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1.0 INTRODUCTION

Initial reentry and space vehicles of primary interest were, in
general, axisymmetric. A capability for free-flight testing of such
configurations having force and moment characteristics linear with angle
of attack has existed for some time, both in wind tunnels and in aerobal-
listic ranges, for example, Refs. 1 and 2, With the imposed restraint
of linear force and moment characteristics, closed form solution of the
differential equations of motion could be obtained and fitted to the meas-
ured motion histories experienced by the bodies. In such a fitting proce-
dure, a fit of the measured motion history is obtained by adjusting the
unknown parameters in the motion equations. More recently the develop-
ment of numerical-integration fitting procedures (see Refs. 3 and 4), in
which the differential equations of motion are used directly in fitting the
measured motion histories, has permitted handling axisymmetric config-
urations having nonlinear aerodynamic coefficients., However, many of
the current and proposed vehicles of interest have appreciable asym-
metries. Motion histories of such vehicles, in general, cannot be de-
scribed adequately with the standard motion equations that have been
used satisfactorily with axisymmetric bodies. Hence, asymmetric vehi-
cles have represented an area in which the testing capability was inade-
quate. It should be noted that asymmetries as used here refer to inertia
asymmetries and to primary aerodynamic asymmetries which involve
significant differences between CN, and CNg and between |Cma| and

|CnB| . This is in contrast to publications in which asymmetries refer
to aerodynamic trim terms.

This report presents a discussion of the development of a procedure
(numerical-integration fitting approach in conjunction with revised motion
equations) compatible with bodies having appreciable aerodynamic and
inertia asymmetries. Further, free-flight experimental data for elliptic
cross-section bodies are presented. The experiments were conducted
in the von Kdrmdn Gas Dynamics Facility (VKF), AEDC, 1000-ft Hyper-
ballistic Range G.

2.0 MOTION EQUATIONS FOR ASYMMETRIC BODIES

The conventional motion fitting technique as used for many years
is restricted to axisymmetric bodies and, as noted previously, is re-
stricted to bodies having linear force and moment characteristics (see
Ref. 5). The closed form solution of the yawing-motion differential
equations associated with that technique is also dependent on the ratio of
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the rolling velocity of the body to its longitudinal velocity being constant.
Another area of concern in that fitting technique is the axis systems in-
volved. Although the experimental yawing motion of abody{measured with
a range shadowgraph system) is defined relative to a fixed-plane axis sys-
tem, the yawing-motion equation used is referenced to a nonrolling axis
system so that the equation canbe written in closedform. A sketch of the
fixed-plane axis system is shown inFig. 1a. In this system ¢ = 0 and, by
definition, the y-axis of the fixed-plane axis system remains in the (xo-yo)
plane. In the nonrolling axis system, the rolling velocity (p) is zero by
definition. This restraint corresponds to ¢ = ¢ sin 6; however, for small
amplitudes, the two axis systems are comparable. Although errors re-
sulting from the two-axis systems approach are believed to be negligibly
small, in general, their use is an undesirable characteristic of the fitting
technique as is the velocity ratio restraint.

The numerical integration fitting technique (NIF technique) developed
for axisymmetric bodies (see Refs. 3 and 4) is significant in that it permits
removing some of the undesirable features of the conventional aeroballistic
range technique. In the NIF technique for axisymmetric bodies, the differ-
ential motion equations are referenced to a fixed-plane axis system, the
velocity ratio restraint is removed, and nonlinear aerodynamic force and
moment characteristics can be handled. An additional feature of this tech-
nique is that the motion histories of more than one flight can be fit simul-
taneously. This multi-fit feature extends the capability of defining non-
linearities by permitting the use of flights of the same configuration but
which experienced different mean amplitude levels. However, a funda-
mental and undesirable feature still is involved with the NIF technique for
axisymmetric bodies -- appreciable aerodynamic or inertia asymmetries
can not be handled.

The present study has been directed toward extending the capability
of the NIF technique such that free-flight motion histories of bodies with
appreciable asymmetries can be analyzed adequately. Definition of the
motion equations for asymmetric bodies follows the same approach em-
ployed with axisymmetric bodies in which the basic relations of Newton
are used:

L =F
and i
H=M

Here, L and H are the linear and angular momentum of the body and F
and M are the corresponding force and moment.
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The problem of defining the motion equations is simplified for
asymmetric bodies by using afixed-body axis system (rolling axis system),
rather than the fixed-plane axis system, in conjunction with an earth-fixed
axis system (see Fig. 1b). The time rate of changes of the linear and
angular momentum for the general constant mass body can be written
(see, for example, Ref. 6):

i"x = {u + gw - rv)m (1)
Ly = (v +ru - pwim (2)
L, = (W + pv - quim )
I'lx = [,p=- [,yq - It + arfl, = Iy) -pql,, - q2 I, + r2[yz + rplxy (4)

i . . 2 2
Hy = 1,4 = Iy = 10 + pell, - 1) - raly - “ L, + p° L, + paly,  (5)

, = Ii =~ Lp-13+pql, - 1) -p?L ~pl, + ¢l +al, (6)

i

A

/A
AR
A
S

A\

a. (x4, y1, 21} Fixed-plane axis system,

b. ixed- i
(xo0, Yo, Zo) Earth-fixed axis system {x, v, z) Fixed-body axis system,

{xg, Yo, zo) Earth-fixed axis system

Figure 1. Axis systems.

As all current and proposed reentry type missiles have at least
one plane of symmetry, the angular momentum equations are simplified
by restricting the equations to bodies for which the (x-z) plane is a plane
of symmetry.
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Hence,
Hx =Lp-1,r+ ol - Iy) - paly, (7)
Hy = La-pdl, - 1) + 1,Gp% - % (8)
H, = i+ pgl, - 1) + L (qr = p) (9)

Note that only one cross product of inertia component (I, ,) is involved
for bodies for which the (x-z) plane is a plane of symmetry.

Although the inertia terms associated with an asymmetric body are
easily defined, the components of the aerodynamic forces and moments

along the three axes of the body-fixed axis system can be very difficult
to define.

In Sketch 1 below, the angle (o) defines the orientation of the plane
of the total yaw angle (8) relative to the body-fixed axis system. In
contrast to the usual derivations of motion equations for asymmetric

bodies (see, for example, Ref. 6), it is apparent that the general yawing
motion of an asymmetric body can involve in-plane and out-of-plane
forces and moments that are functions of 0. Of the forces and moments

\ Asymmetric Body
CN (Linear Force

> Characteristics)

CUSIR
v
B, ON -

X

6
8 | \ CNa - In-Plane Force

y

Derivative

_/>\ (CNg)g p ~ OQut-of-Plane
o \ *

. Force Derivative

z

Sketch 1
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that are dependent on the roll orientation of the total yaw pla.rie, it is
believed that the following ones are of primary concern:

1. The in-plane and out-of-plane static forces and
their corresponding static moments and

2. The increment involved in the static roll moment.

The additional aerodynamic terms corresponding to the above forces and
moments are the ones that are examined here. The problem of defining
the aerodynamic terms for an asymmetric body can be better appreciated
by first examining the forces on the axisymmetric body in Sketch 2
below:

a, CNQ:

Axisymmetric
6 Body

v
- y
Bl CNB \.
Body-Fixed Axis

Wv System as Viewed
)\ from Uprange
c
z

N\

Sketch 2

Again, § is the total yaw angle and o is the orientation angle of the total
yaw plane relative to the y and z axes. From aerodynamic symmetry
considerations, there will be no out-of-plane force involved, and the
normal force coefficient in the é-direction can be written for a body
having a cubic force variation,

(Cy)s.pin = Cngoind + Cy, o (sin )

where
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and

Iy
Crs = |7 o
sind » 0

Hence,

\/’— \/’T_z 3
w v w + v .
CNZ = CNB I + CNSS v cos o
where
w
cCosS o = —————————
V‘wz + V2

Hence

w Wz + V2
CNz - CN3 (-"T) ¥ CN38 ( y3 "
3 2
w w v w
= Cxs (Tf) * Ongs ('\7) * Cngs (va)
3 2
w w v w
I\-a (v) " CN3a (7) * CN3a (?)

Replacing Cy, and CN with CNQ and Cng3,., respectively, in the last
expression foflows from the force derivative of an axisymmetric body
being independent of 0. The force coefficient in the B-direction can be
written similarly. The point of interest that can be observed in the

above expressions is that the normal force, in the §-direction, for an
axisymmetric body having a linear or nonlmear force coefficient is a
function of only 6. Similarly, in the case of the linear portion of the
force coefficient, a component, say in the a-direction, is dependent

only on the @-motion. However, the @-component of the nonlinear portion
of the force coefficient is dependent on both the @-motion and the S8-motion

|
)

10



AEDC-TR-75-158

experienced by the body. Similar comments obviously hold for compo-
nents in the B-direction. It is important to recognize that the total normal
force for an axisymmetric body being independent of ¢ permits one to
easily define expressions for the required components in the a- and B-
directions.

In the case of an asymmetric body having a linear force variation
(see Sketch 1), CNa and CN, are the corresponding force derivatives if
all of the yawing motion is €ither in the a- or B-planes, respectively.
As CyN, can be different from CN _, it follows that Cyj,, normal force
deriva?lve in the plane of the totafl’ yaw angle (6), will necessarily vary
with o, the orientation angle of the plane of the total yaw angle. Further,
the out-of-plane force derivative [(CN ) p, ] will also be a function of
o. It follows that the variations of CN6 and (Cn )o, p, With o are re-
quired; however, there is a very limited amount of experimental data
available to aid in defining precisely the variation of either Cy
(CN ) O.P." Hence, approximate variations for both Cy, and (6CN )
with ¢ have been deduced. These are given below and are be11eved to
be quite adequate for bodies for which the force derivatives don't change
appreciably between positive and negative yaw angles.

It is important to note that, in the defined variation for Cy 5 tWo

basic parts are involved. One part is dependent on the roll orienta-
tion (o); whereas the other part is independent of ¢. The approximate
variation for CN'5 used is

Cng = (CNa)mean + ACyg
Here, (CNé)mean is the portion of CN4 that is independent of . Ob-

serve that the direction of ACN5 is indicated in Sketch 3. Also shown
in Sketch 3 is ACNB. which is defined here to be the difference between

CnN, and CNB

Note that (CNé)mean corresponds to CN,, in the ACNB expression, and
that ACN, (dependent on o) is a function of ACNB and can be written

. N
ACN5 = ACNB|sm o| = ACNB X \/wz+—vz

11
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\

) q&//

Sketch 3

This variation for ACy, follows from the boundary conditions (see Sketch
3), ACNg=0ato =0 and ACN, - ACNB at o = 90°, The expression for Cj

can now be written:

I
Cl\'s = CNa + ACNB w2 + v2 (10)

Further, the assumed variation of (CN4)o, p, (see Sketch 3) with o is

||

C' Kllsil‘l %“ = 2Kl

N5 0.p. f2 . 2 (11)
This variation follows from the boundary conditions [(CN )o = 0} for

o = 0 and 90 deg and has a maximum value at ¢ = 45 deg. Note that K; =
(CNglo, p, at o =45 deg.

The resulting normal force expressions derived here for asym-
metric bodies are listed below and are consistent with the following
restraints. The portion of the normal-force coefficient (linear or non-
linear) that is independent of o has been handled as described in the
previous section concerning axisymmetric bodies. Portions of the
normal-force derivatives that are dependent on o have been assumed to

12
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vary linearly with 6. Hence these components have been handled con-
sistent with the previous section concerning in-plane and out-of-plane
force derivatives that are functions of . Note that any part of the force
derivative that is nonlinear and dependent on o has been assumed negligibly
small. This assumption is believed to be quite valid. It is felt that these
approximate expressions for the force variations with o are reasonable,
and attempts to refine them further are not justified until more experi-
mental data for asymmetric bodies become available. Thus,

Cy, - (CNz)o v ¢y (7) + ACyg [#] y

) (12)
- %K, [_v_(.;_:_ﬁ)] + Cy s [(%4)3 + "—:3!]
and
¢, = (), * e, (¥) + A, [72&)7-1 =
w? 3 2'-1 (13)
+ 2K1|:‘7(:2:—vzl + CNsa[Gl) + "—v—;’_

~ The corresponding moment expressions including terms resulting
from the above in-plane and out-of-plane forces can be written:

| vl
C, = Cno - Cma GI) + ACnB{M]%'

\ (14)
2 3
vw v VW
* 2K2[v(w2+ Vz-)_\' Cngs [(T') e ]
and
Co = Co + €y () -ac, [L| 3
o a B \/w2+ i) v
(15)

2 3 2
v W w v W
+ 2Ky [V(w2 + v2)] * Cm33l§7) ¥ 73_]

Finally, for missile-type vehicles which usually experience small roll
rates, the o-dependent increment to the roll moment can have, in some
cases, the most significant o -dependent effect on the motion of the body.
The assumed variation of this increment with o is

= sin {No)lC ind + C sinzﬁ)
AC‘E sin (l\a)( 201 sin 202

13
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This variation follows from the boundary conditions (see Sketch 1),
ACjy =0 for o = 0 and 90 deg. Hence, for the present elliptic bodies,
N = 2, and the rolling-moment coefficient as used in this report can

be written:
2 2
Cg = Gy (;—:,) + sin (No) | Cy ( < T") v, (W (16)
P o) v 202 v2

By using the above listed expressions for inertia terms and static
aerodynamic force and moments and also accounting for the gravitational
force and damping moments, the basic motion equations as revised for
asymmetric bodies can be written, viz.,

bpal (I, +1,-1) + af-12, + 11 ~1)]

-p=
. (17
+ I,,qAd C + I,qAd Cpl 5
Liz=1y2
lil= [+pr(lz-—lx) + lxz(rz—pz) + qAd Cm]T]— (18)
¥
P beqrl (1 -1,~1) + pdI2, + 10, -1)]
(19)

1

+ 1,,9Ad Cp + 1,gAd C | 5
Izlx— Ixz

o
1]

_(% 2[+ C,l cos @ cos
+ Cy (sin @ cos ¢ sin p— sin ¥ cos ¢)
Yy

+ Cy (sin 6 cos ¢ cos ¢ + sin ¢ sin ¢))

v, o= - %:— V2[Cx cos @ sin
+ Cy (sin@siny sing + cos i cos ¢)
y

+ Cy (sin 6 sin  cos ¢ ~ cos | sin ¢)]

-
[

_g—: V2[—Cx sin 8 + CNY x sin¢ cos

+ CNzcos¢ cosf] + g

14
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where,

pd e e !/w2+\'2 . 2, 2
C = Cto + Czp 2—") + sin (No) [(.gal( v ) 4 (,ea2 (w v )]

Ca= () + Co (5) - AC,, (_i_l_) »

we 4 v
' 2 3 2
%K, [—* )+ C (1) ) . T (1‘3
" 2 (V(w2+ vz)) * m38( v ! v3 ¥ Mq \2V
C. - -C (-‘!) A v \»x
n (Cno) m\V) * CnB =27
2 3 9
() - Cou®) ) (2
* 2 (v(w2 + ‘,2)) mss ( v) * v3 + Cmq 2v
W2+ V2 v wo o+ \!2
C, = C,‘o + Cxa( > + ACXB vz

2 3 2
S L C (_':) vow
1(V(m? + v2)) " Na (v !

Note that the above angular motion equations define the motion rela-

tive to the fixed-body axes, whereas the translational motion equations
define that motion relative to earth-fixed axes.

The programming required to incorporate the motion equations for
asymmetric bodies into the NIF technique was accomplished on contract

15
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with Armament Systems Department, General Electric Company,
Burlington, Vermont. Programming aspects of the NIF technique are
discussed in detail by Whyte and Hatheway of the General Electric Company
in Ref. 4. The fitting programs are of an iterative type in which adjust-
ments to the equation parameters béing determined are obtained using the
method of least squares and differential corrections. These programs
have considerable flexibility in that the individual aerodynamic parameters
listed in the above equations may be fitted or held constant. Further, the
programs include additional aerodynamic terms, not listed, which permit
handling motion histories for bodies having higher-order nonlinearities or
for the more simple bodies having aerodynamic and inertia symmetry.

Some of the roll-dependent aerodynamic terms listed in the above
equations reflect modifications to terms initially included in the present
programs. These modifications are currently being incorporated into
the programs.

3.0 APPARATUS

3.1 RANGE

Range G consists of a 10-ft-diam, 1000-ft-long tank that is con-
tained within an underground enclosure (see Fig. 2). It is a variable-
density aerodynamic range and contains 53 dual-plane shadowgraph
stations. Forty-three of the stations are positioned at nominal 20-ft
intervals, yielding an 840-ft instrumented length. The spacing of the
other stations is such that a station is located approximately 10 ft
downrange of stations 5 through 10, 12, 13, 15, and 16. The angular
orientation and position of most test configurations can be determined
to within approximately +£0. 25 deg and +£0.002 ft, respectively, at each
station. A chronograph system measures intervals of flight time to
within £2 x 107 sec. The range pumping system provides range pres-
sures from 1.7 atm down to about 20 uHg. The nominal operating
temperature of the range is 76°F. The launcher used in this investi-
gation is a two-stage, light-gas gun having a 2. 5-in. -diam launch tube.

3.2 CONES AND TEST CONDITIONS

Four elliptic cones of the same configuration were flight tested.
A configuration sketch is shown in Fig. 3. The cones had a minor-to-
major axis ratio of 0.75 and were. constructed of aluminum with a
Fansteel® 60 nose tip. Two pins (0.025- and 0.04-in.-diam) were

16
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inserted into the base of each cone. These pins protruded from the
base 0.1 in. and provided a means for obtaining the roll orientation of

the cone as a function of flight time.

Figure 2. Range G.

Nosetip Radii = {0 B34
0. 025
(Nominal 4-percent Bluntness)
& . L i 1.714
4. 697 1.2

All Dimensions in I nches

Figure 3. Elliptic cone.

¥
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A typical four-component sabot was utilized in launching the cones.
The sabots were constructed of Lexan® s, and all cones were launched in
an uncanted orientation relative to the sabot. The initial angular distur-
bances to the cones were those arising from muzzle effects and from the
cone-sabot separation process.

The four cones were tested at a’Mach number of about 7.5 and a
Reynolds number, based on cone length and free-stream conditions of
about 2. 7 x 106, The physical characteristics and test conditions of the
individual cones are listed in Table 1.:

Table 1. Test Conditions and Physical Characteristics of the
Elliptic Cones Investigated

Shot Rep m, I, x 10%, I x104 I x 104, L

No. M x 10-6 gm in. -1b-sec . -1b-sec? in.-lb-sec? a-plane | B-plane
1 7.3 2,6 105. 38 1.08 9,11 8.79 0.026 | 0.033
2 7.4 2.6 106.07 1.09 9.23 8.89 0,028 | 0.036
3 7.7 2.8 99, 95 1.09 9.32 8.87 0.033 | 0.039
4 7.6 2.7 99, 30 1.07 9.29 8.95 0.035 | 0.047

&Nose Bluntness Ratio

4.0 UNCERTAINTIES IN AERODYNAMIC PARAMETERS

It is significant to note that the experimental errors of concern in
ballistic range aerodynamic measurements are, in general, of a random
nature. Therefore, it is felt that the spread in the measurements of an

aerodynamic parameter provide the best estimate of the total uncertainty
in that parameter.

Although experience in reducing data using the current fitting pro-
grams are limited, uncertainties in the reduced parameters should be
comparable to the estimates listed below; these estimates are based on

spreads in measurements observed in the present test and in previous
Range G test programs.

Coefficient Cp Cm Cn cp Cmq

Estimated Total 1.5 2 5 0.3 10
Uncertainty (20)*, %
/

*g~Standard deviation of measurements

18
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5.0 DISCUSSION

Representative plots of the yawing and rolling motions of the elliptic
cone shots are shown in Fig. 4, The reversal in the rolling motion (§) is
of particular interest because such a reversal is normally not experienced
by an axisymmetric body. Satisfactory fits were obtained for the motions
of the four cone shots although residuals of fit were, in general, about 25
percent higher than residuals normally observed in motion fits of axisym-
metric bodies. Accounting for the roll moment contribution that is ¢-
dependent was shown to be very important as the inclusion of the C'Qo*l
term was necessary to permit satisfactory fits of the motions of these
shots. However, onlylinear aerodynamicforce and yawing moments asym-
metries were used (CN, and Cyj,, and Cp,  and Cp,p). It is felt that any
nonlinearities associated with the small nose bluntness ratios of the pre-
sent tests would be negligibly small; however, the oc-dependent force and
moment terms discussed previously and currently being incorporated into
the fitting programs would be expected to permit some improvement in
the motion fits. It is important to note that attempts to fit the measured

Shot No. 1 Note: Different Symbels Used Only for
Unflagged Symbols: Curve Fit Points Indicating Different Portions of
Flagged Symbols: Corresponding Experimental Points the Motion Pattern
a
3 —
1o}
. 2k
on l [~
3
- Start of Flight
-]
0
_l -
-z -
3 1 1 ! 1 1 1 I I 1 1
-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6
B, deg

a. Yawing motion
Figure 4. Representative motion patterns for the elliptic cones.
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200 ¢

190

180

170

&
S 160
<
150
140
Sym
130 - O Experimental
Points
== Curve Fit
120 1 1 1 ——
L] 0.02 0.04 0.06 0,08 0.10
t, sec

b. Rolling motion
Figure 4. Concluded.

motion histories of the elliptic cones using the previously developed
fitting programs designed for axisymmetric bodies failed completely.

The aerodynamic data obtained for the elliptic cones are presented
in Figs. 5 through 10. In Fig. 5, the components of the normal force
coefficient are shown as functions of the amplitude experienced in the
pitch and yaw planes. The force measurements in each plane are con-
sistent for the four shots. For the cone roll orientation indicated in Fig.
5 (major axis of the elliptic cross section in the o-plane), the measure-
ments indicate that the force derivative in the a-plane is approximately
70 percent of that measured in the B-plane, which is indicative of an
appreciable configuration asymmetry. Motion fitting attempts involving
nonlinear force terms did not produce any detectable improvements in
the quality of fits. A comparison of the present normal force data, as
a function of ellipticity, with Newtonian predictions from Ref. 7 is shown
in Fig. 6 and indicates good agreement between the predicted and experi-
mental values.
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Figure 5. Normal force coefficients.

3 - [ \—T
a
r L)
3 \
-] 2F
&
sk ? e
R Sym
8 Band of Present
5 1} I Measurements
O Newtonian Predictions
- (Ref. 7, ¢ = 0)
0 I L ] ] L L L 1 1 ]
0 1.0 2.0

Ellipticity, a/b

Figure 6. Comparison of experimental and predicted force derivatives.
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The moment data are presented in Fig. 7 and indicate similar effects
of the configuration asymmetry as observed in the force data. Apparent
deviations in the measurements for shots 3 and 4, and for shots 1 and 2,
in the a-plane, are believed associated with differences in nose bluntness
ratio, (¢) (see Table 1). In Fig. 8, the center of pressure (cp) data are

shown as a function of the nose bluntness ratio.

Though the measurements

do not indicate a detectable difference in cp between the two planes, they
do suggest a bluntness effect. A similar effect of ¢ on cp has been ob-
served previously for axisymmetric bodies (see for example, Ref, 8).

Note that the observed differences in nose bluntness resulted from con-
struction deviations and were not intentional.
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Figure 7. Moment coefficients.
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Figure 8. Variation of center of pressure with bluntness.
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The mean damping derivative (Cm,) is shown in Fig. 9. No meas-
urable asymmetry in the damping moments between the pitch and yaw
planes was detected. The scatter in the measurements is believed related
to the small amplitude levels of the present shots,

-8 ~
B O
C
mq -4 - O O
O
0 S N S T SR SR N
6 7 8 9 10

Figure 9. Damping derivative.

The mean drag coefficient (Cp) is shown in Fig. 10 as a function of
the mean amplitude experienced in the flights. Attempts to detect differ-
ences in the drag coefficient for the @- and 8-planes were unsuccessful,

0.12
0.11 |
Co o.10 | o
0.09 | O o»
0.08 I | 1 1 | | | L { ]
0 1 2 3 4 5

Figure 10. Mean drag coefficient.
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The experimental data presented are significant in that they are
believed to be the first free-flight data obtained for such bodies and they
indicate that the present motion analysis procedure provides a useful
extension to the free-flight testing capability. It should be noted that one
can expect asymmetries in the drag and damping moment always to
be difficult to detect at small amplitudes. This follows because the effects
of these two parameters on motion histories are small when small ampli-
tudes are involved.

A logical extension to the present effort would be further revisions
in the aerodynamic expressions to account for magnitude changes in a
derivative, such as Cm,, as the angular motion changes sign. Such ex-
tensions are obviously desirable as they would permit handling asym-
metries of greater complexity.

The elliptic configuration of the present test has two planes of
symmetry, and hence no cross product of inertia terms were involved.
However, a more general asymmetric configuration has only one plane
of symmetry, and consistent with the equations of this report, Ixy can
have a non-zero value. Asl,, can bedifficult todefine experimentally, it
represents an area of concernintesting general asymmetric configurations,
It was initially believed that there was a possibility that 1., could be
treated as one of the unknowns in the motion fitting procedure and it
could be determined similarly to the unknown aerodynamic parameters.
Hence, in the present programs, the motion equations were programmed
to permit an option of treating I,, as either a known or an unknown. A
limited study using generated motions (with and without simulated ex-
perimental errors in the model orientation angles and displacements)
has indicated that Iy, can be determined satisfactorily in the fitting
procedure. To date simulated vehicles with an inertia ratio (Iy,/I,)
up to 0. 06 have been examined, and the aerodynamic parameters were
evaluated quite well when I, was treated as an unknown in the motion
fits. It is important to note that for the higher end of the (I,,/1,) ratio
band examined, the aerodynamic parameters could not be determined
if Iy, was ignored in fitting the motion, that is, assumed to be zero,
Confirmation that I;, can, in general, be handled as above requires
examination of a wide range of motion patterns.

6.0 CONCLUDING REMARKS

A numerical-integration, motion-fitting procedure previously
developed for axisymmetric bodies has been extented to vehicles having
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appreciable aerodynamic and inertia asymmetries. The primary prob-
lem in the extension of the procedure is related to the required revisions
to the expressions defining the aerodynamic forces and moments which,
for asymmetric bodies, can be very dependent on the roll orientation of
the body relative to the plane of the total yaw angle.

Experimental free-flight data are presented for a cone of elliptic
cross section that has appreciable aerodynamic asymmetries. These
data indicate the potential usefulness of the developed motion analysis
procedure.
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Cing
Cm,, Cm3 o
Cms: Cm3s
CNz

CNy

CNa’ CN3a
CNB’ CN3 8
CNg» CN3,
Cn

CnB' Cn3 8
cp

d

H

Ie. L, I,

Tz Ly Ty

NOMENCLATURE

Reference area (cone base area)

Mean drag coefficient for flight
Rolling-moment coefficient
o-dependent rolling moment derivative

Moment coefficient (a-plane)

9 Cm
q{d/2v)
Linear and nonlinear moment coefficients (a-plane)

9 Cpp
9 dt(d/2v)J

Mean damping derivative for flight, [a

Linear and nonlinear moment coefficients (5-plane)
Normal-force coefficient (a-plane)

Normal-force coefficient (8-plane)

Linear and nonlinear force coefficients (a-plane)
Linear and nonlinear force coefficients (38-plane)
Linear and nonlinear force coefficients (6-plane)
Moment coefficient (8-plane)

Linear and nonlinear moment coefficients (8-plane)
Center of pressure {percent of cone length)
Moment reference length (cone bage diameter)
Angular momentum of the cone

Moments of inertia

Products of inertia

Linear momentum of the cone
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p,q,T

X,¥,2

X0:Y0s 2o

w-’ 9,¢

SUBSCRIPTS

X,¥,2
0

SUPERSCRIPT
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Mach number
Mass of the cone

Reynolds number based on free-stream conditions
and cone length

Angular velocity components of the fixed-body
axis system

Linear velocity components of the fixed-body
axis system

Fixed-body axis system (see Fig. 1)

Earth-fixed axis system (see Fig. 1)

Velocity of cone

Components of total angle of attack in the pitch plane
Components of total angle of attack in the yaw plane
Total angle of attack

Roll orientation angle of the plane of the total yaw
angle relative to the fixed-body axis system

(see Sketch 1)

Euler angles, ¢ is also nose bluntness ratio (nose
radius/base radius)

Indicate directions along fixed-body axes

Indicates coefficient at zero yaw angle

Derivative with respect to time
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