VOL. 10, NO. 3, MARCH 1973

J. AIRCRAFT 143

Verification of Ground Test Data by Instrumented Flight Test
of an Artillery Shell

Stanley D. Kahn*
U. S. Army Picatinny Arsenal, Dover, N. J.

and .
Vural Oskayt and John Whiteside}
Ballistic Research Laboratories, Aberdeen Proving Ground, Md.

Service tests of a new low-drag projectile showed unexpected behavior at intermediate tempera-
tures and low gun elevations where no problems were expected. An extensive test program was ini-
tiated to investigate the causes of this behavior. This program included wind tunnel and spark range
tests at a wide range of Mach numbers and angles of attack. Given the shell’s pitch damping, static,
and highly nonlinear Magnus moment coefficients, it was possible to predict its behavior mathemati-
cally if the initial pitching rate of the projectile was permitted to vary within the observed limits. In-
strumented flight tests verified some of the ground test results although there still remains some un-
explained discrepancies in the details of flight behavior. This investigation proved the necessity of a
thorough aerodynamic test program if details of a shell’s behavior are to be mathematically simu-

lated.
Introduction

THE artilleryman has always desired to send a maximum
payload as far as possible. In the past, the weapon design-
er met this requirement with long, large caliber guns. But
the need of the modern army for greater mobility created
a preference for shorter and more mobile howitzers or,
when necessary, for medium length, intermediate caliber
cannons. The previous requirements of artillery for longer
ranges and heavier payloads have still remained. As a re-
sult, a major part of the burden shifted to the shell de-
signer and the ballistician; their answer has been shell de-
signs with larger internal volumes and/or more aerodyn-
amically streamlined external surfaces. The resulting de-
signs generally have a) long, ogival noses, b) boattails,
and c) length-to-diameter ratios (L /d) greater than 5%.

The gains in exterior and terminal ballistic performance
were, however, achieved only at the expense of decreased
gyroscopic and dynamic stability margins compared to
those of the older shell designs. The aerodynamic property
governing the gyroscopic stability of a projectile is the
static moment which is relatively insensitive to spin and
Reynolds number variation although yaw and Mach num-
ber effects can be large. On the other hand, the aerody-
namic characteristics controlling the shell’s dynamic sta-
bility are the pitch damping and Magnus moment coeffi-
cients which can be sensitive to all of the preceding vari-
ables and also to small changes in shape. The most criti-
cal conditions for the satisfactory behavior of these newer
projectiles have been observed at transonic speeds where
the Magnus moment is strongly influenced by yaw level
and nondimensional spin factor (pd/V). Therefore, the
testing necessary at transonic speeds can be expensive and
time consuming if a thorough investigation is to be made.
It should also be noted that only in recent years has the
Magnus testing of wind-tunnel models become semirou-
tine for full-scale Reynolds numbers at transonic speeds.
Similarly, the spark ranges have only recently been able
to produce and analyze large yaw data for full-scale shells.
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As of several years ago, only a small-number of prot-
otypes would be tested in a spark range at small yaw lev-
els and a similarly small number would be fired under
field conditions. The spark range results for the newer
shell would almost certainly indicate marginal yaw damp-
ing somewhere within the expected region of launch veloc-
ities, usually at the transonic speeds, while the field tests
often showed adequate precision at impact. Since it was
nearly impossible to attempt a more comprehensive inves-
tigation, the development of the projectile usually pro-
ceeded, sometimes without the threat of misbehavior pre-
dicted by the spark range tests ever materializing. How-
ever, when it did, it was often at a late stage of the shell’s
development. A problem at this stage necessitates at-
tempting a field solution to avoid a redesign if possible;
such a solution generally.takes the form of changing or
limiting the permissible muzzle velocities for the transon-
ic launch conditions.

Recently, the prototype of a family of new shells en-
countered precision problems. The history of this projec-
tile will be used to demonstrate a) the initial problems
faced by the developers in the past, b) the increase in the
test capabilities with time, c) the necessity for a compre-
hensive test program, d) the degree to which the aerody-
namic data could be used in trajectory simulations to du-
plicate the projectile’s impact points, and finally e) the
extent to which the details of instrumented flight behav-
ior could be used to verify and/or modify the aerodynamic
data obtained from ground tests (wind-tunnel and spark
range tests).

Historical Background

The projectile, whose developmental history is de-
scribed in this paper, is shown in Fig. 1. It has a diameter
of 6.09 in. (155mm) and an (L/d) of 5.65. It has a 3-cali-
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" Fig.1 Prototype for the new 155mm shell family.
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Fig. 2 Range deviation observed during service tests at Fort
Sill.

ber long secant ogive and a 0.6 caliber, 7%° boattail. Dur-
ing the initial design stages of this shell, estimates of lin-
ear aerodynamic coefficients were obtained from its simi-
larity with previous shell designs. Although six-degree-of-
freedom (6D) simulation using these linear coefficients
showed that there could be precision problems for some
transonic launch conditions, none were encountered dur-
ing the developmental test firings at Yuma Proving
Ground (YPG), Arizona, for hot and normal temperature
conditions and a small number of firings at Arctic Test
Center (ATC), Alaska, for cold temperature conditions,
usually considered to be the most critical. Based on the
success of these tests, the design was finalized and the
service tests were started at Fort Sill, Okla. During the
service tests, large dispersions in the impact range, Fig. 2,
were detected at one muzzle velocity and a relatively low
elevation angle where, in earlier testing, no problems had
occurred. The range spread observed at Fort Sill could not
be explained by round-to-round velocity variation and/or
changes in wind; therefore, a more complicated condition
had to exist. At Fort Sill, the air temperature was 28°C
lower and the air density was 15% higher than was usual
in the extensive YPG tests. Similar muzzle velocity, gun
elevation, and atmospheric conditions were not encoun-
tered in any of the other, more limited, temperate and
cold temperature tests. The service test behavior resulted
in the initiation of a comprehensive program to determine
a) the effect of launch conditions on range dispersion, b)
the effect of the observed differences in environmental
conditions on the behavior of the shell at various test
sites, and c¢) the detailed aerodynamic properties of the
projectile.

The specific investigations included a) open range tests
with yaw camera coverage at Aberdeen Proving Ground
(APG), Maryland to determine the effect of weapon/shell
interaction on the initial flight of the projectile at weather
conditions near those of the Fort Sill tests, b) 6D analyses
using the available aerodynamic data to determine the ef-
fects of environmental conditions, ¢) an extensive wind
tunnel test program with a 0.7-scale model at several fa-
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Fig. 3 First maximum yaw distribution observed at Aber-
deen Proving Ground.
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cilities to define the basic aerodynamic properties of the
projectile, d) a sizable (but not as extensive) test program
of the full scale shell in the Ballistic Research Laborato-
ries (BRL) spark range facility! at APG to confirm and
augment the wind-tunnel results, particularly at small
yaw, and lastly e) free-flight tests of projectiles instru-
mented with yawsondes at the Wallops Island facility of
NASA to define its yawing behavior under actual flight
conditions.

Test Results and Analyses Based on These Results

Several parts of the test program discussed in this sec-
tion had already been planned prior to the service tests.
The observation of poor precision at Fort Sill, however,
resulted in an augmentation of the already planned tests
and in the addition of others. Although parts of the test
program were carried out simultaneously for expediency,
clarity is best served by explaining the various elements
as if they occurred in a distinct sequential order.

Determination of Weapon/Projectile Interaction

Tests with yaw camera coverage were performed at
APG and were the first intensive effort of their kind to
determine weapon/shell interaction under a variety of
conditions. These tests indicated that this weapon/shell
system can yield sufficiently large shell pitching rates to
result in sizable yawing motions after launch. Figure 3
shows the results of one such test. These tests uncovered
the possibility of initial yaw levels exceeding 8° under the
worst combination of launch speeds and meteorological
conditions. These results formed the basis of the first at-
tempts to explain the behavioral differences at different
test sites.

It was possible using 6D simulations to predict those
launch conditions which result in poor precision by using
the initial yaw limits indicated in Fig. 3 and the Fort
Sill environment (9°C air and propellant temperature and
at least 5% higher air density than the ICAO standard at-
mosphere). However, the use of the linear aerodynamics
available at the time did not yield a good representation
of the ranges observed during the Fort Sill tests. A quasi-
linear analysis of the shell’s behavior, using some of the
initial wind-tunmel results, was performed to obtain a bet-
ter understanding of the problem.2 Under the Fort Sill
conditions and at intermediate yaw levels (about 4°),
these analyses indicated that under the influence of a
strong Magnus nonlinearity as function of yaw the nuta-
tional component of the projectile’s yawing motion could
become undamped, see Fig. 4. These analyses further in-
dicated that, in addition to the strong Mach number ef-
fect on the growth rate of the yawing motion as shown in
Fig. 4, the initial amplitude of the yaw will also influence
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Fig.5 Yaw effect on nutational damping factors.

the growth rate. The last result is clearly shown in Fig. 5
for the nutational component at two Mach numbers. 6D
analyses using the preliminary estimates of nonlinear
aerodynamics partially explained the poor precision de-
tected during Fort Sill tests as due to a combination of
circumstances. These analyses also showed that the sup-
posedly critical cold test firings would not have given rise
to the problem. These details will be discussed later.

Determination of the Aerodynamic Coefficients

An extensive wind-tunnel program was conducted with
a 4.25-in.- (108mm) diam model at three test facilities? to
define the aerodynamic characteristics of this projectile in
greater detail. In addition to the normal force, static mo-
ment, Magnus force, and Magnus moment coefficients ob-
tained during these tests, results of two earlier tests were
used to give the trends of the drag and pitch damping
coefficients where no data existed. Unfortunately, due to
the operational limitations of the wind tunnels, most of
the testing was performed at relatively low Reynolds num-
bers as shown in Fig. 6. Since the Magnus characteristics
of a boattailed projectile appear to be strongly influenced
by the Reynolds number, a spark range program was also
fired to obtain a reference for the full Reynolds number
behavior of the shell at small yaws, especially at the criti-
cal transonic speeds. In this section, we will discuss some
of these results and compare values of the aerodynamic
coefficients obtained in the wind-tunnel and spark range
tests..

Drag Coefficient C),

The original estimates of the drag coefficient were ob-
tained from a 105mm shell of similar shape,* modified at
high supersonic Mach numbers by the results obtained
from previous wind tunnel tests of a 1.2-in. model of simi-
lar shape. As the test program progressed, these estimates

8 .
[ WIND TUNNELS
o NASA AMES 12' 5o
I A CORNELL 8
. 7 ° ﬁASALll\_NGLEY4 SHELL
4
: 6 |55-mm RAP
SHAR 105-mm
° TORY- -
g 5_4;" TRAJEC SHELL
‘e
x
&oar
[}
= b
2 3f :
[ o
3 o
w 27 oo
N 0 o A
o)
NI .
(o] 1.0 20 30

MACH NUMBER

Fig. 6 Mach number/Reynolds number regime of wind-tunnel
tests.

VERIFICATION OF GROUND TEST DATA 145

40
E 30 P e
r4 / R
7] =
o / g I S Et
e | -
w 4
8 20 J
=} h . — 155-mm(RANGE)
® ) — —  105-mm{RANGE)
2 ey —-—— SANDIA WIND TUNNEL
& o ‘\%/ o' 155-mm (RADAR)
O—% B i iz 14 16 18 20 22

MACH NUMBER
Fig.7 Mach number variation of drag coefficient.

were revised by the results obtained in the BRL Transonic
Range facility with the full size shell. Mach number
trends of these three drag coefficients are shown in Fig. 7.
Also shown in the figure are some of the preliminary re-
sults for total drag obtained from the radar data of the in-
strumented shell tests.

Static Moment Cy and Normal Force Cy Coefficients

Static moment and normal force coefficients were mea-
sured in three different wind-tunnel facilities. These tests
were performed at various Mach numbers and angles of
attack using a 4.25-in. model. Data were obtained at sev-
eral Reynolds numbers with the nonspinning model. Fig-
ure 8 shows the variation of Cy as a function of angle of
attack at a Mach number of 0.7 obtained in one of the
wind tunnels. Also shown in the figure are several data
points determined from the spark range tests: It is obvious
that the effect of the Reynolds number on Cy, is not very
important. Figure 9 shows a comparison of the Mach num-
ber dependence of the static moment coefficient slope Cy at
small angles (below 3°) obtained from a) wind-tunnel tests
of 4.25-in. model, b) spark range tests of the full-size pro-
jectile, and c) a previous series of wind-tunnel tests with a
full-size model performed at AEDC.5 Trends shown by the
data from these three sources agree quite well although
there are some differences in the absolute values of the
coefficient, especially at subsonic Mach numbers, which
may partially be explained by slight differences in ogive
shape. .

Dependence of the normal force coefficient on angle of
attack, Mach number, and Reynolds number is quite sim-
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ilar to that of the static moment coefficient, and no addi-
tional discussion is needed.

Pitch Damping Moment Coefficient Cy,

The main source of data for the values of this coeffi-
cient was the spark range tests of the full size projectile.
A plot of Cy, as a function of Mach number is given in
Fig. 10. Also plotted are the data from the AEDC tests.?
With the exception of low supersonic Mach numbers,
where there is an oscillatory trend in the AEDC data, the
agreement between the two curves is quite good. Analyses
of the spark range data indicate that Cyy, is, at most, a
weak funtion of angle of attack. For the computer simula-
tions, this result was used as a basis for assuming the
pitch damping to be independent of yaw.

Magnus Moment Cy;, and Magnus Force Cy, Coefficients

The values of the Magnus moment and force coeffi-
cients were determined mainly from the wind-tunnel tests
of the 4.25-in. model conducted at several Reynolds and
Mach numbers.3 The wind-tunnel model was prespun by
an air turbine and the data were recorded as the spin de-
cayed. Several values of Magnus moment and force coeffi-
cient slopes (Cip, and Cnpq, Tespectively) were also deter-
mined during the spark range tests. In this section, only
the Magnus moment behavior of the shell will be dis-
cussed since the influence of the Magnus force on the pro-
jectile’s flight is, in general, minimal and the remarks
made about Cyp, generally apply to Cyp, too.
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Fig. 11 Spin effect on Magnus moment coefficient at a Mach
number of 0.7 and a test Reynolds number of 0.82 X 106 per
caliber.

Figure 11 shows the effect of the spin rate on the value
of Cyp. The parameter (pd/V) is known as the nondi-
mensional spin and for a Zeo-twist gun it has a value of
0.314 at the muzzle. As a projectile flies along its trajecto-
ry, the value of (pd/V) increases reaching a maximum
near the summit. On the downleg of the trajectory, (pd/
V) once more decreases. The wind-tunnel results indicate
that with increasing (pd/V), the value of Cp decreases
for yaw levels below 10°-12° as shown in Fig. 11 for a
Mach number of 0.7 and a test Reynolds number of 0.82
X 108 per caliber. At yaw levels above 10° to 12°, the
trend appears to be reversed. In Fig. 12, the effect of
Reynolds number on Cy, is shown for a Mach number of
0.7 and a nondimensional spin rate of 0.31. The main ef-
fect of increasing Reynolds number is to decrease the
value of Cyp. This trend is in good agreement with spark
range results, also shown in Fig. 12, at the full-scale Reyn-
olds number of 2.51 X 108 per caliber. Another effect of
increasing Reynolds number appears to be to accentuate
the yaw effects at values above 10°. Finally, a comparison
of the values of Magnus moment coefficient slope Cyp, 0b-
tained during spark range tests and those derived from
the wind-tunnel tests is shown in Fig. 13. Once more, the
trends of spark range and wind-tunnel results are in good
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Fig. 12 Reynolds number effect on Magnus moment coeffi-
cient at a Mach number of 0.7 and a nondimensional spin
value of 0.31.
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agreement although at subsonic Mach numbers, the range
values are again lower.

Six-Degree-of-Freedom (6D) Simulations

Using the new set of aerodynamic coefficients obtained
by wind-tunnel and spark range testing, further attempts
were made to simulate the APG tests discussed above.
These simulations were quite successful in matching the
maximum range deviations observed during the APG tests
although the maximum value of the initial yaw needed in
the 6D analyses was generally lower than the observed
values. This meant that either further refinements in the
aerodynamic coefficients were needed or a choice had to
be made between the values of first maximum yaw pre-
dicted by the 6D computations vs the photographically
determined values during the APG tests. Additional 6D
simulations were also performed with YPG environmental
conditions.

In Figs. 14 and 15, we compare the results of four 6D
trajectory simulations. The results of the analyses are pre-
sented as plots of total angle of attack vs time of flight.
To compute the plots shown in Fig. 14, the environmental
conditions at APG (air temperature —7°C and air density
11% above ICAO standard) were used since meteorological
data for Fort Sill test were sketchy. Two rounds with the
longest and the shortest ranges from one series of APG fir-
ings were chosed for simulation. An appropriate magni-
tude of initial pitching rate was used during the 6D simu-
lation so that the computed range-to-impact matched the
observed value. Same two values of initial pitching rates
were then used in conjunction with the YPG environment

- (air temperature of 42°C and air density 11% lower than
ICAQ standard) to obtain the plots shown in Fig. 15.
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Fig. 14 Comparison of computed yawing histories under
Aberdeen Proving Ground environment.
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Fig. 15 Comparison of computed yawing histories under
Yuma Proving Ground environment.

For the lower plot in Fig. 14, only a small value of ini-
tial pitching rate was used thus resulting in a first maxi-
mum yaw of 1.5°. During the initial 2-3 sec into the flight,
the precessional component of the yaw is damped while
the nutational component is growing. About half-way to
the summit a region of neutral stability is reached and the
yaw level remains constant at about 2.5°. Once the shell is
over the summit, at about 12-13 seconds, the destabiliz-
ing effect of the plunging trajectory takes over and the
nutational component of the yawing motion grows to a
value of 4.5° at impact. The second plot in Fig. 14 was
computed with an initial pitching rate 7 times larger than
the previous case. The resulting larger first maximum yaw
(about 8° total angle of attack) has two consequences 1)
the nutational component of yaw grows at a faster rate
than the previous case and 2) the precessional component
takes a longer time to damp (there is still some percepti-
ble precessional component at 8 sec of flight). As a result,
the total angle of attack reaches an average of about 10°
at 3 sec into the trajectory where the stabilizing effect of
increasing altitude together with the damping precession-
al component tries to reduce the total yaw level. But by
now, the nutational component is the dominant factor and
the total yaw once more starts to grow even before the
summital region (12-13 sec of flight). On the downleg of
the trajectory, the total yaw continues to grow but at a
slower rate. From the plot, it appears as if the yawing mo-
tion of the projectile is approaching a limiting value of
12°-13° at impact. This difference in the yawing behavior
of the shell as a function of the amplitude of the initial
pitching rate results in an increase in the average yaw
level of about 7.5° along the complete trajectory for the
higher pitching rate case. The resulting increase in the
total drag of the shell is such that the flight with the larger
initial pitching rate will have a range 620m shorter than
the lower initial pitching rate flight.

In computing the plots of Fig. 15, it was assumed that
the environmental conditions of the test will not affect the
interaction between the weapon and the shell; therefore,
the pitching rates used to generate the plots of Fig. 14
were also used to obtain the plots of Fig. 15. The obvious
difference between Figs. 14 and 15 is that under YPG en-
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Fig. 16 Spin history of & yawsonde instrumented projectile
tested at Wallops Island.
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vironmental conditions, for a given pitching rate, the shell
has a first maximum yaw which is half as large as that for
APG or Fort Sill environment. Consequently, at the re-
duced yaw, the motion either damps out completely or
grows very slowly. This behavior is quite obvious in Fig.
15. The low pitching rate flight has a first maximum yaw
of about 1° which damps to about 0.5° and remains at
that level for the entire flight. On the other hand, the 6D
simulation using the higher pitching rate gives a first
maximum yaw of about 4.5°. The precessional component
of the yawing motion damps during the first half of the
trajectory while the nutational component remains at a
level of about 2°. Once the shell is over the summit, the
nutational component of the yawing motion starts grow-
ing. For this environmental condition, the growth rate of
the nutational component is so slow that the projectile
has an average yaw of only 3° at impact. Therefore, an av-
erage of 1.5° yaw difference exists between the two flights
during the first half of the trajectory with the yaw differ-
ence reaching a maximum value of 2.5° at impact. The re-
sulting difference in range could easily be masked by muzzle
velocity, wind, and other usual test condition variations.

Test Results from Instrumented Flights

There were two purposes in testing several yawsonde in-
strumented shells at the Wallops Island facility of NASA.
One objective was to obtain first hand information on the
yawing behavior of the projectile along its trajectory under
critical environmental conditions. A second goal was to

-verify the spark range and wind-tunnel test results either

by simulating the motion of the instrumented flights
using a 6D computation or by obtaining aerodynamic
coefficients from these flights for comparison purposes.
The yawsonde provides spin and yawing histories while
total drag is obtained from radar data. A yawsonde is an
instrument which employs a pair of solar cells to detect
the position of the projectile axis with respect to the sun.
This information is transmitted to a ground receiving sta-
tion for analysis at a later date.

A small number of yawsonde instrumented shells were
tested at Wallops Island in hopes of detecting the flight
behavior under critical launch conditions. Because of the
geographical location of Wallops Island, it was difficult to
duplicate the exact launch conditions of the Fort Sill
tests. Several rounds, however, were launched in the criti-
cal transonic regime. Preliminary data from one of these
rounds will be discussed in this section.

The projectile under discussion was launched at a
muzzle velocity of 1060 fps (323 m/sec) with a gun eleva-
tion of 490 mils (27.5°). The air temperature was 57°F
(14°C), and the air density was about 7% higher than
ICAO standard. There was a tail wind of 14 mph at an
angle of 26° to the left of the trajectory.

The drag coefficient is the simplest aerodynamic coeffi-
cient to obtain. If wind and meteorological data are avail-
able, the total drag can be obtained from the radar data.
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Some preliminary results from this round are shown on
Fig. 7. There is greater scatter in the values of drag coeffi-
cient for this round than has been experienced in other
radar reductions. In the present method, the drag varia-
tions due to yaw are superimposed on the normal data
scatter. The technique of drag determination from posi-
tional radar data is still in its infancy and some lack of
consistency is to be expected.

The second bit of information from the yawsonde in-
strumented shell is its spin history. Since each solar cell
observes the sun once each revolution, the spin history is
determined by counting the number of solar intercepts per
unit time for a given cell. Such a plot is shown in Fig. 16
for this flight. These data are analyzed for spin damping
coefficient C;, as a function of Mach number. Figure 17
compares the values of C;, from the yawsonde data of
this round with the data for a 105mm projectile of similar
shape obtained during spark range testing.* Agreement
between the two sets of data are quite good.

The last piece of information obtained during this test .
firing is the solar aspect angle history and is shown in Fig.
18. The solar aspect angle is defined as the angle between
the sun’s ray and the normal to the shell’s axis in the
plane determined by the sun and the axis of symmetry of
the projectile. The solar angle gives a general indication of
the shell’s behavior under particular test conditions. Data
start at about one second into the trajectory (roughly 1000
ft from the muzzle) and show a combined yawing motion
of -about 7° peak-to-peak, a 4° nutational component
superimposed on about a 2°-2%° precessional component.
As the flight progresses towards the summit (between 14
and 15), the nutational component is damped but the pre-
cessional component persists. At the summit, there does
not seem to be any preceptible motion. On the downleg
portion of the trajectory, although the nutational compo-
nent is quiescent, the precessional component is growing.
This behavior does not agree with the predictions of 6D
simulations using the aerodynamic coefficients deter-
mined from ground tests. The discrepancy may have sev-
eral causes 1) inadequate computer simulation of flight
conditions, 2) simplifications made in the aerodynamics of
the projectile (Reynolds number and spin effects are ig-

“nored although some measurements of these were made),

and 3) inadequate description of the test conditions, par-
ticularly the wind. At the writing of this paper, this prob-
lem is being studied from two approaches: 1) 6D simula-
tions of the solar aspect angle history are being made to
determine the extent of modifications needed in the aero-
dynamic coefficients and 2) the effective values of these
coefficients are being determined from the details of the
solar aspect angle history by solving the equations of mo-
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Fig. 18 Solar aspect angle history of a yawsonde instrument-
ed projectile tested at Wallops Island.
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tion. These two independent determinations of the coeffi-
cients would then be compared for further refinement.

Conclusions

Although some questions still remain about the details
of the shell’s aerodynamic behavior, the reasons for poor
precision were quite adequately explained. This weapon/
shell combination may result in first-maximum-yaw levels
up to 8°. Under certain environmental conditions, this
yaw will remain almost constant for the entire trajectory
if the projectile is launched within the critical transonic
regime. Based on the conclusions drawn from the 6D anal-
yses, it was possible to obtain a rational solution to the
precision problem of this weapon/shell combination by
eliminating the launch velocities at the critical region.
The same nonlinear aerodynamic data package was also
used to aid in the design of another member of this shell
family meant for use with the same weapon system. Fi-
nally, when these aerodynamic coefficients were used in
6D analyses with APG environmental conditions, the ac-
tual test results were successfully simulated.

In general, it was found that the use of “linear” aerody-
namic properties from small-yaw tests and the computa-
tions based on these tests may define regions where per-
formance problems can be expected. Nevertheless, analy-
ses based on linear aerodynamics do not define the be-
havior adequately enough to evaluate the severity of the
problem. Furthermore, there now exists the capability to
conduct an adequate test program to define a shell’s be-
havior as a function of yaw level, Mach number, and spin
rate so that detailed flight histories can be simulated by
computer analyses. The most critical aerodynamic fea-
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tures needed to be measured are Magnus and pitch damp-
ing moment coefficients. Both wind-tunnel and spark
range tests are required for an adequate definition of the
yvaw dependence of the aerodynamic coefficients. Testing
must be performed at essentially full-flight Reynolds
number at the critical regions of the flight regime. Launch
conditions, particularly weapon/shell interactions, strong-
ly influence the projectile’s flight behavior when the sta-
bility of the shell is a nonlinear function of yaw. Finally,
combinations of “field” conditions can produce considera-
bly different launches from those usually observed during
“proving ground” testing.
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