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I. INTRODUCTION

Occasionally, subcaliber cylindrical extensions (or booms) are
attached to the base of a spin-stabilized shell for nonaerodynamic
purposes. The 4.2-inch (107mm) mortar shell, in use since 1940, is
one of the few field examples. Earlier versions of this shell had an
ignition boom 1/3 caliber in diameter and 1.25 calibers long which
carried the ignition and propelling charges and provided the necessary
chamber volume for this muzzle loading system. Figure 1 shows various
projectiles used with this mortar. In the 1950's, changes were made to
upgrade the system performance; among these was the addition of an
extension to the original boom, bringing the total length to 1.6 calibers.
At the design stage, it had been assumed that the boom produces no aero-
dynamic effects. The ballistic testing of the earlier versions yielded
only range and time-of-flight to impact data. Tests comparing the long
and short boomed versions of both the older and newer designs suggested
that differences in drag and stability did exist for similar projectiles
with different boom lengths. 1n addition, the projectiles with longer
booms showed a greater propensity for occasionally erratic flights.
These indications of aerodynamic differences, which seemed ascribable
to the boom alone, led to more sophisticated tests of the older shell
at the Ballistic Research Laboratories. These became interwoven with
the testing of newer concepts by Picatinny Arsenal (PA). As various
test results began to show that characteristic traits of the longer-
boomed shells were only weakly dependent on the basic design, the inter-
ests of the research and development agencies became quite mutual. This
resulted in an almost equal involvement of PA and BRL in more recent
programs. With this combined effort, the scope of testing and evalu-
ation increased; wind tunnel tests, aeroballistic range tests, and free
flight testing of shells instrumented with telemetry and yawsondes were
carried out in addition to the normal field tests. This comprises
rather extensive testing for a subsonic mortar shell.

A. Typical Characteristics

Current spin-stabilized mortar shells are 107mm in caliber. Older
shells were typically square-based, about 4.5 calibers long (excluding
the boom) and had short ogival heads. Recent designs involve longer
ogives and boattails and are quite similar to contemporary artillery
shell designs, except for boom.

A spin-stabilized mortar shell is used with a velocity range from
100 to 300 meters/second with elevation angles up to 65°. This variety
of launch angle and velocity requirements will cause large variations
in the yawing motion (from flights where the yaw could remain near zero
to those with summital yaws exceeding 30°) of the test vehicles discussed
below.

““PRECEDING PAGE BLANK-NOT 1‘111:@0
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| When a spin-stabilized projectile goes through the summit, it would
fail to trail ideally. The shell will react like a gyroscope in that its
axis of symmetry will precess to the right, for the conventional clock-

wise spin direction, under the influence of the gravitational force. For

small yaw conditions gnd a linear static moment, the complex yaw near the
summit is given byl*2":

i (5 )ow,)
. . : A
: Yaw of Repose = - gd V?2P cos [} e i (EI.+ K q 5 (“p) )

M M

where

g is the acceleration due to gravity in ft/sec?

T R e

d is the diameter of the vehicle in feet
V is the vehicle velocity in ft/sec

6 is the trajectory angle with respect to horizontal in degrees

-
fn

I
s Bﬂ 1 and I are axial and transverse moments of
Iy vV, X y

inertia, respectively, in 1lb-ft?

p is the projectile spin rate in rad/sec

T R e . i

m is projectile weight in pounds
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\ (CM )* is the scaled static moment coefficient
[0 ]

slope
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(1]
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\* _nld__ * * *
‘ (CL ) + (I ) (CM > (CL ) and (CM ) are the scaled
1 X P, o Ps

1lift coefficient and Magnus moment
coefficient slopes, respectively

(CM )* and (CD)* are scaled aerodynamic damping and drag coeffi-
q

*!5

cient, respectively

*References are listed on page 65.
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The scaled coefficients are defined as (Ci)* = (p gmd> Cy

where p is the air density in 1b/ft?
/ L}
S = \%) d? is vehicle reference area in ft?

In general, the imaginary part of the complex yaw of repose is small
in comparison to the real part. Therefore, the major component of the
yaw of repose is in the horizontal plane. It is directed to the right of
the trajectory and has the magnitude

(gd/V®) (pd/V) ‘x cos 8
(n/8) o d5 ‘c

M
o

From the above relationship, it becomes obvious that the yaw of
repose will reach its maximum at or soon after the summit since both the
air density and the model velocity are at their minimum while cos 6 = 1,
For low launch velocities, a tail wind of 20 to 30 knots may augment the
already large yaw of repose by ten or more degrees.

At lower launch elevations and higher velocities, one can expect
the yaw history to begin with a launch transient containing both yaw
frequency modes. Ideally, these damp out to zero until, at the summit,
a small right-directed yaw builds up, and then dissolves into a damped
transient on the down leg. Such flights can be analyzed on the basis of
small-yaw aerodynamics. At higher elevation angles and lower launch
velocities, the distance to the summit is short; hence, the launch
transient superimposes on the rapidly growing yaw of repose. The summital
yaw will be large; thus, the projectile must recover and damp out the
ensuing large transient in order to impact properly. Obviously, large-
yaw data are needed for analyses of these cases.

B. Tests and Evaluation Procedures

Types of testing involved have been:
(1) Tests to obtain time-of-flight and range-to-impact

(2) Aeroballistic range tests at varying yaw levels up to 40
degrees in the BRL Transonic Range Facility3 with inert shell

(3) Wind tunnel tests at subsonic and low transonic speeds in the
12-foot Pressure Wind Tunnel of the NASA Ames Research Center" involv-
ing several configurations with and without boattails and booms
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(4) Free-flight tests of some'telemetry—instrumented shells at
the Wallops Island facility of NASA”, to take advantage of their excel-
lent radar and telemetry receiving equipment.

The boomed, spin-stabilized projectile poses problems for range
and wind tunnel testing when Magnus properties at high yaw angles are
required. Aeroballistic range tests and the data reduction are con-
venient only for small yaws, where the linear force/moment system
assumptions are realistic. Higher yaw levels can be induced, but the
success ratio of the testing decreases while the danger to the install-
ation increases as the required yaw levels go up. The aerodynamic non-
linearities associated with the higher yaws can also be handled, but
the amount of data nceded for good determinations will pyramid rapidly.
Wind tunnel Magnus testing of spinning models has been successful in
recent years®, but very careful test practices and extremely good model
and support designs are essential. Subcaliber extensions of the models
used in this test program made adequate design and manufacture even
more difficult. Since aerodynamic forces on the boom were a relevant
part of the force system, the question of isolating the sting-induced
effects was critical. The possible problems with the two conventional
test modes forced consideration of instrumented flights early in the
program, although testing with on-board instrumentation was a relative-
ly new and only a partially tried technique’» 8,9,

When the results of the various modes of testing are compared in
detail, a great deal more can probably be said about the areas and
extent of agreement. However, at the present time, it is quite clear
that there is good agreement. It is also strongly indicated that some
behavior patterns are attributable primarily to the boom rather than to
the basic configuration. This is of more interest than extensive de-

tails of an individual design; hence, the report will be directed along
these lines.

II. DESCRIPTION OF TEST METHODS

Most of the testing was conventional and only the more exceptional
features will be noted for the wind tunnel and the range testing. In-

strumented shell testing is less widely known and more details are
given.

During the range tests, standard inert shell were fired from a
conventional mortar tube adapted to fire horizontally from a light
howitzer mount. In the small yaw phases, the random launch yaw levels
were accepted. To obtain larger yaw levels, various muzzle attach-
ments usual to the trade were tried. In this case, however, yaw
levels above eight degrees were difficult to obtain and more drastic
methods were needed. The one which produced high yaws with some degree
of reliability and safety consisted of glancing the shell from a 4-
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kilogram Lexan cylinder placed about 75 centimeters from the muzzle.
The combination of an impulsive torque and the muzzle blast produced
yaws over 30° without damage to the projectile. This method was
possible because of the rather heavy shell construction and the low
velocities. The test set-up and the shadowgraph of a projectile at
37 degrees of yaw are shown in Figures 2 and 3, respectively.

The design features of the wind tunnel model are shown in Figure
4. The test conditions used during the Magnus force and moment tests
in the Ames' wind tunnel are indicated on the plot of Reynolds Number
versus Mach Number in Figure 5. All aerodynamic coefficients were
fitted with fifth order polynomials in the angle of attack.

The test vehicles used for the instrumented flights were also
standard inert shell. They differed from those used in the range
tests only in that the yawsonde assemblies replaced the fusing whose
external configuration they simulated. The yawsondes were developed
by the Harry Diamond Laboratories (HDL) for PA from a United Kingdom
prototype design®. Figure 6 shows one of these instrumented shell.

Figure 7 is a schematic view of the HDL yawsonde, showing its
various components. The sensing element is a silicon solar cell mount-
ed parallel to the shell axis. The face of the cell is masked except
for two narrow strips which form a "V'" with the apex directed toward
the nose of the shell. A pinhole on the surface of the assembly forms
an aperture. A refractive medium is placed between the pinhole and
the solar cell to increase the field of view. The antenna, amplifier,
and the RF oscillator are located in the nose of the assembly; the
battery pack is to the rear and contains an inertial switch to prevent
premature discharging. To operate the switch, both the set-back force
and a high spin are required.

During the flight, a small image of the sun (formed by the pinhole)
traverses the arms of the "V" once every revolution. The position at
which the image crosses depends on the angle between the projectile
axis and a line extending to the sun. Thus, the time between successive
intercepts of the same arm of the "V, say 11, is a function of the spin

rate of the test vehicle; whereas, the time interval between the inter-
ception of one arm of the "y and the interception of the other, t«v 12,

is directly related to the solar aspect angle, S Thus, the rativ

R = 1:2/11 is a direct measurement of this angle. For the HDL yawsondes,

this ratio is limited to a value between 0 and 0.3 by the physical dimen-
sions of the system.

When the sun's image intercepts one of the slits on the surface of

the cell, an output voltage results. This voltage is amplified and
used for direct frequency modulation of the carrier. The signal is
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received by ground antennas and is demodulated prior to recording on the
magnetic tape. The recorded pulse train can then be displayed on an
oscilloscope film camera for manual measurements or can be fed directly
into a computer for automatic reduction. Figure 8 shows a reproduction
of such a pulse train obtained from one of the instrumented flights.

The top signal is the NASA 36-bit time code while the bottom signal is
the pulse train obtained from the silicon solar cell.

During the testing of the instrumented shells, two MPS 19 radars
were used to track all rounds. The FPS 16 radar was also available on
occasion. Tracking of the high-elevation low-velocity rounds, which
barely got out of the ground clutter, was possible only because of the
excellence of the Wallops Island radar operators. The existence of the
main base telemetry receiving facility also obviated the need for set-
ting up a mobile telemetry system.

III. ANALYSIS OF THE TEST RESULTS

Analysis of the aeroballistic range data utilized conventional
techniques which are well documented10»11, Basically, the orientation
and position measurements were fitted to closed-form solutions of the
linearized equations of motion by differential corrections technique.
If the results indicate a linear force/moment system, the process
yields the correct stability derivatives directly; if a nonlinear
system is indicated, the total results must be reviewed on a quasi-
linear basis? to determine the aerodynamic coefficients. Some of the
range rounds with higher yaw levels were also simulated with the BRL
6-D program!? using the final aerodynamic package and the individual
initial conditions.

Magnus testing in the wind tunnels has been quite successful in
recent years and the analysis of the data for models without afterbodies
is straightforwards. In this test, however, one of the more important
configurational aspects of the model, the boom, was not significantly
larger than the model support, see Figure 4. It was believed that the
circulatory flow about the rotating boom is a much stronger Magnus force
generator than boom-end effects and that the presence of the support
would not materially disturb this flow; therefore, meaningful results
are possiblel3s1%,15,

Analysis of the data from the instrumented shell flights is new
and the techniques are still flexible’s2. The data contained within a
pulse train (see Figure 8) must be reduced to a tabulation of solar
aspect angle as a function of flight time. This requires the calibra-
tion of the pulse ratio R as a function of the solar aspect angle for
each yawsonde. For this purpose, the sun is simulated by a beam
chopper. The projectile/sonde assembly is mounted in a fixture which
permits rotations about the shell axis of symmetry and about an axis
perpendicular to it. The axis of symmetry is initially mounted perpen-

14
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dicular to the arc beam, and it is then inclined to simulate the aspect
angle. At this inclination, the model is rotated about its axis of
symmetry so that the source, imaged through the pinhole, strikes one leg
of the "V'" on the solar cell and then the other. The inclination of the
axis and the roll angle required to intercept both arms of the "V'" are
recorded, the ratio of this roll angle to 360° is the value of R at that
particular aspect angle. Both positive and negative aspect angles are
tested to reflect any asymmetries of that particular assembly. For each
yawsonde, calibration values of R as a function of the solar angle are
fitted by least squares to yield the final calibration curve. This is
used to compute the solar aspect angles as a function of flight time
from the corresponding values of R measured from the data of an actual
test flight?.

For tests with low spin rates, short flight times, or noisy data,
the yawsonde signals must be measured manually. The pulse train for
such flights is reproduced on a 35-mm film and measured using a tele-
reader. The solar aspect angles are then calculated by a digital
computer. This procedure is very tedious for long flight times. There-
fore, the data from such flights are directly reduced using the BRL
hybrid computer (EAI 690). The original magnetic tape is played back
through a discriminator into the analog section of the computer. The
pulse train is used to initiate integrator voltages at the arrival of
the two successive pulses, the value of the ratio R is determined. At
present, the hybrid computer cannot decode the NASA time coding, and it
is necessary to superimpose readings from the computer's internal clock
on the data output tape to provide a time base. The time measurements
of the internal clock start from the initiation of the computer and
must be referenced to the actual flight time. To do this, a portion of
the telemetry data is reproduced on film and the start of the measurable
data is determined. The zero of the superimposed computer time is
expected to be within 0.2 second of the start of the measurable data.

Given the solar aspect angle, ideally it should be possible to
subtract the trajectory angles, the solar position and the wind angles,
and, hence, to obtain the actual yaw history. In reality, the solar
aspect angle data are only one-dimensional; that is, only the semi-
apex angle of a conical surface on which the axis of the shell must
lie is given. From such data, the trajectory angle (obtained from
radar), the moving sun position, and the wind effects can be subtracted
only with some ambiguity. Several groups working with such data at the
moment are attempting to obtain a unique computer solution. Various
techniques employed start with some assumed value of the aerodynamic
coefficients and their dependence on yaw and Mach number and the initial
conditions of the flight. Through comparisons of the computed solar
aspect angles and the actually obtained values, the assumed quantities
are varied until a satisfactory convergence of the computation and the
measurements are reached. In this paper, the results from both a 6-D
simulation operating under manual control and a differential equation
fit under computer controll® are discussed.

15




The BRL 6-D simulation program12 uses coordinate axes which are
equivalent to a body-fixed non-rolling system. The static aerodynamic
forces are represented as drag along the velocity vector and lift normal
to it. In this coding, the force and moment systems are represented
through appropriate vectorial relationships. The aerodynamic coefficients
are expressed as functions of Mach number and the square of the yaw. To
obtain the required values of the aerodynamic forces and moments, a two-
way linear interpolation technique is used.

On the other hand, the method of Chapman and Kirkl® fits the differ-
ential equations to the observed angular motion by udjusting the aero-
dynamic coefficients. This procedure has been modified to analyze both
the spark range test data and the yawsonde results. Samples of both
types of analyses will be discussed in the following section as appli-
cable.

1V. AERODYNAMIC BEHAVIOR

The effects of Mach number and yaw level on the aerodynamics, as
determined from both the aeroballistic range and the wind tunnel, and
their ballistic implications are discussed in this section. These
results are then utilized in the next section to calculate the shell
performance, which is then compared with the data obtained from the
instrumented flights.

A. Mach Number Effects at Small Yaw Levels

The zero-yaw drag coefficient, CD , of the square-based projectile,
()

as obtained from the range tests, is shown in Figure 9. The average yaw
level is threce degrees, and only the bands encasing the data are shown.
The highest band is based on the few no-boom models with the band width
indicating the possible scatter based on previous test experience. The
test data for short-boom projectiles lie between the no-boom data and a
value about 6% lower in the low velocity regions. The data for the long-
boom version are found within a band 5% to 15% below the no-boom data in
the same velocity region. Above Mach number 0.6, the test data for the
two projectiles with booms depart further from the no-boom values and
have an increased region of overlap. This trend reverses at about Mach
0.75; the data for both boomed versions approach the no-boom values and
both the scatter band and the difference between the two boomed types
decrease.

The static moment slope is shown in Figure 10. A typical scatter
band for the no-boom results and the actual bands for the others are
shown. The no-boom data indicate the smallest value of the overturning
moment. The data for the short-boom rounds are slightly higher and
show a different trend above Mach 0.6. The differences between the no-
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boom and the short-boom case at low Mach numbers and at Mach 0.8 could be
accounted for by the center of mass difference. That is to say, at the
same center of mass location, these shells would have the same CM value
a
except in the region M = 0.55 to 0.75. The data for the shell with
extension lie well above the short-boom results and the correction for
the center of mass difference is negligible. Its data scatter is several
times larger and the Mach number trend of the results is different. The
value of CM decreases with increasing Machk number; thus, the differences
a
between the shell with extension and the other two types decrease at low
transonic speeds, analogous to the behavior of the drag coefficient.

The Magnus moment slope, G, , is presented in Figure 11 for small
pd.
yaw values. Part of the apparent scatter in the long-boom results is due
to a high yaw sensitivity discussed later. The few no-boom data show a
small negative value and the data for the short-boomed version have a
nearly zero value, but sizable positive values are obtained for the long-

boomed projectile. Above Mach 0.7, the results for all types tend to
converge.

The remaining properties show similar behavior as functions of Mach
number; the largest differences are at Mach 0.6 and below, and the differ-
ences between various types decrease above Mach 0.7.

B. Yaw Effects at Small Angles of Attack

Three of the aerodynamic properties, CD’ CM , and CM , which
a P,
showed distinctive variations with increasing angle of attack in the
small yaw region, are illustrated in Figures 12, 13, and 14.

Figure 12 shows the variations of the drag coefficient for a blunt
square-based projectile, a long-ogive square-based shell, and a boat-
tailed version of the latter. In all cases, the longer boom yields a
lower drag level at zero yaw and the increments for various types are
similar. In those cases where results for the boomless shell were

available, there is only a small difference between them and the re-
sults for the short-boomed models.

The static moment coefficient slope, CM , corrected for small
o

center of mass differences, is shown in Figure 13. A trend similar

to that of the drag coefficient exists. However, in this case, the
overturning moment is considerably larger for the long-boom projectile
than for the boomless shell, but again the incremental differences for
the various basic types are similar. The differences for various

17




i o

boomed configurations decrease markedly with the increasing yaw level.
The small-yaw CM of the boattailed projectile agree well with the

a
slope measured in the aeroballistic range at the same test Mach number

as used for the wind tunnel tests. The previously noted boom effect
is also obvious for this type projectile.

One of the most interesting variations, the Magnus moment slope,
is shown in Figure 14. Values for both the boomless and the short-
boomed versions are small for all yaw levels. There is a large positive
increment in the value of CM for all the long-boomed models. The

Py

value of the effective slope is decreasing rapidly with the increasing
yaw and it approaches that of the shorter-boomed models for yaw levels
above about five degrees. The indicated variation for Magnus moment

must include at least an a° term to represent this behavior, even over
this small yaw range.

The behavior of other properties are summarized below:

(1) The 1ift curve slope, CL » of the longer-boomed projectiles

a
(o]

is about 20% lower than that of the shorter-boomed types. The differ-
ences decrease with the increasing yaw level.

(2) The damping moment slope sum, CM + CM , was distinctly
&

q
higher for the long-boomed models, on the order of 30-50%.

There are four main features of the small yaw results: first, the
addition of a short boom produces little change in the aerodynamics
while the longer boom produces very definite changes even at the small-
est yaws; second, the aerodynamic properties of the no-boom and the
short-boom types are linear up to eight degrees of yaw, but the longer
boom produces highly nonlinear variations; third, the differences
caused by the long boom decrease with increasing yaw levels; and fourth,
the individual round-to-round variations of the data are noticeably
greater for the longer-boomed shell.

In view of the distinctive differences in aerodynamics, one would
expect a visible flow difference in the after-body region. The usual s
shadowgraphic records from the Transonic Range stations are about 35:1 1
photographic reductions of the 3.5 x 3.5-meter screens. Therefore,
details of the subsonic wake could not be recorded clearly., Examina-
tion of a large number of plates for the short-boomed projectile never
suggested that the near wake was other than a dead-water region. In a
very few cases, there was direct evidence that a rearward flow existed
along the extension, together with a counter-current nearer to the base,

18




o

for the long-boomed shell. It could not be determined whether this was
peculiar to these few rounds or if it is true more generally, but could
only be detected under the most favorable conditions. It is tempting to
assume that it is more general, since this will furnish a mechanism for
both the direct effects and the greater variability which were observed
for the shells with an extension. A sketch of the wake region as suggest-
ed above is shown in Figure 15.

C. Aerodynamic Behavior at Higher Yaw Levels

Most of the high yaw testing of the blunter square-based projectiles
were performed in an aeroballistic range, with some confirmation from the
yawsonde results. On the other hand, for the boattailed model with longer
ogive, there have been extensive wind tunnel tests, some range tests, and
again some sonde data. The only flight region where these projectiles
can develop high yaws, due to trajectory or high wind conditions, is be-
low Mach 0.5. Therefore, only this lower speed regime is considered in
the discussion.

Figure 16 shows the variation of the drag coefficient obtained dur-
ing the range tests of the square-based shell. The determination of
the data is good to about 25°, § = 0.4; the sparse and more poorly
determined data above this region make that portion of the curve more
speculative. The drag coefficients of the two boomed versions are
different up to 6§ = 0.07, about 4°, while the no-boom data remaia
distinct up to 18°, § = 0.30, the highest test point for this configu-
ration. Several of the high-yaw rounds from the spark range tests of
the square-based projectile have been reduced by the method of Chapman
and Kirk by Whyte and Jeung of General Electric!?. Figures 17 and 18
show comparisons of Chapman-Kirk analyses with spark range data for the
short-boom and long-boom projectiles, respectively. The solid curves
are the repeat of the range results from Figure 16 whereas the points
were computed from the quadratic drag determination of Whyte for each
individual round. In both cases, the quadratic representation of drag
gives a good approximation, especially for the short-boomed projectile,
to the more complicated drag variations. But beyond a yaw level of
about 25°, 62 = 0.18, the quadratic drag determination overestimates
the value of the coefficient.

The variations of the static moment coefficient, CM’ of the square-

based shell are shown in Figure 19. The most distinctive feature of the
figure is the strongly nonlinear behavior of the static moment coefficient
for the long-boomed projectile. These nonlinearities are so strong that,
although the long-boomed shell has the highest static moment at lower
angles of attack, its static moment is lower than that of shorter boomed
version at yaw levels above 25° (§ = 0.40). The range data indicate a
decrease of 25% in the static moment coefficient slope, CM = CM/sin o,

o]
by 45° yaw and suggest possible static stability by 70°. As a result,
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the long-boomed projectile will have extremely high gyroscopic stability
at large summital yaw conditions. On the other hand, both the short-
boomed and the no-boomed shells appear to have linear static moment co-
efficients although at the maximum test yaw levels, the static moment
coefficient of the short-boomed projectile is beginning to become non-
linear. The nonlinearities of this coefficient and the yaw levels
where the coefficient becomes nonlinear are, presumably, associated

with the direct influence of the cross flow on the boom.

In Figure 20 we compare the composite range results of static
moment coefficient for the short-boomed projectile with the points
computed from Chapman-Kirk analysis. Whyte has attempted to represent
the static moment as a pentic in 6. His results compare favorably with
the range data up to 14°. At yaw levels above 14°, where range data
show a tendency to flatten, his values continue to increase. A similar
effort for the long-boomed shell is shown in Figure 21. For this shell,
whose static moment coefficient is even more nonlinear than the short-

boomed version, the best a pentic representation can do is to give the
average trend of the range data.

The strong nonlinearities in the aerodynamic system of the boat-
tailed projectile are quite evident in the results of the differential
equation fits to the angular motion recorded by the yawsonde and range
tests as well as the wind tunnel data. The aerodynamic coefficients
obtained from all sources correlate reasonably well. Figure 22 shows
the wind tunnel and the range results for the static moment and the
normal force coefficients for the boattailed shell. The wind tunnel
and the aeroballistic range data at similar Reynolds number compare
quite favorably, but the wind tunnel tests have also indicated a
Reynolds number effect which as yet cannot be explained.

In Figure 23, static moment results of the Chapman-Kirk analysis
of one of the range test firings are compared with the composite range
results previously given in Figure 22. The cubic representation of

the static moment coefficient used in the Chapman-Kirk analysis agrees
well with the range data.

The 1ift coefficients, as determined from various sources, for
both the boattailed and the square-based projectiles are shown in
Figure 24. With the exception of the small yaw behavior of the long-
boomed model, the lift curves are increasing cubically to about 25°
yaw. A small quintic counter-acting variation in the 1lift coefficient
is suggested by the data points at highest yaw levels. Although the
wind tunnel and the range results are well determined, the instrumented
flights could not furnish a confirmation of any of the details of these
results since the 1lift coefficient influences only the average trajectory.

Both the aeroballistic range and the wind tunnel tests indicated
that the Magnus moment of the boattailed design is negative between 7°
and 15° angle of attack at a Mach number of 0.55 (see Figure 25). The
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negative Magnus moment operating on the projectile will result in a
limit cycle in the precessional mode and thus a shorter range. This
limit cycle can be predicted by the method of Reference 2. Therefore,
tests at M = 0.55 were scheduled. As shown in Figure 25, CM is below
P
0.05 up to 16° where a rapid increase is observed. On the other hand,
the wind tunnel tests of the boomless boattailed design at M = 0.55
give negative Magnus moment coefficient. It is apparent that, at yaw
levels above 16°, a circulatory flow is established about the boom,

The wind tunnel tests of the boomed boattailed model at M = 0.3
give a low but positive value for the Magnus moment, whereas the boom-
less version has a ncarly linear Magnus moment as a function of angle
of attack (CM = 0.5/rad) up to 22° at the same Mach number. There-

Pa
tfore, without a boom, this projectile would be dynamically unstable
throughout the angle of attack range since the center of pressure of

the suffticiently large Magnus force is forward of the shell's center
of gravity.

Figure 2¢ shows the comparison between the range results, the solid
line, and the Chapman-Kirk analyses of two range tests, the diamonds
and the circles. Both Chapman-Kirk analyses predict the sign change
in the Magnus moment at about 7° yaw level, but the limited yaw base of
the smaller-yaw round, the diamonds, permitted only a cubic representa-
tion during the Chapman-Kirk analysis and as such the validity of the
results beyond 8° yaw level is questionable. On the other hand, the
second round had sufficiently large yawing motion to permit the use of
a pentic representation of the Magnus moment. As a result, it predicts
a second sign change in the Magnus moment at 14° - 15° yaw level. The
yaw trend of the Magnus moment for the boattailed projectile is well
defined by the Chapman-Kirk analyses but the absolute values obtained
through this procedure are different from the range results.

Aeroballistic range tests of the square-based projectile gave
Magnus data similar to those of the boattailed shell, sce Figure 27,
Once more, the high yaw behavior of the shell seems to be dominated
by the cross-flow acting on the boom to develop a strong Magnus force.
Naturally, this occurs for the longer-boomed shell at smaller yaw
levels, but the shorter boomed version has similar behavior. The
long-boomed shell reaches large positive values of Magnus moment
above 18° (8§ = 0.3) while the shorter-boomed projectile has an equiv-
alent value of Magnus moment only above 25° (8§ = 0.42).

Figures 28 and 29 show comparisons of Magnus moment results for the
square-based projectile as obtained from range tests and Chapman-Kirk
analyses. Figure 28 shows the comparison for the short-boomed shell.
Although the pentic (a°) approximation to the Magnus moment has gener-
ally the same trends as the range results, at small yaw levels, say




below 15°, it is at best an average of the actual range results. On the
other hand, the large yaw behavior predicted by Chapman-Kirk analyses
deviates strongly from the range results in that the steep rise of the
Magnus moment starts about 4° prior to the range indications and in-
creases more rapidly than the test results. Figure 29 is a similar
comparison for the long-boomed shell where three test firings have

been analyzed by Chapman-Kirk method for comparison due to yaw limita-
tions of each individual round. In its basic features this figure is
quite similar to Figure 26 for the boattail projectile in that: (a) low-
yaw rounds, the circles and the triangles, arc able to predict only the
first sign change of the Magnus moment, (b) the high yaw round could
predict the second sign change but it is not correct at lower yaws, (c)
the trend of the Magnus moment coefficient predicted by the combined
results of the Chapman-Kirk analyses is in agreement with the range

test data, and (d) the absolute values of the Magnus moment computed
from Chapman-Kirk analyses differ drastically from the composite range
results.

The few high yaw test indicated that in this region the damping

moment coefficient sum (CM + CM > remains relatively constant, lying

q &
between -3 and -5; hence, during the simulation analyses, the value of
this coefficient at the high end of the small yaw data was used. No

discrepancies were observed.

D. Ballistic Implications of the Test Data

The implications of the high yaw data on ballistics are more prop-
erly discussed in conjunction with the 6-D analyses of the next section.
The effects of smaller yaw levels are submerged in the large yaw be-
havior, however; therefore, the implications of the small yaw behavior
will be mentioned separately.

The aerodynamic forces and moments about the center of mass of the
projectile interact with the inertial properties of the vehicle to pro-
duce its dynamic behavior characteristics. In principle, the inertial
properties are at the disposal of the designer and the result can be
tailored to fit the needs in spite of the aerodynamic characteristics.
In practice, this latitude is limited for the usual ordnance projectiles
since effectiveness or cost penalties generally interfere. Various
shell modifications mentioned so far represent a sizable part of the
readily available options, resulting in generally similar inertial
properties. Therefore, the changes in the boom length will produce
equivalent alterations in the behavior of various shell designs.

The lower drag of the longer-boomed projectile would appear to be
an advantage since it could translate into longer ranges, but this is
not quite the case. Comparison of the ranges calculated from the
firing tables for the two configurations of the square-based shell at
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the same velocity and weight indicated that: (a) the maximum gain in

impact range is equivalent to a reduction of 6% in CD rather than the

maximum possible value of 12% predicted by the aerodynamic testing,

(b) at medium angles of elevation, the gain in range corresponds to

an effective drag reduction of only 1 to 2%, and (c) at high clevations
the trend actually reverses and the longer-boomed shell acts as if it
has a drag level 4% higher than that of the short-boomed version.

The recason for this behavior is as follows. The gyroscopic stability
ot a shell and the magnitude of its yaw of repose, as we have seen in
Section I-A, are governcd by the projectile's static moment coefficient.
For the same center of mass position, the shell with the longer boom has
a4 higher CM , therefore, it will have a lower gyroscopic stability. On

Qa

the other hand, the dynamic behavior of a shell is strongly influenced
by its Magnus moment coefficient. Although other aerodynamic properties
of the projectile also affect the level of the exponential damping
factors, Ai, the Magnus moment dominates the high frequency mode of

these projectiles. The damping factors measured from the range tests
are shown in Figure 30. For all the long-boomed versions, the indicated
value at zero yaw lcvel represents a divergence of the yaw. The values
change as the yaw level increases and the Magnus moment decreases, until
at yaw levels of 3° to 6°, depending on the particclar design, the in-
dicated value becomes stabilizing. Thus the long-boomed projectiles,

at lecast under these conditions, will not fly at zero yaw. This tendency
to fly at a small non-zecro yaw coupled with the yaw sensitivity of the
acrodynamic properties of the long-boomed shell reduces the behavioral
differences between the two types in actual use; in particular, the
apparently quite favorable drag difference.

V. COMPARISON OF COMPUTER ANALYSES AND YAWSONDE RESULTS

Figures 31 to 37 show computed behavior of various shell types
ilong sample trajectories. Most of the figures give the magnitude of
total yaw as a function of time, which may be readily converted to any
desired trajectory parameter. Whenever yawsonde results were available
tfor conditions similar to those used in the computations, then the solar
aspect angle is used for comparison of the test results with the com-
puted values, again using the time along the trajectory as independent
rariable.

Figures 31 and 32 show the computed yaw histories of the short-
and long-boomed square-based projectiles, respectively, along a tra-
jectory of low elevation angle and medium velocity. The performance
of the no-boom configuration along the same trajectory was also com-
puted, but its behavior showed basically the same trend as the short-
hoomed shell. Therefore, the results for the no-boom version are not
given as a separate figure. The characteristic behavioral differences
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at small yaw for the two configurations are quite discernable in the
figures. The short-boomed model damps out both the launch transient
and the summital perturbation to essentially zero level by the time

of impact, but the long-boomed vehicle is maintaining a high frequency
mode throughout its flight. For this long-boom case, the amplitude

of the total yaw is increasing up to the summit under the influence of
the yaw of repose, but on the down-leg of the trajectory a nearly
constant value of total yaw level is maintained although the amplitude
of the high frequency mode is decreasing.

Figures 33 and 34 show the computed yaw behavior of the square-
based projectile along a trajectory with high gun elevation and low
velocity for two boom lengths. Once more, the no-boom results are not
shown since they are very similar to those of the short-boom shell.

The higher gun elevations at lower speeds create flight conditions which
truly differentiate the performances of various configurations. Along
these trajectories, the summit is reached sooner, and part of the launch
transient is carried into the summit region.

For the short-boomed projectile, Figure 33, the launch transient
has already been damped out to a large extent before the top; thus,
through the summit the resultant aerodynamic yaw is almost a pure
response to the turning of the trajectory induced by the gravity vector
and the inertial lag of the shell. A post-summital fast mode appears
and grows briefly as the projectile senses yaw levels over 12° in
coming out of the summital area with a large slow mode. Now it is a
race between the small amplitude fast mode which is diverging at these
yaw levels and the large slow mode which is damping, but it is clear
that the down-leg is dominated by the damping of the low frequency mode.
This flight is well behaved near the terminus, both yaw modes damping,
from the exterior ballistician's point of view. However, the yaw levels
could be large enough to disturb other facets of performance.

Figure 34 shows the yawing history of the long-boomed model under
flight conditions similar to that of Figure 33. Here, the high frequency
mode resulting from the launch transient is borne into the summit region.
Although this mode is damping out, it still has enough amplitude at the
summit to provide sufficient excitation for the divergent mode just after
the summital maneuver. The amplitude of this divergent mode is compara-
ble to that of the damped low frequence mode, and near the impact the
undamped high frequency mode becomes the controlling factor, as shown in
the figure. Therefore, the yaw level remains relatively high until the
flight is terminated by impact since the shell cannot recover by itself.

Figure 35 gives an indication of what could happen if a large dis-
turbance is introduced near the summit of the trajectory of the short-
boomed projectile. This figure was obtained by combining a high wind
condition with maximum tip-off condition (observed during the instru-
mented flights and range tests, respectively) in an unfavorable manner.
Otherwise, this computation is for the same trajectory conditions as
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those of Figure 33 with which it may be compared. Now the wind shear
has amplified both of the frequency modes before reaching the summit.
The down-leg of the motion is quite similar to that of the longer-
boomed shell with less disturbance in that near the impact the undamped
fast mode is governing the amplitude of the total yaw level of the
motion and the shell is nearly destabilized.

During the testing of the instrumented shells, one set of yawsonde
data was obtained for the short-boomed version of the square-based shell
at a high elevation angle and a low velocity. A comparison of the solar
aspect angles obtained during this flight (shown as dashed lines) and
the curve calculated by the 6-D simulation of this test is shown in
Figure 36. This test firing had taken place soon after the passage of
a cold front, hence, under fairly severe wind conditions. Inclusion
of this wind profile in the 6-D simulation showed that the large ampli-
tude precessional motion at the beginning of the flight is caused
mainly by the wind and its changing profile. The trend of the data
obtained by the yawsonde is very closely simulated by the computed
curve. It is believed that the exact period of precession and the
growth of the nutational motion of the shell could be matched without
resorting to major changes in the aerodynamic properties discussed above,
by choosing proper initial conditions and a closer approximation to the
gusty wind profile near the summit (between 8 and 1. seconds of flight
time).

Aerodynamic data discussed in the previous scction indicated that
the boattailed model is less prone to disturbances by the Magnus effects
at higher yaw levels as the result of a deliberate effort to counter-
balance these effects by the maximum shift in the inertial and aero-
dynamic factors. This effort was successful in postponing the onset
of the high-yaw instability; however, it has introduced a more compli-
cated small-yaw interaction. The Magnus moment affects the two fre-
quency modes differently. An effort to reduce the effect of this
moment on one mode often increases its effect on the other. Both the
range and the wind tunnel results indicated that the boattailed model
can be precessionally unstable in the 6-10° yaw range for some Mach
numbers. The raw data obtained from the instrumented flights of the
boattailed model suggest the presence of a small amplitude slow mode.
Figure 37 shows a fit to a portion of the data obtained from one of
these flights. This fit was obtained through the method of Chapman
and Kirk. To date, this method has been successfully applied to
flights along trajectories where the effects of the yaw of repose and
the trajectory curvature are minimal. Thus the data shown in Figure 37
is from a portion of the trajectory prior to the summit. The first
step in the Chapman-Kirk method is to remove the trajectory effects
from the solar aspect angle data through a 6-D computation. This re-
duces the test data to an angle of attack history which is then fitted
by the Chapman-Kirk method to obtain improvements to the values of the
aerodynamic coefficients. The comparison of the coefficients obtained




via Chapman-Kirk fit of this flight and the values obtained through
other test methods is given in the following table.

Table I. Comparison of Aerodynamic Coefficients
(Mach Number = 0.85)

Chapman - Kirk Analysis
Wind Spinner Ballistic Linear Cubic Value at Probable
Coefficient Tunnel (Ref: 18) Range Term Term Avg. Yaw Error (rad)

3.0 812 3.2 1.80 1397 c .00058

A 6.8 = 97 .00058

.00058

VI. SUMMARY

The addition of a subcaliber after-body to the base of a spin-
stabilized projectile produces definite aerodynamic effects, particularly
if the boom length exceeds about one caliber for a 1/3 caliber diameter
boom. Comparative testing of several types of projectiles, both square-
based and boattailed, showed the following effects at small yaw levels
as a function of boom length.

(1) Cﬂ decreases up to 12% for the short boom lengths and up to
28% for the longer boom lengths.

(2) CM increases a small amount with the addition of the shorter
6]
0

boom, but up to nearly 50% with the addition of the longer version.

(3) CL decreases about 20% for the longer-boomed shell.
6]
0

4) CM for the longer-boomed projectiles is larger than the

Py .

values for the shorter-boomed versions.




In all cases, longer-boomed shell showed nonlincar aerodynamic
hehavior, as opposed to the nearly linear aerodynamic behavior of the
shorter-boomes types. In general, these nonlinearities acted to de-
crease the differences between the long- and the short-boomed shell
as the yaw level increased, up to yaw levels of about 8°.

At the higher yaw levels, the booms act to decrease the static
moment of the basic projectile and also to produce a large positive
Magnus moment contribution. Both of these effects appeared to occur
once the yaw level reached a point where the boom is in a de’iaite
cross-flow. The existence of a large Magnus moment places a iimit on
the maximum yaw level that either boomed projectile can reach without
becoming dynamically unstable.
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Set-up for the High-Yaw Tests

Figure 2.
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FIGURE 27 MAGNUS MOMENT COEFFICIENT vs YAW
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FIGURE 29 MAGNUS MOMENT COEFFICIENT COMPARISON
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L1ST OF SYMBOLS
Model diameter, ft
Acceleration due to gravity, 32.2 ft/sec’
Roll rate of the model, rad/sec

Transverse angular velocities of the model, rad/gec (for
most exterior ballistic uses, q = G and T = - 8)

1
2

(9% + r?)

_pSd €,
T 2m t

. Dtg%_ggﬁgi , Drag coefficient

Drag coefficient at zero yaw

Lift Force
Qs ’

Lift coefficient (Positive coefficient:
Lift force is in the plane of total angle
of attack and normal to the trajectory in
the positive direction of the total angle
of attack.)

= CL/sin a., Lift coefficient slope, 1/rad

t’

= Statachgment , Static moment coefficient (Positive

coefficient: Moment increases the
angle of attack.)

Magnus Moment
QdS (pd/V) °

Magnus moment coefficient (Positive
coefficient: Moment rotates the nose
of the model normal to the plane of

the total angle of attack in the dircc-
tion of roll.)

Magnus moment coefficient slope, l/rad

Static moment coefficient slope, 1/rad
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LIST OF SYMBOLS (continued)

gagp;n%qrg9$?t , Aerodynamic damping coefficient

(Positive coefficient: Moment
increases the angular velocity of
the model.)

ﬁezm%lgﬁﬂzES , Normal force coefficient (Positive

coefficient: Normal force is in the
plane of the total angle of attack and
normal to the model in the positive
direction of the total angle of attack.)

Axialzand transverse moments of inertia, respectively,
1b-ft

) ()

% (p V3/g), Dynamic pressure, psi

1’/11, Telemetry-pulse spacing ratio
“

m d?/4, Model reference area, ft?
S I
\ * r_njd___ *
(o)t )
o/ X Pa

Model velocity, ft/sec

Angles of attack and side slip, respectively, rad
Total angle of attack, rad

= sin o
t

Trajectory angle with respect to horizontal, deg
Exponential damping factor, 1/cal
Air density, 1b/ft3

Solar aspect angle, deg

Spin period, sec




ILIST OF SYMBOLS (continued)

Time between consecutive pulses, sec
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