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ABSTRACT 

... , A wind-tunnel investigation was conducted in the Aerodynamic Wind Tunnel (4T) 
to determine the aerodynamic characteristics of bomblet munition models designed for 
the evaluation of the Roll-Through-Zero Aerodynamic Dispersal Technique. Static stability, 
pitch-damping, roll-damping, and magnus data were obtained at Mach numbers from 0.3 
to 1.2 and angles of attack from zero to 24 deg at a constant Reynolds number of 2.2 
x lO6. based on the model length. Roll angle was varied from -165 to 180 deg for the 
static .stability phase. 

ui 
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Cgp Rolling-damping coefficient, 3Cg/3(pd/2Vj, per radian 

Cgg Roll-driving-moment derivative coefficient, 3Cg/3S, per degree 

Cm Pitching-moment  coefficient   (see   Fig.  2  for moment reference location), 
measured pitching moment/qMSd 

Cmq 3Cm/3(qd/2V..)) 
>  Damping-in-pitch derivatives, per radian 

Cmi 3Cm/3(id/2Vj) 

CN Normal-force coefficient, measured normal force/q..S 

Cn Yawing-  or  magnus-moment  coefficient  (see Fig. 2  for moment reference 
■   location) measured yawing moment/q^Sd 

Cn Magnus-moment derivative coefficient, 3C„/3(pd/2VM) 

Cy Side- or magnus-force coefficient, measured side force/q^S 
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M , Moment, ft-lb 

Mq Pitch-damping-moment derivative, 9M/3q, ft-lb-sec/radian 

M„ Free-stream Mach number 

p Model spin rate (positive clockwise viewing from base), radians/sec 

pd/2V„ Peripheral speed ratio, radians 

q Pitching velocity, radians/sec 

q„ Free-stream dynamic pressure, psf 

S Model cross-sectional area (reference area), 0.0491 sq ft 

t Time, sec 

V.. Free-stream velocity, ft/sec 

a Model angle of attack with respect to tunnel centerline, deg 

a Time rate of change of angle of attack, radians/sec 

6p Fin incidence angle, deg 

0 Model roll angle, deg 

co Angular frequency, radians/sec 

cod/2V„. Reduced frequency parameter, radian 

SUBSCRIPTS 

1,2 Successive data points 

A Autorotational conditions 

a Aerodynamic contribution 

FA > FN Attributable to axial and normal' force 

t Tare contribution 

v Vacuum conditions 

w Wind-on conditions 

X Spin axis 

vu 
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MODEL NOMENCLATURE 

As i Cylindrical afterbody 

As 2 Boattail afterbody 

Bs Cylindrical centerbody, d = 0.2500 ft, S = 0.0491 sq ft 

Fs2,5        Rectangular fins; 2 and 5 for 0.233- and 0.420-in. fin heights, respectively 

NS2 Spherical nose, 1.500-in. spherical radius 

via 
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SECTION  I 
INTRODUCTION 

A wind-tunnel investigation of bomblet munition models was conducted in the 
Aerodynamic Wind Tunnel (4T), Propulsion Wind Tunnel Facility (PWT), to determine 
the aerodynamic characteristics for use in the evaluation of the Roll-Through-Zero 
Aerodynamic Dispersal Technique. The tests were conducted at Mach numbers from 0.3 
to 1.2 at a constant Reynolds number of 2.2 x  106 based on the model length. 

With the Roll-Through-Zero concept, aerodynamic dispersion is achieved by a 
body-fixed trim lift. This lift force is randomly oriented about the flight path except 
during the period the bomblet is intentionally made to roll through zero angular velocity. 
During this period the lift force is predominantly in one quadrant, and effective dispersion 
is achieved. 

Bomblets dispersed in this mode are susceptible to roll lock-in, since the spin rate 
must, be varied over a wide range and could possibly include the aerodynamic pitch 
frequency. Basically, roll lock-in may occur when the roll rate is the same as the pitch 
rate. At this condition the roll frequency may lock onto the pitch frequency which results 
in a lunar motion. The pitch motion is amplified and thereby causes erroneous dispersion 
and possible destruction of the bomblet. This phenomenon has been investigated in many 
reports considering mass and aerodynamic asymmetries of ballistic-type reentry bodies and 
spinning sounding rockets. 

Previous investigations of the Roll-Through-Zero Dispersal Technique were reported 
in Refs. 1 through 5. The configuration investigated, which consisted of an 
ellipsoid-cylinder-boattail body and cruciform blunt-nose, wedge fins exhibited a 
catastrophic roll lock-in which could not be eliminated through configuration redesign. 

The present investigation expands on the knowledge gained in the previous 
investigations with the application of the Roll-Through-Zero Dispersal Technique to 
bomblets which exhibit S-shaped pitching-moment curves. The basic aerodynamic 
characteristics of this type configuration were also investigated in Refs. 1 through 5 and 
in Ref. 6. 

SECTION II 
APPARATUS 

2.1    TEST FACILITY 

The Aerodynamic Wind Tunnel (4T) is a closed-loop, continuous flow, variable-density 
tunnel in which the Mach number can be varied from 0.1 to 1.3. At all Mach numbers, 
the stagnation pressure can be varied from 300 to 3700 psfa. The test section is 4 ft 
square and 12.5 ft long with perforated, variable porosity (0.5- to 10-percent-open) walls. 
It is completely enclosed in a plenum chamber from which the air can be evacuated, 
allowing part of the tunnel airflow to be removed through the perforated walls of the 
test section. A more thorough description of the tunnel is given in Ref. 7. 
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The model support system consists of a pitch sector, boom, and sting which provide 
a pitch capability from -12 to 28 deg with respect to the tunnel centerline. The center 
of rotation is at tunnel station 108. In addition, a remote-controlled roll mechanism allows 
roll angle variations of ± 180 deg. Schematics and photographs of the test installations 
for the three phases are shown in Fig. 1 (Appendix I). 

2.2 TEST ARTICLES AND TEST MECHANISMS 

Details of the bomblet models used in the three test phases are shown in Fig. 2. 
The basic model consisted of a 3-in.-diam cylindrical centerbody and afterbody and a 
spherical nose. Configuration variables consisted of (1) straight or boattail afterbody, (2) 
fin height, and (3) fin incidence. 

For the static stability phase, two of the six fins were rotated about their midpoint 
to produce 10-deg incidence relative to the model centerline in the pitch plane (Fig. 2a). 
Fin height was the configuration variable. 

The basic model with straight afterbody and the largest fin span was used in the 
pitch-damping phase (Fig. 2b). 

In the roll dynamics phase all six fins were rotated about their midpoint to produce 
3-deg incidence relative to the model centerline. Configuration variables consisted of fin 
incidence and straight and boattail afterbody (Fig. 2c). 

Pitch-damping data were obtained with a small amplitude (±3 deg), forced-oscillation 
balance system (Ref. 8) which is a one-degree-of-freedom oscillatory system incorporating 
a cross-flexure pivot (Fig. 3a). During the test, model oscillation amplitudes were 
approximately ± 1.8 deg. The balance was forced to oscillate by an electromagnetic shaker 
motor located in the aft portion of the sting. 

The roll dynamics test mechanism (Fig. 3b) consists of a sting-mounted six-component 
balance connected to the model through an adapter which allows free rotation of the 
model on ball bearings about its longitudinal axis. A hydraulic motor-driven shaft, which 
rotates outside the sting, is used along with a pneumatic air-operated clutch to prespin 
the model to a specified spin rate. The clutch can be disengaged quickly to allow free 
decay to zero spin rate. 

2.3 INSTRUMENTATION 

An internal six-component strain-gage balance was used during the static stability 
and roll dynamics phase to measure forces and moments on the model. During the static 
stability phase, differential pressure transducers, referenced to the tunnel plenum pressure 
were used to measure the pressure at the base of the models. A photocell pickup was 
used to measure rotational velocity for the roll-damping and magnus measurements. The 
pickup, which included both light source and receiver, was mounted on the stationary 
adapter (Fig. 3b) and was triggered when reflecting surfaces from gear teeth located on 
the rotating adapter returned the light to the receiver. 
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Angular displacement of the model during the pitch-damping phase was measured 
by a strain-gage bridge mounted on a cross flexure, and the input torque to the system 
was measured by a strain-gage bridge mounted at the minimum cross-sectional area of 
the torque beam. When the model balance system was oscillated at a frequency other 
than its undamped natural frequency, electronic resolvers were used to determine the 
in-phase and out-of-phase components of the forcing torque signal. The forcing system 
is equipped with a feedback control network as described in Ref. 8 to provide positive 
amplitude control for testing either dynamically stable or unstable configurations. 

Electrical signals from the balances, photocell pickup and standard tunnel 
instrumentation systems were processed by the PWT data acquisition system and digital 
computer for on-line data reduction. 

SECTION III 
TEST DESCRIPTION 

3.1 TEST CONDITIONS AND PROCEDURES 

Data were obtained at nominal Mach numbers from 0.3 to 1.2. Stagnation temperature 
was maintained at approximately 100°F throughout the test. A summary of test conditions 
is given in Tables I through III (Appendix II). Free transition was used throughout the 
test. 

Pitch-damping data were recorded by oscillating the model at approximately ±1.8 
deg and recording the resulting time-resolved torque signal, in-phase and out-of-phase 
components of the torque signal, and displacement signal, which had been converted to 
d-c levels, over a set time period (nominally 10 sec). 

Roll-damping and magnus data were recorded with the model spin rate decaying or 
increasing, depending on the model fin incidence. With fin incidence at zero, the model 
was prespun to a set spin rate. Then, the clutch was disengaged, and six-component balance 
data and spin rate were recorded as the model spin rate decayed to zero. When fin incidence 
was not zero, the model was released and data were recorded as model spin rate increased 
to the autorotational spin rate. 

3.2 DATA REDUCTION 

The balance forces and moments for the static stability phase were reduced to 
aerodynamic coefficients in the nonrolling body-axis coordinate system with the moment 
reference point 1.5 cal from the nose of the model. 

Pitch-damping moments were computed by averaging readings over a set scan period. 
The moments were corrected for structural and still-air damping and reduced to 
aerodynamic coefficients with the following equation: 

Cmq + cm- 
[(Mq)a - (Mqt)v]   2V. 

q.Sd2 
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Magnus force is the force produced by a spinning model which acts normal to the 
plane created by the spin vector and the free-stream velocity. For the subject system 
this force is simply the side-force component measured by the balance. 

Roll-damping moments are derived from the decaying spin rate of the model. The 
rate of change of rolling moment with spin rate is determined by the following equation: 

9Mx   _ Ix Pi  ■ PA 
"IT " MX

P " — lo& iT^I 

Bearing friction moments were subtracted from the total moment by the following 
equation: 

{MxP}a = MxP  "  {(Mxp)v + (M*P)FA,FN} 

Since bearing friction is nonlinear with both spin rate and model loads, curve fits were 
made of (Mx )y versus p and (Mx )F F .versus FA and FN for on-line data reduction. 
Data supplied by the bearing manufacturer were used to define load effects on bearing 
friction. The moments were reduced to aerodynamic coefficients by the following 
equations: 

C«D ■ 3af rs}- CP q-Sd2 

and 

-PA d 
c'« = ivTlT (CV 

3.3    PRECISION OF MEASUREMENTS 

The estimated precision of the data presented in this report, based on a 95-percent 
confidence level, is given below and in Fig. 4. The error sources considered for the 
coefficients were balance uncertainties, Mach number nonuniformities, instrument errors, 
and Mach number calibration accuracies. 

ACXp ±0.1 
A(Cmq + Cmi)                     ±1.5 
ACn ±0.1 
ACYp ±0.1 
Ap ±0.1 
A(pd/2VJ ±0.0003 
Aa ±0.1 
A0 ±0.1 

The uncertainties in Mach number include variation of Mach number along the 
tunnel centerline, instrument errors, and errors in data acquisition techniques. 
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SECTION IV 
RESULTS AND DISCUSSION   . 

4.1 STATIC STABILITY PHASE 

The variations of CN, Cm, and CA with roll angle are presented in Figs. 5 and 6 
for configurations BsNs2AsiFs2 and BsNs2AsiFss (Fig. 2a), respectively. Normal-force 
variations with roll angle in general were equal in magnitude to the additional lift caused 
by the fin incidence at the low angles of attack; however, at the higher angles the variations 
were larger. This was attributable to the fin-body interference effects at the higher angles 
of attack. These same effects were even more apparent in the pitching-moment curves. 
Maximum axial force occurred at approximately 0 = 30 deg, rather than 0 = 0 deg, which 
was probably due to model asymmetries or tunnel flow misalignment. 

The effects of roll angle and angle of attack on Cy, C„, and Cg are presented in 
Figs. 7 and 8 for configurations BsNs2AsiFs2 and BsNs2AsiFs5, respectively. Side-force 
and yawing-moment coefficients peaked out at approximately 45-deg roll angle. At M,. 
= 0.8, a = 20 deg on the short-fin configuration (Fig. 7d), the side-force coefficient 
exhibited large variations above 0 = 60 deg. Rolling-moment coefficients exhibited two 
distinct peaks in the roll angle range from 0 to 180 deg. The two peaks occurred at 
approximately 0 = 60 and 135 deg, and in most cases the 60-deg peak was the largest. 
The peaks became more pronounced as angle of attack and Mach number were increased. 

The variation of pitching-moment coefficient with angle of attack for the two fin 
heights is presented in Fig. 9. The small-span fins produced stable trim angles that ranged 
from approximately -15 to -20 deg, whereas the trim angles for the larger fins ranged 
from -5 to -15 deg. In addition, the pitching-moment curves pass through Cm = 0 at 
a steeper slope for the larger fins; hence, they are more stable. 

4.2 PITCH-DAMPING PHASE 

The straight afterbody configuration with 8p = 0 and h = 0.42 in. (Fig. 2b) was 
chosen to determine the pitch-damping characteristics at the trim angles which were 
measured in the static stability phase. The variation of pitch-damping coefficient with 
angle of attack is presented in Fig. 10. The model was dynamically stable at all test angles 
of attack. 

4.3 ROLL DYNAMICS PHASE 

The effects of fin cant (8p) on the roll-damping coefficient (Co ) is presented in 
Fig. 11. Canting the fins caused a decrease in damping at the high angles of attack and 
a slight increase in damping at a = 0 for M«, > 0.5. 

The effects of afterbody shape on roll-damping characteristics are presented in Fig. 
12. The boattail base produced the largest damping at a = 0 for all Mach numbers because 
of the larger exposed fin area. For a > 0, the boattail base also caused the largest damping 
for M^, < 0.8; however, above M,,. = 0.8 the damping of the straight base configuration 
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was largest at most angles of attack. The roll-driving-moment coefficients (Cgg) were higher 
with the boattail base, again attributable to the larger exposed fin area, at all conditions 
except a > 16 deg and M_ > 0.8 (Fig. 12b). At M. = 1.2, the autorotational spin rate 
dropped to zero at the high angles of attack. 

It was determined that the variation of the magnus-force coefficient (Cy) and 
magnus-moment coefficient (Cn) with peripheral speed ratio (pd/2VM>) was linear over the 
test spin rates; hence, the data presented are slopes which were derived from first order 
curve fits of Cy and Cn versus pd/2VÄ. 

The effects of fin cant on Cy. and Cn are presented in Figs. 13. Only small fin 
cant effects were noted on Cy until at M„> 0.8. the Cy curves diverged at the high 
angles of attack. The effects on Cn were most noticeable for M. < 0.9 and a < 12 
deg where C„    was more positive for 6p - 0 (Fig.  13b). 

Comparison of Cy    and Cn   for the straight and boattail afterbodies are made in 
Fig. 14. Cy    was more negative with the straight afterbody for M„. < 0.8 and a > 12 
deg. Only small differences were noted at other test conditions. For both afterbodies Cn 

tended to large negative values as angle of attack; was increased above 16 deg, with 
significant differences for the straight and boattail afterbodies (Fig.  14b). 

SECTION V 
SUMMARY OF RESULTS 

The results of this investigation are summarized as follows: 

1. Static Stability Phase 

a. Stable trim angles were achieved with the configurations tested. 

b. The magnitude of the trim angle decreased and the bom biet 
became more stable with increasing fin height. 

c. 'Normal-force and pitching-moment variations with roll angle were 
largest at the higher angles of attack. 

d. Maximum    side    force    and    yawing    moment    occurred    at 
approximately 45-deg roll angle for all angles of attack. 

e. The rolling moment exhibited two peaks in the roll angle range 
from 0 to 180 deg. 

2. Pitch-Damping Phase 

The model was dynamically stable at all test angles of attack. 
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3.     Roll Dynamics Phase 

a. Fin cant caused a decrease in roll damping except at zero angle 
of attack and Mach numbers greater than 0.5. 

b. The boattail afterbody configuration had the largest roll damping 
at zero angle of attack and the largest roll-driving moment. 

c. Zero autorotational spin rate was obtained at a Mach number 
of 1.2 at the high angles of attack. 

d. The variations of magnus force and moment were linear with 
peripheral speed ratio. 

e. Fin cant affected the magnus-force derivative at Mach numbers 
above 0.8 at high angles of attack only, and affected the 
magnus-moment derivative at Mach numbers less than 0.9 and 
angles of attack less than 12 deg. 

f. Changing to a boattail base affected the magnus-force derivative 
at Mach numbers less than 0.8 and angles of attack above 12 
deg. The magnus-moment derivatives were affected at high angles 
of attack only. 
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TABLE I 
STATIC STABILITY PHASE TEST CONDITIONS 

M. a, deg <t>,  deg Re/ft x 10"6 q.,  lb/ft2 

0.3 -0.11 to 20. 09 -165 to 180 2.2 154 

0.5 -0.12 to 20.21 242 

0.7 -0. 12 to 20.34 322 

0.8 -0. 12 to 20.42 356 

0.9 -0.11 to 20.47 382 

1.1 -0. 11 to 20. 70 430 

1.2 -0. 11 to 20.80 1 ' ' r 499 

TABLE II 
PITCH-DAMPING PHASE TEST CONDITIONS 

M. a, deg <t>,  deg wd/2V. Re/ft x 10" 6 v. 

0.30 0.01 to 24.05 0 0.029 2.2 349 

0.50 0.01 to 18. 95 0.018 567 

0.70 0.02 to 16. 34 0.013 771 

0.80 0.02 to 14. 81 0.012 870 

0.95 -0.01 to 11.29 0.010 1022 

1. 10 -0.03 to 13.25 0.009 1155 

1.20 0.05 to 13.88 < ' 0.008 i ' 1235 
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TABLE III 
ROLL DYNAMICS PHAST TEST CONDITIONS 

.Configuration M» 6F, deg a,  deg pd/2V. Re/ft x 10-6 
Ix x 103 

ft - lb -sec^ 

BSNS2AS1FS5 0.3 0 -0. 13 to 24.00 0 to 0. 14 !2. 2! 2. 175 

0.5 -0. 11 to 24.04 0 to 0. 08 

0.8 -0. 14 to 24.24 0 to 0. 05 

0.9 -0. 13 to 24.25 0 to 0. 06 
1 ' 1.2 

1 ' -0. 13 to 24. 35 0 to 0. 05 ' t 

BsNs^SlFSö 0.3 3 -0. 13 to 24.00 0 to 0. 04 2.217 

0.5 -0. 13 to 24. 10 0 to 0. 04 

0.8 -0. 14 to 20.22 0 to 0. 04 , 

0.9 -0. 14 to 24. 17 0 to 0. 04 

' t 1.2 i r -0. 13 to 24.34 0 to 0. 04 i t 

BsNS2AS2FS5 0.3 3 -0. 13 to 23.96 0 to 0. 05 2. 108 

0.5 -0. 14 to 24.01 0 to 0. 05 

0.8 -0. 14 to 24. 16 0 to 0. 05 

0.9 -0. 15 to 24.28 0 to 0. 05 

' t 1.2 J f -0. 14 to 24. 33 0 to 0. 06 ' 1 ' 
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