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FOREWORD

This final report documents work accomplished during the period
4 February 1971 through 15 November 1972 by Alpha Research, Inc., Santa
Barbara, California, under Contract No. F08635-71-C-0089 with the Air
Force Armament Laboratory, Eglin Air Force Base, Florida. Monitoring
the pregram for the Armament Laboratory were Messrs, M. Bouffard and
Zznd 1.t. Paul Mayer (DLDL). The principal investigator for the contractor
was Mr. James E. Brunk.

Digital computer service, flight-test support service, and model
design and fabrication service in support of this effort were provided by
the Air Force Armament Laboratory and Armament Development and Test
Center, Eglin Air Force Base, Florida,

Additional wind tunnel test support was provided by the 4T Projects
Branch, PWT, Arnold Engineering Development Center, Arnold Air Force

Station, Tennessee,

This technical report has been reviewed and is approved.

\ -
DAL M. DAVIS
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ABSTRACT

The flight dynamics and dispersion characteristics of candidate
S-Curve and roll-through-zero bomblets are evaluated by use of the Monte
Carlo method. Detailed analyses of bomblet-cluster breakup and bomblet
configurational and aerodynamic asymmetries are used to establish the
statistical input data required for the Monte Carlo analyses., Improved
aerodynamic data packages for both the S-Curve and roll-through-zero
bomblets are provided, and results of additional wind tunnel tests are dis-
cussed. Monte Carlo simulations show that for realistic flight environ-
ments. both the S-Curve and roll-through-zero bomblets can achieve large
and uniform impact patterns, For a repf’esentative dispenser HOB of 2000
feet,opening velocity of 900 feet/second, and 45 degrees flight path angle,
impact pattern widths of 800 and 600 feet are computed for the S-Curve and
roll-through-zero type bomblets, respectively. The effects of transonic
and supersonic delivery, large static mass unbalance, nose-roughness
asymmetry, and intentional fin cant on the S-Curve bomblet flight character-
istics and dispersion are investigated in detail. Flight test dispersion data
for the S-Curve bomblet, as obtained from air-gun launched models, is
compared with results from analytical simulations. A dynamic wind tunnel
mode! support system, designed for testing the S-Curve bomblet, is de-
scribed.

Distribution limited to U, S, Government agencies only;
this report documents test and evaluation; distribution
limitation applied January 1973, Other requests for this
document must be referred to the Atr Force Armament
l.aboratory (DIL.DL), Eglin Air Force Base, Florida 32542,
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NOMENCLATURE
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Lift coefficient
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. . 1
C%z sin n,% + ng)a sin n, ¢
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Damping derivative (for angle of attack plane);?)CM/?)(gv)

Body-fixed pitching moment coefficient due to aerodynamic
asymmetry

Pitching moment coefficient due to fin deflection and/or lateral
misalignment

Overturning moment coefficient due to acrodynanmuc roll angle -
first harmonic CMm(e) = (‘M\ sin n, B :
Magnus moment coefficient

Normal force coefficient

Normal force coefficient due to fin deflection and/or lateral
misalignment '

Body-fixed yawing moment coefficient due to aerodynamic
asymmetry

Damping derivative (Magnus plane); C.IT:,’M/’..J%%:')

Normal force cocfficient due to acrodynamic roll angle ~ first

harmonic Cy (3] = CN‘ sinond

Magnus force cocfficient

Side force coefficivst d v to acrodynamie voll angle -
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Side moment coefficient

X




A

12293

s o m o

— e
LI

—
”

y

4~ o1 o ©W B3 3 3 3

- !

I - IR B

g

w

NOMENCLATURE (Continued)

Side moment coefficient due aerodynamic roll angle —~ first,

B et oo g M (41 = G, i ¢
2

Aerodynamic reference length, bomblet diameter

Force

Acceleration due to gravity

Event altitude

Transverse moment of inertia

Axial moment of inertia

Nondimensional inertia, L /pSd>

Product of inertia

Mass

Nondimensional mass, m/p Sd

Number of fin planar pairs

Number of fins

Roll rate

Body-{ixed angular rate about y axis

Pitch rate in angle of attack plane

Body-fixed angular rate about z axis

Angular rate component for Magnus plane

Radial displacement of bomblet from dispenser axis of rotation
Crosg-range dispersion at impact

Range dispersien at impact

Aerodynamic reference area, xdl/4

Time

Time at cluster break-out

Free-stream velocity

Velocity

Event velocity

Radial velocity at cluster break-ouwt or cluster spread velocity
Weight




X
oy
X, Y, 2

X, Y, 2

-

«ra
44

x»

P

NOMENCLATURE (Concluded)

Displacement of c¢g along body axis of symmetry
Lateral displacement of ¢g (along y axis)
Bedy-fixed axes

Inertiai reference axes

Total angle of attack

Trim angle of attack

Flight path angle

Angular deflection of flight path

Flight path angle at dispenser event

Fin deflection

Cant angle of all fins uniformly deflected

Kifective defiection oi a planar pair of fins

Lateral misalignment of body ard fin assen:biy

Roll erientation of aerodynamic surfaces {(see Figure 12)
Roll orwentation of lateral imisalignment (see Figure 12)
Frequency parameter for aerodynamie rall angle depandence
Crientation of cross velacity (see Figure 12}

Avr density

Standard deviation values

Rail arientation of body axes {see Figure i

Grientation of radial selocity at cluster breas-out
Orientation of angle of atltack plane at vluster break.out

Urnientatinn of angie of attack plane with respect to vertical plane
(far theoretical conng molion analysis)

Prrturbation of
Aerodynanuc roll angle (sre Figure 12

Orientation of angle - ¢ attacx plane {see Figure 12)
Dispenser roll rate

Rotation rate of model support sting

Xi

{ The reverse of thas page s blank}




SECTION 1

INTRODUCTION

One of the most effective means of dispersing a cluster bomb unit is

through the use of aerodynamic self-dispersing bomblet munitions. With this
approach the energy requirements for dispersal are not only derived from
the kinetic and potential encrgy of the aircraft and dispenser, but more sig-
nificantly, the dispersal force is applicd over the entire bomblet flight
period. The advantage of aerodynamic dispersion increases with increasing
delivery Mach number.

While self-dispersing magnus-rotor-type bomblets have received
considerable attention and utilization in recent years, other types of aero-
dynamic self-dispersing bomblets have yet to be introduced in quantity. Two
new types of self-dispersing bornblets appear particularly promising, namely,
the S-Curve type bomblet and the roll-through-zero type bornblet.

The S-Curve bomblet 1s comprised of an axially symmetric body or
body-fin configuration which is designed to provide an unstable restoring
moment at small angle of attack and a stable pitching moment slope at a large
trim angle of attack. The 8-Curve name is derived from the shape of the

nonlinear pitching moment curve,

The roll-through-zero bomblet is comprised of a lifting-body configu-
rativn equipped with a roll prodacing device which will cause the bomblet to
roll in a direction opposite to its initial direction of roll. The dispersion of
this type bomblet is inversely proportional to the magnitude of the roll torque
used to reverse the roll,

Proth the S-Curve and roli-through-zero bhomblets have quasi-ballistic
flight characteristics, relatively Jow drag, and rosce-first impact,

Preliminary analytical studies of the flight dynamics and dispersion
characteristics of these bomblets were accomplished under Air Force Con-
iract No, F08635-70-C-0012 and the results presented in References | and
2. These investigations revealed the general feasibility of both the S-Curve
and roil-through-zero type bomblets and provided preliminary estimates of
the area coverage,

\ The remaining problems wore (1) to determine if these bomblets
coulrd properly function under representative cluster break-up conditions,
) to determine the performance degradation due to realistic configurational
and aerodynamic asymmetries, (3) to determine the actual impact pattern
distribution; and (4) to evolve bhomblet shapes and candidate configurations
adaptable to a wide range of possible warhead and weapon system concepts.



The present effort has encompassed both a wide range of analytical
and experimental programs directed toward the answers to these problems.
The analytical effort has entailed the development of a comprehensive Monte
Carlo trajectory andiimpact pattern simulation program, based on modifica-
tions to the six-degrée’,s-of-freedom (.6-DOF) trajectory program (References
3-and 4). Concurrent With the previous and present analytical efforts, sever-
al series of wind tunnel tests of S-Curve and roll-through-zero bomblet
models were accomplished by the Air Force, using the Arnold Engineering
Development Center (AEDC) facilities, These data have been integrated into
all of the analytical simulations and are discussed in detail in the body of
this report.

To provide additional verification of the S-Curve bomblet perform-
ance, a flight test program, using gun-launched models, was initiated and
completed during the contractual period, The test pian and model designs
were provided by the contractor, while the tests and data acquisition were
accomplished by the Air Force Armament Laboratory. A summary of the
test results and analyses of these data are provided in this document.

Because the aerodynamic characteristics of bomblet configurations
undergoing combined rolling and coning motions at large trim angles of
attack are still not well understood, the development of a special dynamic
wind tunnel test system was undertaken. The test system was designed by
the contractor, fabricated by the Air Force Armament Laboratory, and
installed in the Arimament Laboratory subsonic wind tunnel. A description
of the test system and its operation is provided,




SECTION 0.

S-CURVE BOMBLET INVESTIGATIONS

A, CONFIGURATIONS

The present effort has been concerned primarily with two basic
5-Curve bomblet configurations as depicted in Figure 1. These two config-
urations were selected from the results of the original analytical study
({Reference 1) as having the best performance characteristics of those
models originally evaluated in the transonic wind tunnel tests (Reference 5).

During the course of the present contractual effort some additional
configurational modifications to the basic 4-caliber body were investigated
in the wind tunnel facilities of AEDC, including two different blunt-nose
shapes and fins with increased span. The larger fins (0.14 caliber exposed
semi-span) were incorporated as a means of improving the allowable axial
cg range.

Because increased span fins complicate the bomblet-dispenser paci-
aging, design studies were accomplished to determine a more optimum
‘'shape. Figure 2 illustrates a modified afterbody which allows the exposed
fin semi-span to be as large as.0.20 body-diameter without loss of packag-
ing efficiency, Design concepts were also devised for rearward extension
of the fin assembly as a means of imiproving the packaging and allowable
axial cg ranpge. An cextensible fin design is depicted in Figure 3. The con-
figurations shown in Fignres 2 and 3 were not wind tunnel tested, but tests
of a similar extensible fin concept for an S-Curve version of the BLU-87/B
arc described in Reference f.

lLow finecness ratio S-Curve configurations were also brieflyexam-
ined. ligure 4 illustrates two low fineness ratio shapes with S-Curve
moment characteristics based on the data of References 7 and 8. The lift,
damping, and trim stability gradients of these configurations are poor com-

parcd with the basic 4-caliber designs., ™
B. AERODYNAMIC CHARACTERISTICS - RASIC S-CURVE
CONFIGURATIONS "

The original acrodynamic data packages for the basic 5-Curve bomb-
let configurations (Reference 1) hive been improved and extended in Mach
number as a resalt of further wind tunncl tests and analyscs, This work is
reviewed in the following paragraphs,

Wind Tunnel Tests The static and dynamic stability characteristics
of the two basic S-Curve bomblet configurations, at Mach numbers from 0.2

3
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to 1.2, were previously described in References 1, 5, and 9. In this
report, only the results of more recent testing will be described. All wind
tunnel tests have been accomplished at the Air Force Arnold Engineering
Development Center (AEDC) test facilities.

During the period of the present contractual effort, additional static
and dynamic stability data for the basic S-Curve configurations were obtained
at Mach numbers 1,5, 2,0, and 2.5. Also, magnus data and fin cant effec-
tiveness were obtained at subsonic and transonic conditions and roll damping
data were measured at subsonic, transonic, and supersonic Mach numbers.
These additional series of tests are described in References 10 and 11.

Subsequently, two new blunt-nose shapes and increased- span fins
were evaluated in conjunction with both the cylindrical and boattail afte rbody
models (References 12 and 13), Static and dynamic stability characteristics
of the modified configurations were determined at subsonic and transonic
conditions,

‘ Static Aerodynamic Characteristics The supersonic wind tunnel
data for the two basic S-Curve configurations show that the static stability
increases at supersonic Mach numbers. The S-Curve moment character-
istics are retained at supersonic Mach numbers, but the trim angles are
less than those at subsonic Mach numbers. The trim characteristics of the
two basic bomblet configurations are showr in Figure 5. Note that the trim
data for the boattail bomblet are based on a cg position 0,228 calibers aft
of that for the cylindrical afterbody bomblet, It is significant that the trim
angle of the boattail bomblet varies only slightly as a function of Mach
number, whereas the cylindrical afterbody configuration experiences large
trim changes through the transonic range.

Dynamic Stability The pitch damping, Cmq + Cm 4 increases at

supersonic Mach numbers, for both basic configurations, There is only a
slight effect of angle of attack on the damping at supersonic Mach numbers.

Magnus Characteristics  The magnus tests of the basic cylindrical-
afterbody configuration show that the magnus force and moment are consid-
erably less than previous estimates based on the data of Reference 14.
Magnus force and moment. data at Mach numbers 0.5 and 0.8 are shown in
Figure 6. The data were obtained for a test Reynolds number of 550, 000
based on body diameter, which corresponds to a flight velocity of about
500 feet/second for a 2-inch diameter bomblet under sea level conditions.
Tests at various Reynolds numbers show that the magnus data are sensitive
to Reynolds number, particularly for angles of attack greater than about 16
degrees,

The magnus force data for angles of attack less than 20 degrces are
positive (negative CNP) and thus are in agreement with body-alone cross

8
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flow predictions based on the applicable cross.flow Reynolds number, For
angles of attack greater than eight degrees there appears to be some magnus
effect due to fin-wake interference, since the magnus force is different for
increasing and decreasing spin rates, which has the effect of reversing the
magnus force due to fin-wake interference. Tke effect of nose shape on
the magnus characteristics is very pronounced at 0.5 Mach number, and at
very large angles of attack the spherical nose homblet experiences negative
magnus forces at Rny = 550,000, However, the magnus force becomes
positive if the Reynolds number is decreased, These eifects are believed
to be due to the fins, since the body-alone magnus characteristics should
not be influenced by Reynolds number for these conditions.

It is noteworthy that the magnus force and moment are quite small at
the nominal trim angles of attack and, hence, the tendency for coning motion
is greatly reduced for the basic S-Curve configurations.

The reason for the large difference between the present results and
the Australian Weapons Research Establishment data on a similar shape
(Reference 14) is not understood.

The magnus characteristics of the basic S-Curve configurations at
supersonic Mach numbers were estimated from data correlations on simiiar
shapes and from consideration of both body-fin interference and crosg-flu-=

effects. The resulting coefficients were found to be highly nonlinear wi .
angle of attack.

Spin Characteristics The spin damping coefficient, C, , was

measured for the basic S-Curve configuration (Reference 11} and found to

be less than the original estimates presented in Reference 1, although the
increase in damping with angle of attack was similar, New estimates for
the spin damping at supersonic velocities were required, since spin damping
tests were not accomplished for Mach numbers greater than 0.9. The
supersonic damping was estimated from the subsonic data, usm& propor-
tionality factors based on the fin normal force derivative,

The fin effectiveness coefficient, C)¢ . was measured late in the
program for the model with large span fins (Reference 13). These data are
shown in Figure 7, These coefficients, when corrected for the smaller

size basic fins, are still somewhat larger than the estimated curve, which
was used for most of the :notion simulations,

Effect of Acrodynamic Kol Angle  During the present effort, the
effect of aerodynamic roll angle on configuration BSNS?.AE;IFS?. was inves-
tigated in the wind tunnel at supersonic Mach numbers (Reference 10), The
first harmonic coefficients, CSP'I' le. and Cge}, . were evaluated at

¢ = 15 degrees., For angles of attack less than 10 degrees there is no

11
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significant effect due to aerodynamic roll angle, but at larger angles of
attack these cuefficients increase rapidly and become very nonlinear with
angle of attack. The induced roil and side moment coefficients, Cgyy and

% » are plotted in Figure 8 and compared -vith the subsonic results,
3

Effect of Asymmetrical Nose-Roughness It has been reported that
asymmetrical nose roughness can have a significant effect on the side force,
side moment, and roll moment (Refcrence 15), [f nose roughness is confined
to a single meridional orientation, the above coefficients can experience an
abrupt change in magnitude and sign when the body-fixed roughness plane and
the angle of attack plane coincide. A typical variation of the side moment

coefficient variation as a tanction of the aerodynamic roll angle is depicted
in Figure 9. :

To model such affects in the 6-DOF computer program,
aerodynamic step function was provided, which together with first and second
order roll dependent harmonics, permitted a close approximation of the test
data. Figure 9 also shows a typical fit obtained with the step function and
harmonics. Provision was also made for the step function to have a differ-
ent phase for the side moment and the roll moment,

a special

The asymmetrical nose-roughness efie
of the 6-DOF mation simulations,

disiinct aerodynamic asymmetry.

¢t was not incorporated for all
but was investigated as a separate and

L{fect of Increased Span Fins  The effect of increasing the exposed
sem:-span of the basic §-Curve bombict fins from 0.078 caliber to 0.14
caliber was investigated as a means of tmproving the bomble
range, The effect of the larger fins on the normal foice center of pressure
is depicted in Figure 10. The increased fig span allows a 0.3 caliber aft
¢g shift for the cylindricatl afte rhody configuration and a 0.1% caliber aft eg
shift for the boattai) afte rbudy configuration at subsanic conditions, The
larger fing allow the ¢g to be at or near the body madpoint, Data are alse
shown for a configuration with in reased nose curvature, Although the
center-of-pressure is moved rearward, the §-Curve moment characier-

istic is lost, since the center of Pressure moves forward with increasing
angle of attack. '

t allowable g

The increuase in fin span was found te have neglip. bie effcet on the
indwed derodynamic forces and mament coeflicients, Cgyp, Csm . and
'C% for angles of attack less than 12 degrees., For asgles of attack larger
than 20 degrees there is some 6\firtence in the induced aerodynamic coeffi-
cients for the two different fin sizes, particularly the rol! maiment, C%,'

The magnus force coefficients ior configuraiion BgNg Ae 1 Fgq . with
the increased span fins, are about equal or iess than those for the smaller
fins at angles of attack iess than cight degrees. The Magnus daia for

i3
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configuration BgNg,Ag Fgg are described in Reference 13. At angles of

attack greater than twenty degrees the magnus force becomes increasingly
positive (CNp < 0) for the large fins, The magnus moment, in contrast, is

significantly increased for the larger fins at all angles of attack less than
about twenty degrees, and CMP is positive throughout this angle of attack

range for Mach numbers of 0.9 and less., The magnus moment coefficients
for the configuration with large fins are highly nonlinear with angle of attack,
and CMP becomes negative for angles of attack greater than twenty degrees.

Interestingly, positive fin cant reduces the magnus moment, and for 3 de-
grees cant the magnus moment is near zero for subsonic Mach numbers and
angles of attack less than about 10 degrees.

Aerodynamic Coefficients - 6-DOF Simulations A tabulation of the
aerodynamic coefficients used for the 6-DOF motion simulations are pre-
sented in Tables [ and II for the basic cylindrical afterbody and boattail
afterbody configurations, respectively. The aerodynamic coefficients are
tabulated both as a function of Mach number and angie of attack. Coefficients
are shown for only five Mach numbers because of the limitation of the 6-DOF
trajectory program. A detailed description of the coefficient definitions can
be found in References 3 and 16. The coefficients are divided into two
groups; the first group of coefficients represents the aerobaliistic coeffi-
cients which are independent of the y-2z body-axis roll orientation. 'The
second group of coefficients is applicable only to a specific set of y-z body-
fixed axes, which are aligned with a plane of rotational symmetry. This
second group of coefficients defines the induced aerodynamic forces and
moments, which are harmonic functions of the aerodynamic roll angle, as
well as the coefficients which describe the configurational and aerodynamic
asymmetries,

C. PREDICTED FLIGHT DYNAMICS OF BASIC CONFIGURATIONS

Fffect of Roll Dependent Aerodynamic Coefficients The addition of
roll dependent aerodynamic coefficients, Cspr Cgmy and Cry,» to the pre-
vious 6-DOF motion simulations (Reterence 1) produced some interesting
results. !  For small configurational asymmetries and small cant angles,
it was fo :nd that roll lock-in was oceurring for nearly all of the computed
motion histories. [t was also noted that the lock-in was not a direct result
of the roll torques. It was discovered that the lock-in is critically affected
by the roll dependent side moment. A re-examination of the equation for
zero coning motion (Appendix [} has »hown that for zero roll rate the roll
dependent side moment must hav: o positive gradieat with respect to the

! The induced ae rodynamic coefficients were not included in the original

S§-Curve bomblet simulations, Reference i.
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aerodynamic roll angle for the zero coning solutions to be stable, i,e.,

d Csm
——— > 0 : stable zero coning
d¢
Figure i1l illustrates the side moment coefficient variation with ¢ for con-
figuration BgNgyAg1Fgp and the values of ¢ at lock-in for a series of ten

trajectories which included both roll dependent moments and cg lateral
offset, In all cases lock-in occurs in regious where the inequality is satis-
fied.

The lock-in condition implies that the roll rate and coning rates are
identical, so that zero coning is possible only for the singular case of zero
roll rate, Although the side moment controls the region of lock-in, the
specific lock-in conditions are determined by the roll torques. The effect
of the roll torques will be discussed next.

Effect of CG Lateral Offset Since for small cant angles lock-in
can be expected from the side moment, as described above, it is important
to see how the lock-in may influence the roll dynamics, since the roll rate
and coning rate will be identical. The roll dynamics can be greatly influ-
enced by cg lateral offsct, as well as by the fin cant and fin-induced
aerodynamic moments, From the diagram of Figure 12, it is se¢en that
the roll moment due to cg offset is?

G - Cn =L sin g (1

where

£ = nfed-% oy
Thus, the roll moment due to cg offset depends both upon the aerodynamic
roll angle, ¢, and the orientation of the fin symmetry planes with respect
to the orientation of the cg offset, which is given by the anv’'+ -, Fora
particular bomblet ¢ is a constant, while the aerodynamic roll angle, §
is influenced stronaly by the fact that the motion tendxs toward a condition
where d Cgg/d ¢+ has a positive gradient. This implies that the angle ¢,
which controls the roll moment due to cg lateral offset, will have discon-
tinuous ranges of valuesa, and consequently, the induced roll moment itself
will change incrementally, depending upon the lock-in angle. The induced
roll moment due to c¢g offset reaches a maximum when £ has values of
nl2, 3Inf2, ete,

z Equation (1) assumes that all other transverse aerodynamic forces are
zero,

20
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HORIZONTAL

¢

Sl

Figure 12, Definition of Angles and Axes Used in Describing
Bomblet Roll Dynamics

The roll rate (and also the coning rate) will obviously depend upon
both the roll driving torques and roll damping, although the direction of roll
will in many instances be determined by the roll torque due to cg offset,
because it will often be larger than the fin cant and fin induce acrodynamic
roll moments.

Detailed examination of 6-DOF motion histories for o series of runs
where the standard deviation of Ay was 0,008 inch, showed that for all the
runs where lock-in occurred, the terminal spin rate was of the same sign
and approximately proportional to the induced roll moment resulting from
the cg lateral offset,

The effect of cg lateral of{xet on the dispersion is shown in Figure
13, The data were obtained from 6:DOF trajectery calculations with and
without o affset, and show the e reiase or decrease in radial dispersion
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Figure 13, Effect of CG lLateral Ofiset on Radial Dispersion

as a function of cg lateral offset. As can be seen, the dispersion data

tend te be erratic because of the incremental changes in the roll lock-in
angle and roll rate, It is also noteworthy that a cg offset of only 0,002
inch has a large effect on the dispersion,

Fffect of Fin Cant For large c¢g offsets, the preceding indicates
that targe roll and coning rates can be anticipated, as long as lock-in occurs,
An obvious approach to the prevention of lock-in is the use of large intention-
al fin cant, such that the effects of ¢g offset and the side moment are over-
come,

A preliminary evaluation was made using a cant angle of 0.5 degree
and a standard deviation of cg lateral offset of 0,008 inch. For a trim
angle of attack of 10 degrees and a g olfset of 0.008 inch, the maximum
roll torque due to g offset is approximately the same as that due to cant,

N
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Out of 10 flight simulations only one lock-in condition was noted. Figure 14
compares the roll rates and angle of attack plane histories for two bomblet
flights differing only in the cant angle and cg offset, The angle of attack

plane rotation (coning) is significantly reduced with the intentional fin cant,
even though the roll rate is greatly increased,

The effectiveness of intentional fin cant has also been proven from
large Monte Carlo samples where, in addition to cg lateral offset, lateral
misalignment and nose-roughness asymmetry were also present,

It should be mentioned that the effectiveness of intentional fin cant is
due in part to the relatively small spin dependent magnus moment. This
allows the roll rate to be increased to moderate values without adverse
magnus effect on the coning motion,

The maximum cant angle is established either by magnus considera-
tions or by the possibility of the configuration becoming gyroscopically
stable. The cant angle required for gyroscopic stability decreases very
rapidly as the bomblet fineness ratio is decreased, due both to the decrease
in the ratio of the transverse to axial moment of inertia and the reduction in
unstable pitching moment derivative at zero angle of attack.

D. DISPERSION PREDICTION - GENERAL CONSIDERATIONS

It is difficult to assess the impact dispersion characteristics of the
S-Curve type bomblet without consideration of the exact bomblet motion.
This is due to the fact that the aerodynamic lift force (which provides the
dispersion) is constantly changing in magnitude and direction as a result of
the bomblet dynamics, The dynamics of the S-Curve type bomblet, in turn,
are highly sensitive to the initial flight conditions and bomblet configura-
tional asymmetrics.

For these reasons the trajectory calculations have been formulated
80 as to provide the closest possible duplication of actual bomblet flight,
This has necessitated that the initial flight conditions at disp. user opening
and during cluster break-up be realistically simulated, and that bomblet
configurational asymmetries be introduced which are represcntative of
actual production ordnance,

In contrast, a simplified treatment of the bomblet dispersion based
on constant trim angle of attack and no angular motion., would not only over-
predict the dispersion but would not provide an impact pattern distribution.
Subseauently, poor agreement between the simulations and flight results
would be expected,
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Monte Carlo Method To the maximum practicable extent, the per-
formance of the S-Curve bomblet has been investigated using the Monte
Carlo method, taking into account both the randomness of the initial flight
conditions and the configurational asymmetries, The Monte Carlo technique
and its adaptation to the simulation of bomblet cluster break-up and configu-
rational asvmmetries is described in Section IV. Except for center-of-
gravity lateral offset, parametric analyses (with one or more fixed values
of each parameter) have been avoided, since results obtained in this way
can be misleading unless a sufficient range of all variables is investigated.
The limitation of the parametric type of analysis is simply a result of the
fact that nearly all of the parameter responses are nonlinear, This pre-
cludes any generalization of the results or the use of linear superposition

as a means of determining the combined effect of a large number of param-
eters, Although parametric analysis is widely used in the determination of
the dispersion of conventional bombs, projectiles, and missiles, it is not
apprepriate for self-dispersing ordnance.

E. MONTE CARLO IMPACT PATTERNS

Except where noted, dispersion data have been computed for bomb-
lets uof standardized size, weight, and inertia. The standardized physical
chareacteristics data are summarized in Table II. Also, emphasis has
been pi .cedon threce dispenser event conditions, corresponding to dispenser
or warhead function at high subsonic, transonic, and supersonic Mach
numbers, -espectively, The high subsonic event condition is defined as
the basic event condition, and is identical to that considered for the original
S-Curve dispersion studies (Reference 1), The transonic event conditions
are representuiive of those for a prototype guided dispenser, while the
supersonic ¢vent conditions are based on the flight characteristics of a
surface-to-surface tactical missile warhead.

TABLE HI. PHYSICAL CHARACTERISTICS DATA FOR
STANDARD SI.E §-CURVE BOMBLET
I
Length 8 wnches
Diameter - & nches
Aerodynamic Reference Area 0.02i8 n?
Aerodynamic Helerence Length 0167 feut
Weight i.31 pounds !
Axial Moment of Inertia, I, 1.629 % !0‘4 smg-ﬂz
L Transverse Moment of Inertia, 1 ] 1,66 x 10°% siup.it |

2.




Except where noted, the bomblet initial motion perturbations at
cluster break-out and the bomblet configurational asymmetries correspond
to the values described in Section 1V of this report.

Impact Dispersion Pattern - Basic Evert Condition Figure 15
shows the computed Monte Carlo impact pattern data for the basic high-
subsonic event condition, with 2000 feet height-of-burst (HOB). The pattern
is computed for the cylindrical afterbody bomblet configuration
BgNg2Ag1Fs2, with the center-of-gravity positioned for a nominal subsonic
trim angle of attack of 10 degrees. The impact pattern is a composite of
two separate simulations. ‘the open symbols represent a Monte Carlo sim-
ulation of 100 runs in which the cg lateral offset was neglected, but all
other configuration asymmet-izs were included. The solid symbols repre-*
sent a simulation of 70 runs with a standard deviation of cg lateral offset
of 0.0016 inch. In the latter series the fin cant was identically zero. The
standard deviation values of cross-range dispersion are within two percent
for the two groups, while the standard deviation values of range dispersion
are within ten percent for the two groups. Thus, small values of cg lateral
offset do not significantly affect the impact pattern, even though the effect on
individual trajectories may be large.

The overall pattern length is seen to be about 1000 feet, while the
overall pattern width i, about 800 feet. For the combined patterns, the
standard deviations of range and cross-range dispersion with respect to the
mean center of impact are 231 and 183 feet, respectively. This shows that
the impact peints tend to have greater concentration toward the center of the
pattern. Figure 16 shows the cumulative probability distributions for the
first group. The distribution of impact points is piccewise normal, 3 em-
phasizing the fact that the impact dispersion characteristics are the result
of nonlinear interactions between the dispersion paramoters.

Comparison wath Zero Comng Solutions It is of interest to compare
the Monte Carlo results with a pattern prediction based an zero coning. For
the basiv event condition, a series of zero coning trajectories were com-
puted with the initial orientation of the angle of attack plane as a parameter,
The initial angle of attack was in all cases asrumed to be § degrees (nose
outward {rom the line of flight) and chiiter break-up was assumed to occur
instantanzously at an altitude 200 feet below the dispenser HOB, This point
represents approximately the lowe st cluster break-sut point in the Monte
Carlo simulations. The locus of impact points computed in this manner is
shown superimposed on the Monte Cazlo pattern of Figure 16,

3 The ne rmal distribution appears as a straight line on the probability
graph, :
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It is apparent that the simplified theory overpredicts the Monte Carlo
dispersion pattern; however, the maximum dispersion values computed in
the Monte Carlo simulations closely approach the zero coning boundary.

Transonic and Supersonic Delivery  Monte Carlo dispersion data
for the transonic dispenser event condition were computed for the basic
boattail-aiierbody homblet, because this configuration has much better trim
characteristics through the trahsonic range, Preliminary pattern size pre-
dictions based on zero coning showed that the boattail bomblet would have
about twice the dispersion of the cylindrical afterbody bomblet. The cluster-
breakout perturbations and configurational asymmetries correspond to the
data of Secticon IV, except that cg lateral offset is neglected.

Figure 17 shows the computed impact pattern for the transonic dis-
penser event conditions with HOB of 2000 feet., The standard deviations of
cross~-range and range dispersion with respect to the mean center of impact 2
are within ten percent of those for the subsonic event condition,

For the supersnnic event (Vg = 2000 fps) the boattail configuration
was again selected. The impact pattern data are shown in Figure 18. The
results show a very large increase in the area coverage, with a few bomb-
lets impacting several thousand feet forward of the mean center of impact,
Thus, it is evident that the large dynamic pressure can be exploited for
increased dispersion, notwithstanding the proportionately larger terminal
spin rates and tendencies for coning motion,

1able IV summarizes *he statistical dispersion data for the subsonic,
transonic, and supersonic event conditions which have been evaluated, It
will be noted that the standard deviation values of the range and cro.s-range
dispersion for the supersonic event condition are greater than the subsonic
and transonic values by factors of about four and two, respectively. Ob-
viously, this larger dispersion can alsc be exploited by a decrease in the
HOB.

Effect of Static Unbalance The static unbalance {lateral center-of-
gravity offset) of a bomblet configuration can be expected to vary widely
depending upon the method of manufacture and assembly. Using the sub-

E sonic event condition, separate Monte Carlo impact pattern simulations

4 were accomplished for the following values of static unbalance: 0, 0.0016,
0,0080, and 0.0400 inch, The initial motion perturbations and iateral mis-
alignment remained identical to those used for the previously described
simulations. A minimum of 70 trajectories was computed for each simu-
lation. For these simulations the fin cant was assumed to be identically
zero, The results of the simulations are summarized in Figure 12, which
is a plot of both the maximum dispersion and the standard deviation of dis-
persion versus the cg lateral offset parameter., The results show that cg
offscts greater than 0,001 inch have a measurable effect on the dispersion
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TABLE IV. COMPARISON OF IMPACT DISPERSION DATA FOR
SUBSONIC, TRANSONIC, AND SUPERSONIC EVENT CONDITIONS

Standard Standard
Mean Mean Deviation Deviation
Range Cross-Range Range Cross-Range
Event Conditions X Y Uy Oy
(Feet) (Feet) {Feet) (Feet)
ﬁ‘ ey
Subsonic Event 1853 -17 221 181
Vi = 900 (ps
YE - 45°
Transonic Event 875 i1 202 183
Vg = 1145 {ps
YE . 65.7°
Supersonic Event 1978 -139 959 470
. YE  s0° l
] e b
Note: 1} HOR 2000 feet.

2) Conlipuration BSNSJASI ¥y, for subsonic event,

Configuration BgNg 1 Agy gy for transonic and supersonic
events,
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and that for cg offsets greater than 0.0l inch a very large decrease in
both the maximum and standard deviation of dispersion can be expected,

Effect of Fin Cant Some of the preceding simulations were repeated
using intentional values of fin cant of 0.1, 0.5, and 2,5 degrees. The 0.5
degree cant angle was found to significantly increase the dispersion for cg
lateral offsets of 0.0016 and 0.0080 inch, and the results are superimposed
on the zero cant data in Figure 19, The 0.1 degree cant angle was found to
be insufficient to prevent roll lock-in even for a cg offset of 0,0016 inch,
and out of 35 trajectories, 21 developed a roll lock-in type motion with ¢
constant, The 2.5 degree cant angle, which was investigated in conjunction
with the 0.0400 inch cg offset, did not improve the dispersion, This was
due both to the increased magnus moment and the tendency toward spin
stabilization,

It should be emphasized that a finite trim angle of attack due to the
S-shaped moment curve will exist only if the configuration is gyroscopically
unstable, The cant angle required for gyroscopic stability at zero angle of
attack is only 3.0 degrees at Mach number 0.5, Because of the nonlinearity
of the moment curves, the non-rolling trim is reduced by cant angles less
than 3. 0 degrees.

Effect of Initial Pitch Disturbance For the basic Monte Carlo sim-
ulations an initial pitch rate at cluster break-out was introduced such that the
magnitude of the first peak in the angle of attack vscillation had a 2.; value
of about 45 deygrees. For a 900 fps event velocity, the corresponding
standard deviation for the pitch rate was estimated to be about 35 radians/
second,  Statistical analysis of 30 Monte Carlo simulations computed with a
standard deviation of initial pitch rate equal to 35 radians/second showed
that the maximum angle of attack was 52 degrees and that the mean value of
the first oscillation peak was 30 degrees, A second Monte Carlo simulation
was accomplished with twice the piteh rate at cluster break-out.  Again,
from analysis of 30 trajectorics, the maximum angle of attack was found to
be 92 degrees, - hile the  can value of the first oscillation peak was in-
creased to 46 de, rees with u standard deviation of 21 degrees,

The ¢ffect of the increased pitch rate on the impact dispersion was
surprisingly small; the standard deviation of cross-range dispersion was
decr sa: od about 20 percent, while the standard deviation of range disper-
sion w1 actually increased about 5 percent,

et of Increased Tran: o e uf Altack The tmpact patterns
shown  Figures 1%, 17, and 18 arc based on bomblet conligurations which
have a nominal trim angle of attack of approximately 10 degrees at low sub-
sonic velocities, This trim angle was selected conservatively, so as to
avoid possible anomalous bomblet motions due to the higkly nonlinear induced
acrodynamic moments at Jarge angles of attack. To determine the

[
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significance of these nonlinearities at large angles of attack, the nominal
trim angle of attack of the cylindrical-afterbody bomblet was increased to

16 degrees, and a new Monte Carlo simulation accornplished, The impact
patterns are compared in Figure 20, For the large *rim angle, the standard
deviation values of range and cross-range dispersion are increased by fac-
tors of 1,67 and 2.20, respectively, These compare to a factor of 1,72 for
the bomu.el normal force increase at the larger trim angle.

Effect of Bomblet Mass Density While the S-Curve bomblet disper-
sion is essentially proportional to the lift/weighi ratio, the effect of the
bomblet mass and inertia is also felt through the pitch and roll dynamics.
To determine more exactly the relationship between the dispersion and the
bomblet mass density, Monte Carlo simulaticns were accomplished for two
bomblet configurations differing only in mass density. The heavy bomblet
was assumed to have twice the mass density of the standard bomblet. For
these simulations the boattail bomblet configuraticn was assumed, with the
nominal trim angle of attack adjusted to sixteen degrees., The basic sub-
sonic event condition was selected for the analysis.

The computed impact patterns (based on 30 trajectories each) were
statistically analyzed and it was found that the standard deviations of range
and cross-range dispersion for the heivy bomblet were 47 percent of those
for the reference bomblet; in other words, the dispersion was approximately
proportional to the reciprocal of the mass ratio.

The results show that th2 effects of mass on the flight time and flight
velocity tend to be compensatory insofar as the dispersion is concerned.
Also, the dispersion is appareatly not very sensitive to changes in the roll
and pitch dynamics resuiting ‘rom the increased moments of inertia,

Effect of Nose- Roughness Asymmetry The effect which nose-
roughness asymmetry can have on the aerodynamic characteristics of an
S-Curve type bomblet is d scribed in Section 1i- B, To determine the effect
of nose-roughness type asymmetry on the dispersion, Monte Carlo simula-
tions were accomnlished for the cylindrical-afterbody bomblet configuration
using the basic subsvnic event conditions. The standard deviation values for
cant and lateral misalignment were identical to those derived in Section IV,
while the standard deviation of cg lateral offset was assumed to be 0,0016
inch, ' ’

For the first Monte Carlo simulation the mean fin cant was set to
zero. The impact data, in the case of zero mean cant, showed a 40 percent
reduction in the standard deviation values of range and cross-range, when
comparison was made with the impact pattern data computed without nose-
roughness asymmetry, Detailed vxamination of the bomblet motion histories
showed that periods of roll lock-1i: and erratic pitching motion were encount-
eret, .
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The Monte Carlo simulation was repeated with a mean fin cant angle
of 0.5 degree. With intentional fin cant the reduction in the standard devia-
tion of cross-range dispersion was only 3 percent while the reduction in
range dispersion was but 15 percent.

Thus, nose-roughness asymmetry should not be of great concern if
intentional fin cant is utilized.

F. SPECIAL STUDIES - HIGH DRAG AND DUAL MODE BOMBLETS

For certain bomblet warheads, a near-vertical flight path at impact
is desirable as a means of achieving optimum weapon effectiveness,

High-Drag Bomblet A brief investigation was made to determine
the effect of drag on the flight characteristics of a typical S-Curve bomblet,
The high-drag configuration was assumed to have a two-caliber attached-
inflatable-decelerator (AID), which would be configured such that the bomb-
let would retain an S-curve pitching moment, The modified configuration
was assumed to have the same lift and trim characteristics as the basic
cylindrical afterbody bomblet, but the subsonic drag coefficient was in-
creased by an order of magnitude.

Figure 21 compares the planar trajectory and range dispersion for
the basic and high-drag configurations, based on the representative subsanic
dispenser event condition. Bomblet orientation for mnaximun dispersion is
assumed. The trajectory data show that a large amount of dispersion is lost
due to the higher drag, even though the flight time is increased,

The increased drag was effective in increasing the maximum flight
path angle at impact from 65 to 81 degrees and the minimum flight path
angl: at impact from 10 degrees to 72 degrees.

Dual-Mede Bomblet  The dual-mode S-Curve bomblet incorporates
a drag device which can be deployed after a pre-selected time of {light,
Dispersion is achieved during the {irst {lifting) flight phase: winie the
second (high-drag) flight phase is utilized for increasing the flight path
angle at impact. '

Trajectory and dispersion data for the dual-mode type 5- Curve
bomblet are compared with the standard S5-Curve bumblet in Figure 22, Re-
sults for the dual-mode bomblet are shown for two different values of the
drag coefficient for the high-drag phase. The smaller drag coefficient i
representative of an AID configuration while the larger drag cocfiicient is
representative of a small parachute.

Depioyment of a deag device at about 2.0 seconds after cvent and at
about 1000 fret aluve ground level significantly increases the impact tlight

I8
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path angle but, at the same time, cause a large loss in range dispersion,
particularly for the parachute device,

To achieve both large dispersion and large impact flight path angles
it is evident that decelerator deplovment must be delayed, In fact, for the
lift-down trajectories, it is nct even nez=cssary for the decelerator to deploy,
since the impact flight path angles are large in any case, With the para-
chute-type decelerator dep'vyed at 4,0 secounds the range dispersion is about
1500 feet while the impact flight path angle is of the order of 70 degrees for
both the lift-up and lift-down cascs,

G. ANALYSIS OF ALTERNATE S-CURVE CONFIGURATIONS

Many bluff- shaped bodies with low aspect ratio fins or subcaliber
stabilizers can be made to have S-Curve moment characteristics with either
small or no modifications.

Candidate S-Curve configurations of both low-fineness and high-fine-
ness ratio can be selected with good lift-curve slopes. However, the after-
body configuration is quite important and most boattail shapes, while having
good moment characteristics, tend to experience a reduction in lift-curve
slope.

A number of recent wind tunnel tests of bomb and bomblet models
provide data on configurations which differ significantly from the two basic
S-Curve bomblets analyzed in the present studies., References 6, 7, 8, 14,
17, and 18 present aerodynamic data on configurations wita »-Curve mo-
ment characteristics, which may be useful in the development of alterrate
S8-Curve canfigurations., Normal force slopes for o number of candidate
S5-Curve configurations are presented an Figure 23,

It 18 nuteworthy that S-Curve versions of the APAM and BLU-87
bomblets, both possess poor lift curve slopes, 4

Low-Fineness-Ratio Configurations  Low finenesy ratio bomblets
are sometimes of interost because of warhead compatibility and dispenser-
packaging considerations. The practicability of a low-fineness-ratio
$-Curve bomblet has been reviewed and some 6-DOF motion simulations
accomplished. Two aspects of the pitehing moment behavior of low-fineness-
ratio shapes are detrimental to good flight characteristics: first the low
fineness ratio body has o small nment caurve slope at zero angle of attack
for trim angles less than about &U degrees; secondly, these configurations

4 §-Curve type dicpersion has been altempted with both the APAM and
l‘lat;“ 8‘: U{t‘f(‘t‘t‘ﬂ&(’& 6 “nd lQ_).
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tend to have a rearward center of pressure shift at zero angle of attack with
' increasing Mach number, which in many instances makes the configuration
stable at small angles of attack above the critical Mach number,

) Although the dispersion performance of the low-fineness-ratio
S-Curve configuration at subcritical Mach numbers appears promising under
ideal conditions, the effects of u intentional roll and initial disturbances
tend to greatly reduce the dispersion. One of the basic problems is that a
low-fineness-ratio configuration becomes gyroscopically stable at small roll
rates, as a result of both the reduction in the polar to transverse moments
of inertia ratio and the reduction in the pitching moment derivative with de-
creasing fineness ratio. For a large diameter bomblet, which was investi- ..
gated in detail, gyroscopic stability was achieved with a roll rate as small
as 3 cps. Even at roll rates less than that required for gyroscopic stabili-
zation, the gyroscopic precession resulting from roll and the out-of-trim
pitching moment causes spiralling flight.

It is thus concluded that considerable effort would be required to
develop a practicable low-fineness-ratio S-Curve bomblet, and, probably,
severe restrictions would have to be imposed upon the release environment.

H. AIR-GUN LAUNCHED MGDE!L FREE-FLIGHT TESTS

‘ ~ o
B - U

Free-flight tests of the $-Curve-type homhlet were accomplished at .
test area B-82 at Eglin Air Foree Base, Florida during Qetober 1972, A i
8.5-inch-bare air gun from the BARS test facility was nsed for launching the
models at nominal velocities of 350 ta 400 {px and at an initial flight path
angle of 30 degrees. The first series of tests was accomplished with 3-inch-
diameter S-Curve bomblet models of the eylindrical afterbody configuration
RgNgirAg Fya. These models were launched singly at zerao angle of attack,
The d-inch-diameter models were Jdivided into two groaps; the first group of
29 models was ballasted nose heavy for son-hiiting Lalhistic flight, while the
second group of 32 modeis had the conter of gravity 1% calibers from the
nose {corresponding to the basic S-Curve coniignration), Five models of the
second group incorporated intentional fin misalignment. The sccond serics
of tests utilized 1.5-inch-diameter medels, which were launched in clusters
of seven by the use of a spectal sabot, The second series of testy utilized
36 eylindrical afterbody bomblet models and 34 beaitail afterbody bomblet
modelsa, Physical characteristics data for the flight-test models are sum.
marized in Table V, ' '

skt b

Velocity and attitude moasurements {0r most of the tests ween
M obtained from high- xpeed motion picture coverage of an 8.{foot segment of
the tnitial trajectory, For the standard 3-inch models, the mean launch
velocity was determined to be 369 ips with 2 standard deviation of 10 fp<,
For the cluster rounds, the mean velocity was 360 fps with a standard devia-
tion cf 25 (ps. ' '
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"ABLE V. PHYSICAL CHARACTERISTICS DATA FOR S-CURVE
FREE-FLIGHT-TEST MODELS
Configurations
Parameter Cylindrical Aftcrbody Boattail
Afterbody
3-Inch l1.5-Inch 1.5-Inch
Diameter Diameter Diameter
Ballistic Standard Standard Standard
F —
Model length (Inches) 12.0 12.0 6.0 6.0
Weight (Pounds) . - 5.13 5.13 1. 04 1.04
CG (Inches from nose) 3.0 4,48 2.3 2.79
CG (Calibers from nose) 1. 00 1.493 1. 53 1.86
Moments of Thertia t
Polar (Slug-ft?) 0. 00136 0.00133 N/A N/A
Transverse (Slug-ft%) || 0.0105 | 0.00874 N/A N/A

The lateral velocity perturbations for the standard 3-inch S-Curve
models were of the order of Y fps (standard deviation), Wind velocities dur-
ing the tests were gencerally less than 5 mph and no wind corrections were
applied to the test impact pattern data.

Impact Patterns Flight test impact patterns for the 3-inch diam -
eter models are shown in Figures 24 and 25. Figure 24 depicts the impact
pattern of the non-lifting ballistic models, while Figure 25 illustrates the

impact pattern of the standard bomblet.
1

The test results are compared with Monte Carlo simulations using
the acrodynamic coefficient data of Table I with appropriate adjustment for
longitudinal center of gravity., The Monte Carlo simulations alsoe incorporate
the velocity perturbations described above., For the Monte « arto simula-
tions the configurational asymmetries were assumed to be the same as for
the prototype bomblets (paragraph E), including a standard deviation value
for cg lateral offset of 0.0016 inch.

The test impact pattern for the ballistic models (Figure 24) shows
relatively small cross-range dispersion, as would be expected. The mean
center of impact as determined from the test data is 3110 feet from the
launch point, ’

The Monte Carlo simulation for the ballistic models results in a
mean center of immpact at 3310 feet, or 200 feet greuter range than

tyly
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the test data, The predicted cross-range dispersion also exceeds the ob-

served cross~-range dispersion, Thus, the cross-range velocity perturba-
tions used in the simulations (which were derived from the photo coverage
of the test launchings) are probably too large.

The test impact pattern for the standard 3-inch S-Curve models
(Figure 25) confirms the effectiveness of the S-Curve dispersion concept.
The test impact pattern is approximately 800 feet in width and 1200 feet in

length, with the mean center of impact approximately 2800 feet from the
launch point,

The Monte Carlo simulation for the 3-inch S-Curve models results
in an impact pattern similar to the test results, with the mean center of
impact about 3000 feet from the launch point. The standard deviations of
range and cross range, as determined for both the flight-test and simulated
impact patterns, are summarized in Table VI, Comparison of the test data
with the Mounte Carlo simulation shows that the range dispersion is slightly
under-predicted while the cross-range dispersion is over-predicted, The
initial cross-range velocity perturbations (which are probably too large)
contribute to the over-prediction of the cros: -range.

The effect of intentional fin misalignment on the test models is also
indicated in Figure 25, Although the sample is small, an improvement in
cross-range dispersion is noted with intentional fin cant and roll,

A group of 10 recovered 3-inch-diameter S-Curve models were
re-flown to determine the effect of nose scratches and other asymmetries
resulting from impact damage. Dispersion data for this test group are sum-
marized in Table VI, As expected, the test data indicate a moderate de-
crease in both dispersion and range.

Test results for the 1.5-inch-diameter cluster-launched models are
shown in Figure 26, An extremely large impact pattern was achieved for
the boattail bomblet, while the cylindrical afterbady bomblet displayed an
elongated pattern with reduced cross-range dispersion compurvd with the
i~invh-chameter cylindrical-afterbody bomblet,

Although Monte Carlo simulations were not attemipted {or the cluster
shote (because the initial conditions were poorly known), it was anticipated
that the dispersion would increase in proportion to the trimmed lift/weigat
ratio for the respective mode! configurations. Thus, the dispersion of the
1.5-inch-diameter cylindrical and boattai)-afterbody models was expected
tu increase compared to the 3-inch-diameter cylindrical-afterbody model
Ly the lift/weight ratios which were 1.23 and 1.44, respectively, The cross-
range aispersion of the 1,5-inch-diameter boattail models is in approximate
agresment with the lift/weight ratio, but the cross-range dispersion of the
I.%inch-diameter cylindrical-afterbody moedels does not agree with the
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AT

lift/weight ratio. No explanation is yet available for the unusual perform-

ance of the 1.5-inch-diameter cylindrical-afterbody models,

TABLE VI, SUMMARY OF IMPACT DISPERSION DATA FOR
AIR-CUN-LAUNCHED FREE-FLIGHT MODELS
Mean Standard Standard
Range Deviation Deviation
Range Cross-Range
(Feet) (Feet) (Feet)
3-Inch-Diameter Ballistic Models
!
Test Results 3110 271 27
Monte Carlo Simulation 3310 105 119
3.Inch-Diameter Standard
S-Curve Models )
Test Results 2783 249 177
Monte Carle Simulation 3033 222 322 .
Test Results for Re-Flown
Models 2542 2217 122
1.5-Inch-Diameter S-Curve Models j
Test Results--Cylindrical
Mt_erbody 1981 333 108
Test Results--Boattail
Afterbody 2033 642 233

2 Includes models with intentional fin misalignment.
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SECTION 1I

ROLL-THROUGH-ZERO BOMBLET INVESTIGATIONS

A, CONFIGURATIONS

During the present contractual effort attention was focused on the
development of a practical roll-through-zero bomblet configuration. The
principal configurational requirements for this type bomblet are (1) a large
trimmed lift coefficient, (2) a means for trimming the bomblet in pitch, and
(3) a means for reversing the initial direction of roll.

The roll reversing torque must be small, since the deflection of the
bomblet trajectory, and hence the dispersion, has previously been shown
(Reference 1) to be related to the static roll torque coefficient by the expres-

sion
' 12
C 1
Ay = =N x ] (2)

m' C Q,o

J

where AY is the total deflection of a roll-through-zero trajectory in rela-
tion to a corresponding ballistic trajectory.

In addition, the bomblet must have a relatively large stability margin
at trim such that the pitch natural frequency is above the intended range of
roll rates. This, inturn, requires that the trim moment be relativelylarge,
At the same time, the induced roll moments due to the trim surfaces must he

small in comparison with roll reversing torque coefficient, C":o . When all

of these factors are considered, the design of the roll-through-zero bomblet
becomes quite complex,

Investigation has shown that wings and canards, while offering good
trimmed lift, tend to huve highly unfavorable induced roll and side moments,
precluding their use. Likewise, estimates have shown that a d-ag-type trim
device will, in gencral, provide insufficient trim moment, and muy also lead
to sircable induced roll and side moments through interference effects,

The use of intentional fin incidence for trim was proposed as the re-
sult of preliminary studics (Reference 1), During the present program the
avrodynamics, flight dynamics, and dispersion characteristics of this type
configuration were extensively investigated. To allow direct comparison of
the performance of the roll.threugh-zero bomblet with the S-Curve-type
bomblet, the body and fin geometry were made identical to the 5-Curve con-
figuration BeNgyAg by, Finoodence of 10 degrees was then applied to

two oppusing fins, and an etfective fin cant angle of 0.1 degree was

S0




introduced. The resulting basic roll-through-zero configuration is depicted
in Figure 27,

The roll-through-zero bomblet configuration discussed in this report
is scaled to a diameter of two inches; and the values for the weight and
inertia are assumed to be identical to those for the S-Curve-type bomblet,
namely,

W = 1.51 lba
I, = 1.629 x 10~ slug-ft?
I = 1.06 x10-3 slug-ftd

In general, it is assumed that the roll-through-zero bomblet will
have canted fins and will be released from a spinning dispenser with a known
roll rate of the order of 1 to 2 cps. However the requirement for a specific
initial roll rate and roll direction is not mandatory since it is possible for
the bomblet to provide its own roll rate reversal, Figure 28 shows sche-
matically a roll reversing fin tab, which functions with decreasing dynamic
pressure. Other devices, which function on the basis of a delay time, are
easily envisioned.

B. AERODYNAMIC CHARACTERISTICS

Static Aerodynamics The static aerodynamic characteristics of the
basic roll-through-zero bomblet configuration were evaluated through the
transonic range in the 47T wind tunnel at AEDC. For each Mach number and
angle of attack six component force and moment data were measured for
aerodynamic roll angles from -165 to 180 degrees at intervals of 15 de-
grees. The trim roll orientation for positive lift corresponds to an aero-
dynamic roll angle of 180 degrees. Aerodynamic coefficient plots versus
aerodynamic roll angle for angles of attack of 10, 1%, and 20 degrees and
Mach number 0.5 are shown in Figure 29,

The large effect of the aerodynamic roll angle is clearly evident
when the coefficients are plotted as a function of ¢, The first harmonic in
roll with period of 2 » clearly prodominates and is due to the fin incidence,
Surprisingly, the second and third harmonic are also evident, with periods
of n and 21/3, respectively, while the usual sixth harmonic {(due to the
presence of six fins) is not apparent.

The data of Figure 29 also show the loss in normal force due to the
trim incidence, and the unstable roll moment variation, d C; /dé > 0, at
the trim orientation is noteworthy,

For bomblet design purposes, it is important to have a quantitative
measure of the fin normal force effectiveness due to incidence. The ratio
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Cn 5 / CNQ was determined both from the experimental data and estimated

using the me*thod of Reference 20 in conjunction with fin aerodynamic force
data from Reference 21. The theory was found to underpredict the
CNcS /Cn  ratio by a factor of about two at zero angle of attack, butata

a

10-degree angle of attack the experimental and theoretical values for
CNs /CNQ were 0.58 and 0.53, respectively. The highly nonlinear varia-

tion of fin effectiveness with angle of attack complicates the theoretical

aerodynamic design, and wind tunnel evaluation of the bomblet trim charac-
teristics are nearly essential,

To obtain a nominal trim angle of attack of 10 degrees at low sub-
sonic velocities, the bomblet longitudinal center-of-gravity was positioned
1.185 calibers from the nose. A more rearward cg would be possible with
increased span fins, and the aerodynamic characteristics of such a configu-
ration can be determined from the test data of Reference i3.

Dynamic Stability Parameters Piich damping, magnus, fin roll
effectiveness, and roll damping data icr the roll-through-zero bomblet are
based on test results for the S-Curve bomblet configuration BgNgyAg; Fga -

Aerodynamic Coefficients for 6-DOF Trajectory Program Adapta-
tion of thc wind tunnel aerodynamic coefficients to the 6-DOF trajectory
program (Reference 16) was accomplished using first and second harmonics
for Cpn, Cyy» and CSF and first, second and third harmonics for Cgy and
C% . The first harmonics were introduced through the coefficients CNé

and CM{S » which are related to Cy, Cgp, Cpq. and Cg)yg through the aero-
dynamic roll angle, while higher harmonics in roll were incorporated by the
coefficients CNy» CMy» CsFye CSMZ' CSM3’ C%l. Coype 6%3 as de-

fined in Reference 16, A typical fit to the experimental coefficients using
three harmonics is 1llustrated in Figure 30,

Table VLI summarizes the aerodynamic coefficients used in the
6-DOF motion studies and Monte Cario impact pattern simulations.

C. PREDICTED FLIGHT DYNAMICS

Figure 3] illustrates a typical set of motion histories for the basic
roll-through-zero bomblet configuration, bascd on the standard subsonic :
event conditions where HOB = 2000 feet, Vg = 900 {ps, and vg = 45 degrees.

~The data are selected from one of a sertes of trajectories comprising a

Monte Carlc dispersion study, This particular bomblet has an initial nega-
tive roll rate of onc rps, a mean effcctiveness fin cant of 0,115 degree, and
a ¢y lateral offset of 0,001 inch. It is to be noted that for this particular
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TABLE VII, AERODYNAMIC COEFFICIENT SUMMARY FOR BASIC
ROLL-THROUGH-ZERO BOMBLET CONFIGURATION
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Figure 3]. Motion Histories for Basic Roll«Through-Zeru Sombiley
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bomblet the maximum induced roll moment due fo cg lateral offset is about
60 percent of that due to the intentional fin cant,

The variables used to describe the motion are the angle of attack
plane orientation, ¢ , the aerodynamic roll angle, ¢ , the roll rate, p, and
the total angle of attack, a .

Examination of the motion histories shows that about 0.5 second are
required for the bomblet to attain zero roll rate and for the roll angle to
stabilize at the trim orientation. The initial motion is well-behaved, witn
the angle of attack plane remaining in a single quadrani for about one second
of flight such that large dispersion can occur,

During the initial phase of flight and until about three seconds after
release the aerodynamic roll"angle remains stable at ¢ = 7 , even though
the total aerodynamic induced roll torque has an unstable, or positive,
gradient with respect to the aerodynamic roll angle, The stable motion be-
havior can be explained by the side moment, which at the trim angle of
attack has a maximura value an order of magnitude larger than the maximum
induced roll moment. At trim the gradient of the side moment is such that
the coning motion tends to stabilize the trim orientation. >

After about three seconds of flight the nature of the motion changes
due to the increasing roll rate, which 1s approaching the bomblet pitch-roll
resonance frequency. This results in the familiar trim phase shift and trim
amplification, both of which effects are easily seen in the rotion data,

The necessity for suitably restricting the cg lateral offset of the
rotl-throuph-zero bomblet must be emphasized, Because the aerodynamic
roll angle under trim conditions 15 invariant with respect to the incidence
piane, random orientation of the og lateral offscet will produce roll torques
which are both random in magnitude and direction, with attendant large var-
tations wn roll tergue hetween bomblets,  These roll torque variations could,
for even a moderately large op offset, excoeed the intentional fin cant roll
torgue, and result in rapid roll rate build-up to values exceeding the pitch
resonance frequency.

D. DISPERSION PREDICTION

As with the 5-Curve homblet, the intent of the present effort has been
te provide realistic impact dispersion simulations, using the Monte Carlo
method. To provide for comiparison o: the 3-Curve and roll-through-zero

® Thix fact was proven by reversal of the roll moment and side moment
gradients, With a stable roll moment and unstable side moment, the
motion became violent!y unstable with no tendency for trim,
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bomblet performance, the standard subsonic event condition was utilized as
the basis for the dispersion simulations.

The physical characteristics of the 2-inch-diameter roll-through-
ze ro bomblet have been previously described. For the dispersion simula-
tions, the mean fin cant angle was assumed to be 0.100 degree with a
standard deviauon ui error of 0.0816 degree. The standard deviation of cg
offset was taken to be 0.0016 inch, Because of the large fin incidence em-
ployed for trim, no other lateral misalignments were considered,

The computed impact pattern for the roll-through-zero boinblet is
shown in Figure 32. The pattern is of approximately circular shape with a
diameaoter of about /.50 feet, The standard deviations of range and cross-
rangc dispersion are summarized in Table VIII, along with the comparative
data for the S-Curve bomblet.

TABLE VIII. COMPARISON OF IMPACT DISPERSION DATA FOR
ROLL-THROUGH-ZERQO AND S-CURVE BCMBLETS -
SUBSONIC EVENT CONDITIONS
Standard Standard
Mean Mean Deviation Deviation
Range Cross-Range Range Cross-Range
PPomblet pr“ X Y (Jx [V Y
: {Feet) (Feet) {Feet) ({Feet)
T s & SR i
_ i i
Roetts Through e oo 1 805 -28 133 ! 159 '
|
i § Curve 1899 - 26 246 185

Comparison with $-Curve Bomblet

e oblet,

Lyym,

vu comparable,

4':‘,'_2“ L}

N}
LTI I

through- sore borabiet 18 the lower value of triruned il
types uf bomblets have been designed {or @ nominal trum angle of attack of
abinut 10 deprecs, the lift curve slope of the present rell-throagh-zero
hasnblet is appreciably reduced by the fin negative lift force required for
At Mach number 0.% and at 10 degrees angle ot attack, the roll.
thraugh - 7o ra bombiet has a lift coefficient of 0.45, compared to a lift co-
eificient of (.58 for the §-Curve bomblet,
carfiicient, the disnersion of the roll.through-zero and =:-Curie bomblets

't o significant that the trimmed Wit coctficient for the
soitothroughs zero bomblet can be tnereased to a value of 0,76 at 10 degreen
sttack by 1ocreasing the fin exposed semi-apan from 0078 w 0,040

4O

The roll-through-zero bomblet
configuration considered in this investigation has effective dispersian, hut

the area coverage 13 not quite as large as that achieved by the S-Curve type
The prurvary reason for the smaller area coverav. the roil.

Atttyoaph hoth

With allowance for the {if1
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Monte Carlo Impact Pattern Prediction for Basic
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Comparison with Theory A simplified theoretical prediction of the

roll-through- zero bomnhlet dispersion can be obtained using equation (2) in
conjunction with the digpersion approximations

h
8iny

h

sin®

XY

b4

R = =—— &

(3)

(4)

where ¢ and R represent the cross.range dispersion and range dispersion,

raespectively, at ground impact,
sumed that the roll torque coefficient, C;
angle,

U T T N P

in the theoretical calculations, it is as-
» i8 due only to the mean {in cant

)
The induced roll torques are not included because they are random,
Table IX compares the standard deviation values of range and cross-range

dispersion, as obtained from the Monte Carlo simulations, with the theoret-
ical predictions for r and R.
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TABLE IX, COMPARISON OF THEORETICAL AND MONTE CARLO
DISPERSION PREDICTIONS FOR ROLL-THROUGH-ZERO

Cross-Range
Dispersion

Monte Carlo; g, and o

Theoretical; r and R

Range
Dispersion
Feet

SRS - ———

The reason for the poor agreement between the theoretical and
Monte Carlo predictions is believed to be due primarily to the fact that the
induced roll torques are not included in the theoretical prediction.
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SECTION IV

DEVELOPMENT OF MONTE CARLO METHOD
FOR DISPERSION PREDICTION

A, GENERAL

The Monte Carlo technique is a procedure by which one can obtain
approximate evaluations of mathematical relationships which involve one or
more probability distribution functions.

The Monte Carlo technique consists of simulating an experiment to
determine some probabilistic property of a population of events by the use
of random sampling applied to the components of the events, In the present
application of this mathematical definition, the experiment is the deploy-
ment of a bomblet cluster, the events are the bomblet trajectories, a prob-
abilistic property of the events is the impact pattern, and the random sam-
pling is applied to those variables which affect the bornblet trajectories,
namely, the initial motion parameters and the bomblet configurational
asymmetries. We could also include atmospheric or flow disturbances
along the trajectories,

The application of the Monte Carlo technique to the flight period
immediately after dispenser opening is extremely difficult because during
this period multi-component flow conditions and very large bomblet-
bomblet and bomblet-dispenser interference effects oxist, and these have
to be describable in probabilistic terms for the trajectories to he simulated.
However, after a brief interval time, break-up of the bomblet ¢luster
usually occurs, such that some of the bomblets are free of interference
effects. If the probable flight conditions at cluster break-out are estab-
lished, then the bomblet trajectories can be initiated at the time of break-
out, and the trajectory computations are greatly simplified.

B. MONTE CARLO TRAJECTORY PROGRAM

Using the cluster break-out concept, a8 Monte Carlo trajectory pro-
gram was developed, This program provides for the sequential calculation
of a pre-set number of 6-DOF trajectories and corresponding impact points,
using statistical input for the cluster hreak-out conditions and configura-
tional asymmetries, T provide the required generality in the equations of
motion, a number of modifications and additions were made to the Extended
Capability Magnus Rotor and Ballistic Bedy 6-DOF Trajectory Program
{Reference 31, and a new subroutine MONCAR was incorporated to provide
statistical input data to the 6-DOF trajectory program. A complete descrip-
tion of the new Monte Carlo trajectory program is provided in Reference 16.
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'nitial Motion Parameters The Monte Carlo trajectory program is J
structured such that the bomblet §-DOF motion prediction commences at

cluster break-out, The general assumptions which are used to establish the
conditions at cluster break-out are as follows:

¥arh bamblet has a time of cluster break-out, tbo, defined by an
unspecitied probability digtribution,

2. Prior to cluster break-out, the leading edge of the cluster
~acelerates uniformly and follows a straight flight path, coin- ;
cident with the dispenser flight path at event. |

3. he cluster is radially symmetric with respect to bomblet posi-
tion and velocity.

4. Cluster break-out begins from the cluster leading edge and on
the cluster axis of rotational symmetry.

Figure 33 shows, schematically, the variables which control the
bomblet initial position, velocity, and pitch attitude at cluster break-out.
The probat.ilistic initial motion parameters and their probability distribu-
tions {o~ .necified event conditions, are given below,

- ._“M_Mﬁ-—-—“l-’ ‘_“- e

, Probability
Variable Description Distribution
ty,, Cluster break-out time Arbitrary
Viy Radial velocity at break-out Arbitrary
in Velocity orientation at break-out Uniformly random
4 Angle of attack at cluster break-out Arbitrary
v Arngle of attack plane orientation at Uniformly random ‘
¢luster break-out
4 Pitch rate in o plane at cluster Arhitrary
break-out
r Yaw rate at cluster break-out Arbitrary
P “all rate at cluster break-out Artatrary
. itnll orientation of body axes at Uniformly random |
: cluster Lreak-out, a

i raan these quantities, the event conditions and the specified cluster
decets ration, the initial conditions required for the basic 6-DOF trajectory
nreram o ee detepmined,
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Pigure 33, Schematie of Bomblet Cluster Break-Up and Definition
o Initial Motion Perturbations
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Configurational Asymmetries The Monte Carlo subroutines and
6-DOF equations of motion have been formulated in such a manner that the

following geometric and inertial asymmetries can be input in probabilistic
form.

Probability
Symbol Description Distribution
§ CANT Fin cant : - Normal
TLAT Lateral misalignment Normal
&Y Lateral cg offset Normal
Ox% Axial cg offset Normal
Am Mass Normal
Aly Axial moment of inertia Normal
Al Transverse moment of inertia Normal
Llxy Product of inertia , Normal i

Complete generality in angular orientation of the asymmetries is
assumed by introducing the following probabilistic angles, ‘

Probability

Symbol Description Distribution
"y Roll orientation of aerodynamic surfaces Uniform
Roll orientation of aerodynamic misalignment Uniform

Aerodynamic Asymmetries  Aerodynamic asymmetry coefficients
Cy,» Crgr G wnd Gy can also be introduced directly into the Monte
Carlo simulation but, in most instances, fin cant asymmetry and lateral
misaligniment adequately des cribe both the géometric and acrodynamic
asymmetriey. However, for some configurations it is also necessary to
account for flow asymmetries which cannot be related to fin cant or lateral
misalignment. Such flow asymmetries can be triggered, for in-tance, by
almest andetectable nose roughness, and can result in so-called psuedo
miagnus terces and moments as well as induced roll moments. Provision
hae hees made 1n the Monte Carlo trajectory program for such phenomena,

{

Probalnlity Disteibution Functions  The Monte Carlo computer
program provides for three types of probability distributien functions,

L ARt S AN

T the dyramie unbmlianes, X !xy-' i» restricted to the same planc as the

statre certalaree, Ty,
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1.  Uniformly random
2. Normal distribution

3.  Arbitrary distribution function

All of the probabilistic variables are determined from a random number
subroutine RANF,

The uniformly random variables are determined directly by multipli-
cation of RANF and an appropriate constant.

The normal distribution is obtained from the specified mean value of
the variable and normal deviates. The normal deviates are obtained using
the Gaussian approximation

io= 12
GAUSS = -6 1 RANF (X;) (5)

i =1

The arbitrary distribution functions are provided by tables where the
arguments are the cumulative frequency normalized 0 » 1.0 and the ordi-
nates are the probable values of the variable,

C. STATISTICAL ANALYSIS OF CLUSTER BREAK-UP

To obtain the probability distribution functions for the motion param-
eters at cluster break-out, it was necessary to examine experimental ciuster
break-up data, Photographic data from sled tests of a Lance missile bomb-
let warhead with approximately 1600 XM-4] bomblets were analyzed to
determine cluster leading edge velocity and lateral and longitudinal dispersal
as a function of time,

Cluster Break-Out Time Figure 34 illustrates the cumulative fre-
aquency distribution as a function of time of those bomblets which have at-
taincd separation from the dense central cluster (separation is defined as a
denzity of bomblets of 35 units per square yard or less in a sectional view
of the cluster, or about 10 diameters bomblet-bomblet separation), for a
warhead event velocity of 1979 fps. A similar statistical variation, adjusted
to the available data for a subsonic APAM bomblet cluster, is also pre-
sented in Figure 34,

Cluster Deceleration  Figure 3% illustrates the longitudinal decel-
eration of the cluster leading edge a3 a function of event velocity, based on
two separate sled tests of the Lance warhead. For each of the tests, the
deceleration wis found to be nearly constant during the cluster break-up
period. When plotted as a function of velocity the results show that the
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Figure 35, Experimental Data for Bomblet-Cluster Deceleration
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cluster deceleration is very nearly proportional to the square of the event
velocity.

Radial Velocity  The lateral expansion of bomblet clusters has been
investigated both from experimental data and theoretical considerations as a
means of determining the bomblet radial velocity staustics.

The Lance missile sled test data indicate maximum aerodynamic-
induced lateral cluster-spread velocities of the order of 130 fps for an cvent
velocity of 2175 fps, The frequency distribution is approxxmately parabolic
with respect to a zero mean,

Ground impact pattern data for a non-selfdispersing cluster muni-
ticn (Reference 22) were also analyzed as a means of obtaining the initial
radial velocity perturbations. Theoretical dispersion patterns were com -
puted as a function of the initial radial velocity and matched to the obsc¢rved
cross-range impact dispersion to obtain an estimate of the actual radial
velocity. 7" In a similar manner, the difference between the predicted and
actual along-range dispersion was used to obtain an estimate of the cluster
break-up time.

The above determinations of the induced lateral velocity are com-
pared in Figure 36 with measurements for APAM bomblet clusters (Refer-
ence 23). There is seen to be very good agreement in the two scurces of
subsonic data.

A theoretical prediction has been made of the lateral velocity im-
parted to a bomblet initially at the leading edge of the cluster. The detailed
development of the theory is shown in Appendix I. The theury shows that the
radial velocity, Vi, is a linear function of the event vrlocity in accordance
with the following formula:

o R 1R
VR = Vg {0.39 —x——*(wlcn“;)-g ] (6)
where Vi = event velocity
g S

acceleration due to gravity

113

o
I

air density

7 It is noteworthy that the standard deviation of radial velocity does not cor-
respand to the standard deviation of ¢ross range because the initial cross-
range velocity s prr;portmuai w the sine of ¢ . Assurming that Vi is
neormaily dlatributed, the standar? deviation of radial velocaty mwespmsds
tvoan 497 cumulative fn-qmzmy for the cross ¢ range.
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"

cluster core rad..:

bomblet ballistic ~~fficient.

If the cluster core diameter is taken to be about four times the dis-
penser diameter, the theoretical VR is in nearly exact agreement with the
experimental data of Figure 36. The importance of the above result is that
it shows that the spread velocity is dependent upon both the size of the
cluster and the bomblet ballistic coefficient.

Effect of Spinning Dispenser All of the previous data and analyses
of lateral spreading are based on small or negligible dispenser spin rates.
For spinning dispensers, an additional lateral velocity component will be
generated, which will combine with the aerodynamic induced velocity, and
the maximum lateral velocity will be given by

i

12

where
w = dispenser angular velocity

-
]

maximum radial displacement of bomblets
from dispenser axis of rotation

Angle of Attack and Angular Velocity at Cluster Brecak-Out . The
initial angle of attack and angular velocity at cluster break-up cannot be
generalized, and depend largely upon the bomblet configuration. For small,
low-fineness-ratio bodies without stabilizing fins it has been shown that the
initial attitude will tend to be uniformly random. Qualitative inspection of

" Rockeye and APAM bomblet motions during cluster break-up revcals that
the maximum angle of attack seldorn exceeds about 45 degrees, If the
pitching moment coefficient is known as a function of angle of attack, itis
possible te relate the maximum angle of attack and the pitch rate at zero
angle of attack, It is then reasonable tv assume that the pitch rate at zero
angle of attack follows a naermal distribution,

. Using this procedure and assuming that the maximum angle of
attack (two sigma) is 45 degrees, the corresponding pitch rate for the
S-Curve and roll-through-zero bomblets is abont 70 ndianslsocend for
- an event velocity of 900 Ips,

D. STATISTICAL ANALYSIS QF CONFIGURATIONAL ASYMMETRIES

Fin Cant Error  The effective fin cant asymmetry for a multi-
finned configuration can be computed from alignmient and accuracy measure-
ments on individual fins, or extracted {rom observations of the upm behavior
of a represeatative quantity of test configurations. The resulting effective

7l
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fin cant statistics must be in a form compatible with the Monte Carlo tra-
jectory program, which means that the statistical variation of the total fin
roll torque is required. The total torque, in turn, is assumed to be pro-

portional to an equal deflection of all the fins, and this deflection is defined
as the effective fin cant.

By the method of super position, the total rolling moment due to
separate deflection of n fins can be expressed as

CQ 1:.._.:‘
. )
Cip = ClroraL * Twm L 8 = Cag 8¢ (8)

where Cg,s is the effective roll torque coefficient due to fin cant, correspond-
ing to simultaneous deflection of all n fins and &, is the effective fin cant

deflection, Letting the variance of angular deflection of each fin equal ¢ FZ’
then the standard deviation of C L is

it-n 12

td d C = C% ) 2 (9)

8 ev Ly ~ n Fi
i=1

If the variance of all fins is identical,
172
Ci 2 Cg 7F |
std dev CQT = —— | nog = *'-‘—1-"-' = Gy (el (10)

or (€0 = ap/\n

Thus, the effective fin cant angular error is neither the standard deviation
of error for a single fin ror an average of the fin cant deviations of several
fing, but rather th: stardard deviation of one f{in divided by the square root
of the total number of fins.

To obtain representative values for o, fin cant misalignment data
for 8lmm mortor shells, 2,75-Inch FFAR rockets, Rockeye bomblets, and
Australian S-Curve test bomblets were obtained from References 24, 25,
and 26. Single fin misalignments for these configurations have been

8 The data of Reference 24 show that fin misalignments closely follow a
normal distribution,
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determined to be, respectively, 0.22 degree, 0,24 to 0.29 degree, 0.2
degree, and 0.08 to 0.2 degree., When a range of values is indicated, more
than one type of configuration was inspected. On the basis of these results,
a single fin alignment accuracy of 0.2 degree appears to be very reasonable
for Monte Carlo simulations.

ros a six fin 5-Curve or roll-through-zero configuration the effective
fin cant misalignment is 0.0816 degree.

Lateral Misalignment  Lateral misalignment results primarily
from two sources, (1) the angular accuracy of the fins with respect to the
body at their point of attachment, and (2) the alignment of the fin assemnbly
with the remainder of the body. These two types of misalignment tend to be
statistically independent. Lateral misalignment results in transverse body-
fixed forces and moments, in contrast to fin can., which results in pure roll
torque. If we define the angle § as the average misalignment of a planar
pair of fins, it is easily shown that the standard deviation of effective 6 for
the pair of fins is9

o]
stddev ( §) ¢ = -WF_ » planar pair (11)

For multiple fins the forces generated by (§ )eif are not colinear, and thus

the effective § must be based on the random deflection of several pairs of
fins, 10 This :4 similar to the random walk problem and leads to

A [m .
std dev[eeff]mpairs = >~ Op » mpairs (12)

The total lateral misalignment is the RSS of(<‘5)eff and the fin
assembly-body misgalignment, ¢,

)2'|lf.£

std dev { & {std dev § o )2 + {std dev ¢ (13)

ToTaL © [ it

The plane of the lateral misalignment can obviously have any orienta-
tion and is thus uniformly random.

9 The definition of § for lateral misalignment is consistent with the evalua-
tion of Cn_ for a planar pair of fins,
s}

"0 pin-fin interference effects are neglected here,
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To obtain numerical values for the effective lateral misalignment
only the misalignment € need be considered since it has previously been
shown that a good estimate for ¢ . is 0.2 degree. On the basis of data
from References 25 and 26 a reasonable value for € is also 0.2 degree.
Thus the standard deviation of total lateral misalignment is estimated to be
0.32 degree for S-Curve and roll-through-zero bomblets with six fins,

Static and Dynamic Unbalance The static unbalance of bombs,
rockets, and projectiles depends greatly upon their design, manufacturing
and loading, Static and dynamic balance data for ordnance are extremely
limited and available for only a few configurations. A very comprehensive
statistical analysis of the M437, 175mm'projectile is presented in Refer-
ence 27, This, together with some unpublished data on rmortar shells, was
the extent of the available data. For artillery projectiles the standard
deviation of static unbalance is of the order Ay/d = 0.0004, and the dy-
namic unbalance (inclination of principal axis) is of the order of 0.001
degree. In contrast, the standard deviation of static unbalance of mortar
shells is reported to be as large as Ay/d = 0.0050.

Because of apparent large variations in static unbalance between
various types of ordnance, a single value for the standard deviation of Ay,
applicable to all S-Curve and ron-throug;h-zero bomblets, was not consid-
ered appropriate. Consequently, in the Monte Carlo simnlations the static

unbalance parameter is varied parametrically from zero to as much as
0.04 inches,
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SECTION V

DEVELOPMENT OF DYNAMIC WIND TUNNEL
MODEL SUPPORT SYSTEM

A, Uio eaadl DLSCRIPTION

The dynamic wind tunnel model system provides for testing of quasi~
axisymmetric model configurations under simulated coning motion conditions
at constant angle of attack, either in steady or variable coning rate modes,
Simultaneously, the model can be free to roll about its longitudinal axis or
locked-in ar a specific roll orientation. The system does not employ a force
balance; instead, the aerodynamic moments are derived from analysis of
the coning and rolling angular rate data.

Design details of the dynamic model support system are presented in
Figures 37 and 38, The principal structural member is the rotating sting,
which is supported by low friction bearings. The offset portion of the sting
can be laterally adjusted by means of a boring head adapter. Provisionis
also made for attachment of static and dynamic balance weights to the shaft
at two stations. The sting is connected to a Gast type-4 AM air motor with
an output of 0,8 HP at 1000 rpm with 100 psi supply pressure. The sting
and air motor are connected through an electric clutch, which provides for
complete decoupling of the air motor when free rotation of the sting is re-
quired, The clutch and air motor can also be used for braking and stopping
the sting rotation.

The model is attached to the sting through a second bearing assembly
which allows the model to rotate freely with respect to the sting (Figure 38).
Alternately, provision is made for locking the model at fixed orientations
with respect to the sting, When locked to the sting the model undergoes
forced lunar motion,

The test system incorporates a series of stings to permit testing at
different angles of attack. At present, 15-, 30-, and 45-degro» stings are
available. For calibration purposes, a special zero-offset sting is provided.
The zero-offset sting contributes negligible aerodynamic damping, but does
not allow the model to roll about its own axis. A prccision angular rate
recording device is provided to measure the sting rotational rate, Model
roll behavior must be recorded optically at present,

A photograph of the test system installed in the Air Force Armament

Laboratory subsonic wind tunnel is shown in Figure 39, In the photograph
the special calibration sting is installed,

7¢.
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R, SYSTEM OPERATION

The test system has two basic modes of operation. In the first mode,
the model is driven by the air motor to a pre-determined coning rate, and
then disengaged such that the subsequent motion can be recorded. Normally,
this will be a deceleration mode. The second mode of operation does not
require the drive motor, and the coning is initiated by the inherent autorota-
tional tendencies of the model. The autorotation can be produced by the
magnus moment resulting from model axial spin (model spin achieved by fin
cant) or by the aerodynamic side momeht, Aerodynamic side moments can
be produced by asymmetric roll orientation with respect to the angle of
attack plane, or by other aerodynamic asymmetries.

To preclude autorotational moments from model-sting misalignment,
the boring head is adjusted so that the sting rotational axis and the model
axis of symmetry intersect to the required accuracy.

C. SYSTEM UTILIZATION

The primary purpose of the iest system is the measurement of the
rnodel damping for circular-type motions. In accordance with the theory of
Reference 28, it can be anticipated that the damping coefficient for coning
motion will differ from that for planar pitching motion at finite angles of
attack. To date, few definitive experiments have been conducted to deter-
mine the difference between the circular and planar motion damping coeffi-
cients, and no data have been published for subsonic conditions., The
circular motion damping is of particular interest with respect to the S-Curve
type bomblet, since this configuration experiences almost pure coning motion
in free-flight.

The test system can be utilized to measure magnus and side mo-
ments, both from the transient and steady-state autorotational coning
motions.,

Both static and dynamic roll lock-in tests can be accomplished,
Static roll lock-in tests are accomplished with model locked to the sting at
specific roll orientations, and at those orientations the coning and side
moment characteristics are determined, Dynamic roll lock-in tests are
accomplished for those maodels which have inherent aerodynamic roll lock-in
due to body-fin interference effects. The tendency for the lock-in to be
stable under a wide range of coning rates and fin cant angles can be investi-
gated,

The test system also provides an expedient means for determining

1t oriel roll speed-up and roll slow-down at large angles of attack and the
cffect of caning moties - his type of dynamic behavior,

RO
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Procedure for Determination of Model Circular Motion Damping
The circular motion damping is determined from time histories of the coning
rate decay, in a manner analagous to the determination of the roll damping
coefficient in single degree-of-freedom spin decay ~xperiments. Two separ-
ate tares may be required; one for the sting bearing friction torque, and a
second for the offset sting., This latter tare is determined by the use of the
calibration sting. The second tare is not required if the model is to always
be in lunar circular motion, but in general, the circular motion damping
should be determined for various model roll rates, which requires the off-
set sting.

Using the nomenclature shown in the test schematic, Figure 40, the
equations of moution for each model-sting assembly can be expressed as:

Q@ - Ty8 - Tg =0 (14)
where

To = (Tq)y + (Tg)y

To = (Tola + (Tg)y

and subscript a) denotes aerodynamic torque on model
v) denotes viscous (or bearing) torque.

The quantity [, is the total moment of inertia of the model and rotating
sting assembly, taken about the axis of sting rotation,

The solution of equation (14), assuming constantant coefficient is:

I v 2 e [T n | 15
WoTo- T, R T exp { T, (t-t )1, (15)

To obtain the acrodynamic torques, the system is first operated
with the model and offset-sting section removed such that (T ), and
{Ty), can be evaluated. Then the complete model-sting system is operated
and (T) and (’I‘Q ) are obtained, from which (T, la and (T, )y are
readily determined, To obtain Ty and T, from equation (I5), a lea::
squares differential-correction fitting technique is employed, as desc:in.
in Reference 29. The possible nonlinear dependence of T upon § cxn o
ascertained by piecewise fitting the . history,

When the model is operated with the offset sting, the torque
and (T, ), include a small but significant contribution from the stir. ..
replacing the offset sting with the calibration sting (which has aeglig: !
acrodynamic torque) the aerodynamic torque contribution of the of .
sting is readily determined.  Subtracting the offset sting torque frum Ty

and (T, ) weobtain (T, ), MobpEl, a8 (T, )y, MODEL.

.
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lowing relationships:
for lunar motion (model not free to roll)

(Ty )a, MODEL
120 V& Sd

{To)a, MODEL
12 © vé sd

for model free to roli

(Tq )a, MODEL 2
- 2 = C Q sin“ a
120 vZ Sd Nr
{To)a, MODEL _ c
2 g T Tho
12p V& &d
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¢ Cp, @sinfa + Cep

Cno singa + CZO

The aerodynamic torques (T )a, MODEL 2nd (Ty)a, MODEL are
equated to the model spin damping and yaw damping coefficients by the fol-

cos Q

[The coverse of this jape i blankj

! cos

(16a)

(16b)

(l6c)

{16d)

The coefficients C, o and Cp ~are due only to asymmetries in the
model and flow and should be quite small. The Coefficient C g

be evaluated from separate tests and is generally small compared to Cp,. .
Present estimates at a = 15 degrees give Cn, = -25.0 and Cip = -0.4.

will usually

By use of equations (l6a) ar (lb¢) Cy, can be evaluated for various

values of angle of attack and .. , These data can then be used to determine
possible nenlinearities with respect to cither variable.
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APPENDIX I

THEORETICAL CONING MOTION ANALYSIS
WITH ROLL DEPENDENT SIDE MOMENT

The fundamental equations describing the coning motion of S-Curve
type bomblets are developed in Appendix II of Reference 1. Considered here

is the effect of a roll dependent side moment on the stability of a zero coning
solution.

The basic equations of coning motion for the S-Curve bomblet, as’
originally written, do not include the effect of the aerodynamic roll angle,
i+ . Furthermore, the non-rotating axes system which is utilized does not
readily permit the inclusion of body-fixed aerodynamic moments, However,
for the special case of zero spin, the effect of the rotation of the angle of
attack plane (variable § ) and the aerodynamic roll angle (¢ } are related

simply by
o - {I-1)
The spccnal coning solution may now be wntten. using the notation of Refer-
- ence 1,
¢ T . A
. ‘@ agxrsm‘t TCyo S Y anraSti V“T %
T W R T 4

(1-2y

2

‘-*_n?? ﬁSdZ coHs 1 8in ; CE;M( by ;%’Zﬁd
; , 3 R S

tnspertion of the urder of magmtude of the last two terms reveals
zhat tor & six- fin bomblet 4 steady - state solation of equation ([ 2) with
S 0 reeuires that : .0, /6. ¢ 73 ., such that Cang (£ s small.
: mm‘e 1ol allustrates o typical variahon of Cgy with ¢ for the basic
5. Cirve vonfigurations, if the zero coning solution correspondsto 3 > 0
and Cp, « 0, then Ugag { §) must be positive and vice versa,

To determine which, if any, o! the steady- state zero coning solutions
are stable solutions, the nature of the characterisiica dilferential equation
for the small perturbation o .+ examiined, This reguires that the lerm
containing Com § 1) be made a Jurction =i &2 . This van be accomplished

by considering the slape of Gy versus. . ' Thus, eguation {i-23) ¢an be
rte -written '

LN 5§ SN Ln«wh&*g‘ = o

mmmnm
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C"r g deZ cos Y

l“T A':t‘ - {1} A&’ - 4 (sin ‘50 t A‘;)
(1-3)
d_C—sr:,{—l VZ Sd AN = 0
+ de 2 P ¢ =

For a stable solution, one of the requirements is that the coefficient of Ad
be positive. Again, inspecting the order of magnitude of the two terms
which represent the coefficients of A$ , it is found that the d Cgyg/d ¢
term is much larger than the term containing Cp_. Therefore, a stable
motion occurs only where dCgp\/d¢ has a positive slope. Refzrring to
the plot of Cgyy versus ¢ it is clear that ¢ = 0 is an unstable condition,
and that the bomblet must roll approximately ¢ - ' 30 degrees to where
CgM is small and has a positive slope.

The coroilary to the above is that # chunge in sign of the side moment
"~ coefficient, CSM1 . should make the bomblet mation stabie at ¢ = ¢ = C,
This stability hypothesis has been confirmed by actual 6-DOF motion sim-
ulations with the sign of the swude muoment coefficiens, Cgy, » purpesely
chanpged, :
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APPENDIX U

THEORETICAL PREDICTION OF CLUSTER SPREAD VELOCITY

A thenretical estimate of the maximum cluster spread velocity is
made, by considering the motion of a single bomblet initially at the leading
edge of the cluster. The forces acting on the bomblet are computed from
the potential flow about a solid body assumed to represent the core of the
cluster, This model is predicated upon observation of actual bomblet
clusters, where it appears that the spreading is taking place primarily at
the leading edge of the cluster,

As a first approach at a solution, consider a core of spherical shape
with a diameter closely related to that of the dispenser, The physical model
of the problem is like that sketched below.

ASSUMED TRAJECTORY

—— RELATIVE TO CLUSTER
-— \T/ CORE

- ™~
VAR PR
/e::» ,.,;:’ 3.-';@{ . wnsmunrs
F} B o) m) X
p e o
\ e = m%7

N Ig}/‘<cwsr£n CORE

13

The avrodynamic forces acting on the bomblet <1 alorg the indicated
lateral traiectory car now Le svaluated, starting from an is-tral poant
slightly offset from the dividing streamline and extrading Taterally untal
near uniform flow is encountercd, The selection of this particsiar trajecs
tory is equivalent to the assumption that the bomblet and the ciuster have
the same decele-ation,

The computation of the flow direction and magmitude at cach point
along this trajectory 1s casily accrmplished using a known sotentin] {low
solution, {{or example, pp 19, "Aerodynamics of Wings and Fadies,
Ashley and Landahl, Addisen-Wesley Press).




Since the direction and magnitude of the flow at each point along the
radial trajectory is known, the aerodynamic lateral force can also be com-
puted at each point. To begin, consider only the bomblet drag force, and
its component in the lateral direction, Fy. The force, F,, when integrated
as a function of the radial deflection, represents the work done on the bomb-
let, and it can be equated to the radial kinetic energy of the bomblet. This
in turn can be evaluated in terms of the radial velocity.

Defining the parameters in accordance with the sketch below, the
radial velocity can be derived as follows:

Y

_____\E:

—— el

f3

L ’

The waork done by the drag force can be expressed as
¥ g

y
Work ‘/'y\,m-' {11

which can be re-written as

Work ( Muc,u Sve(Idy

Introducing the new variable Y/R, and relating the velocities to U,
Y/R

Work = ‘E‘ (,quz R[ [VV ] (l1-2)
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Using the potential flow solution for a sphere at X/R = 1.0, the quantity
%!2' has been evaluated and is plotted in Figure II-1 as a function of Y/R.

It i(; seen that most of the work done on the bomblet occurs with Y/R < 3,0

A very good approximation of the total work is achieved by integrating to
Y/R = 5.0,

By equating the work done on the bomblet to its radial kinetic energy,
a relationship for the radial velocity is obtained in the form

Y/R

1 2 2 vV Y

'S
(II-3)
Y/R

I
2
VR g p R Ak Y
or - ” —— (l ——
u_ (W/Cp Siy E R
o

w

The integral can be evaluated from Figure lI-1 and has a value of approxi-
mately 0.39. Therefore approximately

VR p R |
- = 0.39 ‘ N : (11-4
o (W/CpShy, | i-4)
o
where
R Cluster core radius
(\\'/l'“fﬁl“ bomblet batlistic coefficient,

Thus, the radial vclocity imparted to a bomblet displaced from the leading
edge of the cluster s

1} Directly proportional to the cluster {event) velucity,
2} Propurtional to the square -root of the cluster sy

.

3t Inversely proportional to the sguare-root of the hutnblet
ballistic voefficient,

Equation (11-4) was evaluated for both CRU.70/B and APAM
clusters, assunung that B was the same as the dispenser radius, For
the CBU-70/R the radial velocity 15 determined to be

vy 0.018 U

and for APAM
Vp = 00134,
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X/R=.0

Figure [1-1. Lateral Force Parameter for Bomblet Separating
from Cluster
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Test data (Figure 33) indicate a value of VR /U_ = 0,03 at U = 900 feet/
second. Thus the method appears to give a correct order of magnitude pre-
diction, although the predicted radial velocity is somewhat low. This may
be due to selecting R as the dispenser radius; possibly the cluster can
expand to larger size and still behave as a quasi-solid core,

The above theory confirms the findings of Reference 19 that the
spread veiocity is a linear function of the event velocity, The theoretical
dependence of the radial velocity on the bomblet ballistic coefficient is a
new result, It will be of future interest to see if this can be confirmed by
test data.
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Tne UL oght dynamics ant aispersion characteristics of cundidate S-Curve and
v =tnriogthi- e o bomblots ar- cvaluated by use of Lhe Monte Carlo method. Le-
trd ot nlyoes of bumbiet-sluster breakup and bomblet conf'igurati snal and ‘aero-
dytodnioe oymmetries are used to establish the statistical input data required for
e Monte Conrlo analyse: Improved serodynamic data packages for both the 3-Curve
nf”llctg are prcevided, and results of additional wind tunnel
oot e diseussed,  Monte Carlo simulations show that for realistic flight en-
vironmente  voth the S=Curve and roll-through-zero bomblets can achieve large and
unifore impact patterns.  For a representative dispenser HOB of 2000 feet, opening
veloeity of 900 fps, and b5 degrees flight path angle, impact pattern widths of
$00 nd GO0 fewt are computed for the $-Curve and roll-through-zero type bomblets,
respectively.  The effects of transonic and supersonic delivery, large static mass
anbalanc, nose-roughness asymmetry, and intentional fin cant on the S-Curve
Lomblet £lipht charncteristics and dispersion are investigated in detail. Flight

At o letnroupheLero

test dispersion data for the S-Curve bomblet 5 obtained fromjair-fgun lauriched
models, s compared with l"""Ulto from tmnlytical simulations. ~A dynamic wind
tunnel model support system, designed for tcsting ‘the S Curve bomblet is dc-

ceribed,
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