameter (O.66) of this model. The data in reference 5 also
indicate that the pressures over the boattail of the body &e unaffected
by chsmges in the support configuratim when the boundary layer is
turbulent in the region.of the base, as it was in this investigation.
Iu view of these results, no corrections for support interference
were considered necessary h the data presented herein.
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The drag measured.by the balance for the body alone at zero
angle of attack was compared with the sum of the drag components:
base-pressure, pressure, and skin-friction dragsO Base-pressure
drag was computed from the measured base pressures and pressure drag
was determined by graphical integration of the measured pressures
reported in reference 2. The effeet of the tunnel pressure gradient
previously mentioned was evaluated and appropriate corrections have
been applied to the data. At a Mach number of 1.49, corrections
of 0.006 and 0.014 were added to the measured base-pressure and
pressure drag coefficients, respectively; at a Mach number of 1.59
a correction of O.(X26was added to the pressure drag coefficient.
No correctiws were required at the higher Mach numbers.

The skin-friction drag was determined by calcuh.ting the change
in momentum of the boundary layer based on the measurements presented
in reference 2. Inasmuch as the boundary-layer growth along the model
was not measured, corrections for the effect of the pressure dis-
tribution could not be evaluated for these data. Calculations based
on an assumed linear rate of boundary-layer growth along the models
however, indicate that the correction might increase the skin-friction
drag coefficient as much as 5 percent. lb the reduction of the data,
the static pressure and the total temperature were assumed constant
through the boundary layer and the recorded total pressures were
assumed to act at the geometric center of each tube.

REWUl% AND DISCUSSION

The variation of the aerodynamic coefficients with angle of
attack and Mach number are presented in figures 3 and 4, respectively.
The lift curve slope increases with angle of attack and Mach num-
ber (figs. 3(a) and 4(a)) and is much greater at all Mach numbers
than would be predicted by linearized potential theory. The metbd
of reference 1 predicts the trend of the variation of lift coefficient
with angle of attack but underestimates the absolute value at the
higher Mach numbers. At a Mach number of 1.98 end an angle of attack
of 9°, the lift coefficient was underestimated approximately 17 percent.

The pitching-moment coefficient varied almost Iinearly with
angle of attack (fig. 3(b)) but was unaft’ectedby Mach number
(fig. 4(b)). Inasmuch as the previous discussion showed an increase
in CL,a with angle of attack and Mmch number, the center of pres-

sure would be expected to move rearward as shown in figures 3(c) and
4(c). The method of reference 1 overestimates the pitching moment

.

.
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more than potential
predicted much more
ever, the resulting

U

theory does (fig. 3(b)). Because the lift was
accurately by the method of reference 1, how-
center of pressure location is in closer agree-

ment-with the measired values (fig. 3(c)).
—

The data in figures 3(d) and 4(d) show that the drag coeffi-
cient increased with angle of attack but was essentially independent
of Mach number. As shown subsequently, from 17 to 32 percent of the
increment of drag coefficient due to angle of attack can be attri-
buted to the change In base-pressure drag with angle of attack.
Inasmuch as neither the method of reference 1 nor potential theory
accounts for this variation, the increments of fore drag A~,F

have also been plotted in figure 3(d). Comparisonof the res~ts
shows that the increment of fore drag was predicted much more
accurately by the methai of reference 1 than by potential theory.

A comparison of pressure drag coefficients determined by
potential theory and computed from the measured pressures at zero
angle of attack is shown in figure 5(a). Very close agreement was
obtained at all Mach numbers. A comparison of measured and cal-
culated skin-tiiction drag coefficients at various Mach numbers is
presented in figure 5(b). The value of skin-friction drag coeffi-
cient calculated by von IQ&&~s equation for turbulent flow over
a smooth flat plate overest~tes the experimentally determined values
approximately 3 percent at a Mach number of 1.49 and 9 percent at a
Mach number of 1.98. Inasmuch as the calculated values are,based on
incompressible two-dimensional flow, tie agreement with the experi-
mental results is probably incidental.

The data of reference 2 have been analyzed to determine the
contribution of base-pressure, pressure, and skin-friction drags to
the totil drag at zero angle of attack, and to compare the sum of the
calculated drags with the measured value. As shown in figure 6,
the base-pressure drag coefficient is approximately 20 percent, the
pressure drag coefficient is approximately 30 percent, and the skin-
friction drag coefficient is approximately 50 percent of the total
drag coefficient for this model. The summtion of the calculated
values agrees within 4 percent with the total drag coefficient measured
with the stiain-~ge balance.

i

Body Phzs Fi.ns

The aerodwic characteristics of the body plus four fins are
shown in figures 7 and 8 as a function of angle of attack end Mach
nuniber,re~pectively. The lift curve slope increased with singleof
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attack at all Mach numbers (fig. 7(a)). For a given angle of attack,
however, the lift coefficient decreased with increasing Mach number
(fig. 8(a)). Inasmuch as the body-alone lift increased with Mach
number, the decrease in lift for the body with fins is believed to be
due primarily to a 10ss of fin lift, although Interference effects
=y also be significant.

The variations of pitching-moment coefficient and center of
pressure with angle of attack and Mach number are presented in fig-
ures 7(b), 7(5), 8(b), and 8(c). The slope of the pitching-moment
curve decreased with angle of attack at all Wch numbers and at a
given angle of attack the static stability decreased as the Mch
number increased. The increase in pitching-moment coefficient with
hkmh number was accompanied bya slight forward movement of the
oenter of pressure as the M5ch number increased from 1.49 to 1.98.

The drag coefficient increased rapidly with angle of attack due
to the lift of the fins (fig. 7(d)) but remained essentially inde-
pendent of Mach number (fig. 8(d)).

Removal of the two vertical fins had a negli.gi.bleeffect on the
lift and pitching-moment characteristicsfor the range of Mach num-
bers and angles of attack of this investigation;however, the drag
coefficient (fig. 7(d)) was decreased approximately 0.050. This
decrement of dragcoefficient was independent of Mach number and
angle of attack.

The variation of base-pressure drag coefficientwith angle of
attack and Wch number is shown in figure 9 for the body alone and
the body plus four fins. The base-pressure drag coefficient was
essentially independent of Mach number at zero angle of attack.
At angle of attack, however, the base-pressure drag coefficient
decreased slightly with increasing~ch number but increased appre-
ciably with angle of attack. As previously mentioned for the body
alone, the increment of base-pressure drag coefficient at en angle
of attack of 9° accounts for 32 and 17.percent of the total Increment
of drag coefficient at I&oh numbers of 1.49 and 1.98, respectively.

The hysteresis effect (differencebetween values obtained with
increasing end decq?easingangles of attack) was reproducible. No
adequate e@anat@n of Wis phenomenon is available, but it is
believed to be associated with separation of the cross flti. The
hysteresis increased with Mach number for sJJ.configurationsand
was much greater for the body plus four fins. At a Wch number.
of 1.98&d an angleof atta-ti-of9°, the
imately I-5percent for the body plus four

hysteresis was approx-
fins●

.

●
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SUMMARYOF RESULTS

●

The aerodynamic characteristics of a slender pointed-nose
body of revolution were investigated in the llACALewis 8- by
6-foot supersonic wind tunnelat a Reynolds number of approximately
30,000,000 and at &ch numbers of 1.49, 1.59, 1.78, end 1.98 through
a range of angles of attack. mom this investigation, the folhwing
results were obtained:

1. The body-alone tivestigation indicates that linearized
~otential theory accurately predicted the pre8sure drag at zero angle
of attack. At angle of attack, however, potential theory over-
estimated the moment and underestimated the lift and ~e increment
of drag due to angle of attack.

2. The method of reference 1 predicted tie correct trend of
the data but overestimated the pitching moment and underestimated
the lift and the increment of drag at the higher Wch nunibers. A
comparison of the results indicates that the method of reference 1
predicted the variation of the lift, center of pressure location,
and the increment of drag with angle of attack much more accurately
than did potential theory.

3. The skin-friction drag coefficient for this model was pre-
dicted reasonably wellhy von K&m&fs equation for incompressible
turbulent flow over a smooth flat plate.

4. The body lift coefficient increased, whereas the body-plus-
fin lift coefficient decreased with increasing Mach nuniber.

5. The pitching-moment coefficient for the body alone was
unaffected by hhch number, whereas the pitching-moment coefficient
for the body plus fins increased with increasing Mach number.

6. The drag coefficient for all the confi@rations remained
essentially constant with Wch number. Removal of the vertical fins
from the body decreased the drag coefficient approximately 0.050
at all angles of attack and Mach numbers.

7. A breakdown of the measured drag coefficient into three com-
ponents for the body alone at an angle of attack of 0° indicates that
for this body the base-pressure drag was approxi~tely 20 percent,
the pressure drag was approximately 30 percent, and the skin-friction
drag was approximately 50 percent of the total measured drag.

.

.
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8. For all configurations, the base-pressure drag coefficient
increased with angle of attack but decreased slightly with increas-
ing Mach number at angle of attack. The hysteresis effect -d the
absolute values of the base-pressure drag coefficient were greater
for the body plus four fins than for the body alone;

Lewis Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,

Cleveland, Ohio.
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—-— Potential theory

‘—--Method of reference 1

Free-str%m
Mach number
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o 1.49
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Angle of attaok, a, deg

(a) Lift coefficient.

Figure 3. -Variation of aerod amic characteristics with angle
rof attack at four ?dac numbers for body alone.
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—.— Potential theory

——--Method of reference 1

Free-stream
Mach number
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o 1.49
1.59
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A 1.98
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Angle of attack, a, deg ‘

(b) Pitchfng-oment coefficient.

Figure 3. - Continued. Varlatlon of aerod~amic characteristics
with angle of attack at four Mach numbers for body alone.

fR-I-uE~}+AL—.—--—



20 &Q?!EQ~~~-= NACA RM E50D28

r

—. —Potential theory
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(c) Center of pressure.

Figure 3. - Continued. Variation of
with angle of attack at four Mach

aerodynamic characteristics
numbers for body alone.
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—-— Potential theory

-———Method of reference 1

Mach number

o 1.49

A 1.98

●3
Total meaeured drag

coefficient, %

.2

Increment of fore
drag coefficient,

.1

0 2
Angle of attack, u, deg

(d) Drag coefficient.

.

Figure 3. - Concluded. Variationof aerodynamiccharacteristics
with angle of attack at four Mach numbers for body alone,.
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