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Simplified Method for Evaluating the Flight Stability
of Liquid-Filled Projectiles

Daniel J. Weber*
U.S. Army Edgewood Research, Development, and Engineering Center,
Aberdeen Proving Ground, Maryland 21010

This paper describes a modification to the tricyclic theory to include the effect of a liquid payload on the
motion and stability of the projectile. The influence on the projectile’s motion by the liquid payload is similar to
the Magnus effect. A computer program has been developed that determines the complex projectile motion using
either theoretical estimates of liquid-fill characteristics or experimental results obtained from a test fixture for
nonrigid payloads. Preliminary stability assessments for liquid-filled projectiles can be made rapidly and provide
a means of determining the relative importance between the aerodynamic and liquid-fill characteristics on the
projectiles flight stability. Flight stability predictions show good agreement with flight tests of liquid-filled, 155-

mm projectiles.

Nomenclature
C,,,q = dynamic stability derivative coefficient
Cong, =static stability derivative coefficient
Crng =aerodynamic trim derivative coefficient
CNRpep =nonrigid payload side moment coefficient
" =Magnus moment derivative coefficient
d =reference diameter, m
I =transverse moment of inertia, kg-m?
I = axial moment of inertia, kg-m> '
K,,3;  =length of nutation, precession, and acrodynamic trim
arms, deg
M;py  =liquid-induced roll moment, N-m
Mg, =liquid-induced side moment, N-m
Misu, =liquid induced side moment due to 6, N-m/rad

Mysp, p = liquid induced side moment due to 6 and p, N-m-s/rad?
=Magnus moment due to B, N-m-s/rad?
=pitch moment due to ¢, N-m-sfrad

=pitch moment due to o, N-m/rad

=pitch moment due to &, N-m-s/rad

=pitch moment due to 8, N-m/rad

= complex roots to differential equation
=constants in linearized aeroballistic equation
=gpin rate, rad/s

=pitch rate, rad/s

= dynamic pressure, /, pV’2 N/m?

=reference area, m?

gyroscopic stability factor

=time, s

=velocity, m/s

=angle of attack, deg

=initial angle of attack, deg

=initial time rate of change of a, deg/s
=angle of sideslip, deg

=initial angle of sideslip, deg

=initial time rate of change of f, deg/s
=tricyclic theory time step, s

=control deflection angle, deg

=complex angle of attack, B-+ict, deg

=test fixture nutation angle, analogous to €, deg
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Ao =nutation and precession damping exponent (real
part of m)

v =kinematic viscosity, cSt

) =atmospheric density, kg/m3

Gy =total angle of attack in sun-fixed axes (yawsonde data),
deg

T =defined by Eq. (7)

() =roll rate measured in sun-fixed axes (yawsonde data),
rev/s

O, =nutation and precession frequency (imaginary part of
m), rad/s

Introduction

HE tricyclic theory provides a relatively complete solution to
the linearized aeroballistic equations that describe the free-
flight motion of a rolling vehicle. Until now, the tricyclic theory
only considered the influence of the projectile’s physical proper-
ties (diameter and moment of inertia) and aerodynamic character-
istics (static and dynamic stability derivatives, Magnus, and aero-
dynamic asymmetries) in determining the flight motion.! Flight
dynamicists using this theory can parametrically analyze the flight
characteristics of a projectile to determine which factors have the
greatest influence on its stability. The influence of the payload on
the projectile’s flight motion is not considered. This assumption is
correct for solid payloads but not for liquid payloads. It has been
shown experimentally, theoretically, and through firing tests that
liquid payloads (i.e., liquid fills) can cause flight instabilities.?
Currently there are several analytical and computational methods
available to determine the effects of a liquid payload on the flight
stability of a projectile.>> The drawbacks to these methods are that
they are complicated to use, they require large computers and a
substantial amount of computer time, and the results are some-
times difficult to interpret. By including the liquid payload effects
in the tricyclic theory, many of these drawbacks are eliminated.
The tricyclic theory is easy to use, employs conventional aerobal-
listic and aerodynamic definitions and nomenclature, can run on
many different types of computers, and executes quickly, and the
results are displayed in a graphical format for easy interpretation.
It should be noted that the modified tricyclic theory will simu-
late the flight motion of a projectile with a wide range of liquid
payload viscosities as well as projectiles with free-moving mech-
anical payloads. The only requirement is the ability to determine
the payload-induced side moment. For liquid payloads, the result-
ing side moments have been determined from theories, laboratory
experiments, and flight tests for payload viscosities ranging from 1
¢St (water) to infinite (solids). In this study, the payload viscosity
range was limited from 1000 to approximately 200,000 cSt
because of the readily available flight test results.
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Conventional Tricyclic Theory

The conventional tricyclic theory employs an aeroballistic axes
system and solves the aeroballistic equations of projectile motion
by simplifying them to a single linear differential equation. By
solving this differential equation, the angular motion of a projectile
can be determined for a given set of flight conditions. The lineariz-
ing assumptions on which this theory is based are small angles,
constant acrodynamic coefficients, nonthrusting vehicle, rotation
and mass symmetry (no dynamic imbalance), and a rigid body.
Applying these assumptions to the aeroballistic equations of
motion yields the following linear second-order differential equa-

tion:
t

E+NE+N,e = Nye¥ o)

where €=io+f3 is the complex total angle of attack, and Ny, N,,
and Nj; are constants defined as
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Solving Eq. (1) yields

e = K,e"' +K,e" + K e )

where K, K,, and K are the nutation, precession, and trim arms,
respectively; K; and K, are constants determined from the initial
boundary conditions, and X5 is found from the acrodynamic trim
moment. The mass properties and aerodynamic characteristics of
the projectile are used to determine the frequencies and damping
ratios for both the precession and nutation arms. The frequencies
©; , and the damping ratios A, , are determined from the following
expression:

M,+M, .
m, = A ,tio , = (—-——~—)(1i1:) M
21 s

s
i1+

21 T ©
where the subscripts 1 and 2 denote the nutation and precession
motion, respectively. The variable 1 is defined by

(pl/20) 1
T = v = i ©)]
[(pl/21)2- (M/1)] 72 [1=(1/s)]1 "

and s, is the gyroscopic stability factor that for a spin-stabilized
projectile must be greater than 1 for stability. The variable s, is
expressed as

(pl/2)

T W ®

At this point, the rigid-body (i.e., no liquid payload) assumption
still holds. The next step is to relax the rigid-body assumption and
include the effects on the projectile’s angular motion due to a lig-
uid payload.

Modified Tricyclic Theory to Include Liquid-Fill Effects

To incorporate the liquid-fill effects into the tricyclic theory, the
liquid payload moment must be included in the mathematical
expressions of the theory. It has been shown through the deriva-
tions of the moment equations®%’ that the liquid-induced side
moment always acts about an axis that is located in the total-angle-

of-attack plane (i.e., coning angle) and perpendicular to the spin
axis. This moment tends to yaw the projectile out of the total-
angle-of-attack plane and has exactly the same moment orientation
as the Magnus moment. Also, like the Magnus moment, the liquid
side moment is a function of both spin and total angle of attack
(i.e., coning angle). The intent is not to redevelop these equations
but instead to use the similarity between the Magnus and liquid-fill
terms in the tricyclic theory for liquid-filled projectiles. That is,
both moments are functions of the projectile’s spin rate and total
angle of attack and affect the equations of motion in a similar man-
ner. The liquid payload moment is also a function of the projec-
tile’s nutation rate. In the tricyclic theory, both the spin and nuta-
tion rates are constant throughout the entire simulation. To include
the liquid-fill effects, the Magnus moment term in Eq. (6) for nuta-
tion only, m,, is modified by adding the liquid side moment; m, as
described by Eq. (6) is unchanged. Thus, m, from Eq. (6) becomes

T .
m; = [...+(Mpﬁ+MLSMep)I_]+l... 9)

It is important to emphasize that Mysmg, is only applied to the
damping of the nutational motion of the projectile. There are a
couple reasons for defining Eq. (9) in this manner. First, Myspmg), is
a function of rotational frequency, and generally for a spin-stabi-
lized projectile the nutation frequency is an order of magnitude
greater than the precession frequency. Thus, different values of
MLSMep would have to be applied for the nutation and precession
frequencies, respectively. Since the value of Mism,, for precession
is much smaller than that for nutation, the contribution of Mysu,

for precession is ignored. Also, a spin-stabilized projectile is stable
in the precessional mode; thus the small contribution of Mysu, p 10
precession will only increase its damping, making the projectile
slightly more stable in precession.

The other reason for defining Eg. (9) in the form shown deals
with the assumption that MLSM9P only affects the dynamic stability.
This assumption is valid for projectiles that have a small length-to-
diameter ratio, i.e., artillery shells. For projectiles with a large
length-to-diameter ratio, i.e., missiles, the liquid payload can affect
the static stability Cy,, of the projectile and, thus, the nutation and
precession frequencies. In the present study only projectiles with
small length-to-diameter ratios were considered.

Induced Liquid Side Moment Coefficient

All aerodynamic terms used in the theory are entered as coeffi-
cient derivatives, and the liquid side moment must also be con-
verted to a similar coefficient. The liquid side moments required to
determine the coefficients can be either estimated by computer
programs or measured directly using a laboratory test fixture for
nonrigid payloads. The latter method was used for this paper. The
laboratory test fixture for nonrigid payloads simulates the spin and
nutational motion of a full-scale 155-mm projectile payload canis-
ter. For a given liquid payload viscosity, test fixture results are
available for nutation rates of 200500 rpm in 100-rpm incre-
ments, nutation angles of 5-20 deg in 5-deg increments, and spin
rates of 1000-8000 rpm in 1000-rpm increments that encompass a
nominal range of flight projectile conditions.®

The test fixture measures the liquid roll moment acting on the
payload canister. The liquid side moment is related to the liquid
roll moment by the following relationship:’

MLRM

M, =- \ 10
LsM —vs 10)

Thus, the test fixture liquid roll or despin moments were converted
to liquid side moments for this analysis using Eq. (10).

By using the assumption that the liquid payload only influences
an artillery projectile’s damping and not its angular frequency, the
conventional tricyclic theory (i.e., solid body or Misu,, = 0) can be
used to determine the nutation rate. For this study, a 155-mm pro-
jectile at transonic flight conditions was used in the tricyclic theory
to determine the nutation frequency, ®, = 500 rpm. There are two
reasons for using a 155-mm projectile and the transonic flight con-
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Fig.3 Gy vs time for round E1-9394,

ditions. First, there are available flight test results for this configu-
ration. Second, a transonic flight provides the least amount of aero-
dynamic stability to a projectile, and thus large angles of attack that
increase the liquid-fill effect can be experienced. Knowing the
nutation rate of the projectile, the liquid-induced side moments that
relate to this motion are then selected. Figure 1 shows a typical plot
of M, vs nutation angle 6, which was obtained from the test fix-
ture for various constant spin rates p, a silicone fluid of v = 100,000
cSt, and an ®;=500 rpm. The resulting curves of Mg, vs 6 for
constant spin rates are fitted to straight lines with slopes being

denoted Mysu,. Figure 2 shows Mrsu, vs p for a range of different
fluid viscosities.

To be consistent with the definition of the Magnus coefficient,
the derivative Mysu,, must be determined from Fig. 2. A problem
occurs at this point in the determination of My.sug, because for a
given fluid the derivative is not constant with spin rate. This prob-
Iem is avoided because of a basic assumption of the tricyclic theory
that the spin rate is constant. To obtain the correct liquid-fill
moment for a given set of flight conditions, My, is assumed to be
the slope of the straight line through the origin and the intersection
of the Mrsm, Vs p curve at the desired projectile spin rate. As an
example, the slope of the dash line in Fig. 2, for fiuid of 100,000
¢St and a spin rate of 628 rad/s (6000 rpm), represents the value of
M_su,, for this fluid and spin rate. This approach is reasonable due
to the constant spin rate assumption and because Mg, is a linear
function of 8. What is important is that Misu, corresponds to the
correct spin rate of the particular flight condition being simulated.
With MLSMep evaluated, the final form of the liquid side moment
term was determined by the following equation that is analogous to
the Magnus coefficient:

2VM, M,
Cip,, = —— (11)
q’'Sd
For each of the fluids shown in Fig. 2, values of Cnrpg, Were
determined and are listed in Table 1.

Comparison of Tricyclic Theory to Flight Test Results

As a demonstration of the modified tricyclic theory’s ability to
predict the stability of a projectile, a comparison will be made with
the results of flight tests of liquid-filled, 155-mm projectiles. The
tabulated test results are provided in Table 2° and Table 3.1
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Table1 Cnrpg, determined experimentally
for various fluid viscosities®

Fluid description Cnrpg,
1,000 cSt silicone 0.054
6,700 ¢St silicone 0.350
10,000 ¢St silicone 0.336
32,000 ¢St silicone 0.490
100,000 cSt silicone 0.676
100,000 ¢St silicone (50% full) 0.781
100,000 cSt corn syrup 0.780
100,000 cSt viscoelastic 0.160

2p=6000 rpm, ®; =500 rpm.

Table 2  Flight test results (1978) for
155-mm liquid-filled projectiles®

Round no. Type of fluid  Viscosity v, ¢St Comments
E1-9391 Corn syrup 1.92 X 10° Unstable
E1-9392 Glycerol 1.03 X 103 Stable
E1-9393 Corn syrup 1.92 X 10° Unstable
E1-9394 Corn syrup 1.92 X 10° Unstable
E1-9395 Corn syrup 2.14 X 108 Stable
E1-9396 Glycerol 6.34 X 103 Constant yaw

#Transonic launch = 320 m/s, initial yaw 10-12 deg; all rounds were conditioned to
22°C except for E1-9395 and E1-9396, which were conditioned to 4°C.

Table 3 Flight test results (1991) for
155-mm liquid-filled projectiles®

Round no. Type of fluid Viscosity v,cSt  Comments
1 Silicone 1.0 x 10* Unstable
2 Silicone 3.5 x 10* Unstable
3 Silicone 1.0 X 10° Unstable
4 Silicone (50% full) 1.0 X 10° Unstable
5 Viscoelastic 1.0 X 10° Stable

2Transonic launch = 320 m/s, initial yaw 10-12 deg.

Comparison of E1-9394 with the Tricyclic Theory

The yawsonde flight record from D’Amico and Miller® for the
unstable flight of projectile E1-9394 is shown in Fig. 3. The vari-
able oy is a measure of the angular displacement with respect to the
position of the sun and the velocity vector of the projectile; Gy is
analogous to the complex angle of attack used in the tricyclic the-
ory. The associated spin rate for this round is shown in Fig. 4 as ¢,
which is the projectile’s spin rate measured in the sun reference
frame. Using test fixture results for a liquid fill of corn syrup, Cyrpg,
= (.78 was determined. A typical simulation of a 155-mm projectile
is shown in Table 4, using the flight test firing conditions and labo-
ratory test fixture results for corn syrup. Note that the damping con-
stants indicate that the round is stable in precession (A,) and unsta-
ble in nutation (A;). A graphical representation of these results in
the angle-of-attack plane is shown in Fig. 5. By comparing Figs. 3
and 5, it can be seen that the angle-of-attack histories provide rea-
sonable agreement up to approximately 5 s. After 5 s the two histo-
ries do not agree, but this is to be expected because of the underly-
ing assumptions on which the tricyclic theory is based. The flight
test yaw growth is much faster because of the associated rapid spin
decay of the projectile (Fig. 4). As the spin rate decreases, the round
becomes less stable, and thus the nutation angle increases. In the tri-
cyclic theory, the spin rate is held constant (6000 rpm for this sim-
ulation), which provides a greater gyroscopic stability than the
round actually experiences in flight. Also, after 5 s for the flight
projectile, the angle of attack can no longer be considered small;
thus any small angle and linear coefficient assumptions are no
longer valid. However, the modified tricyclic theory does predict
for these specific flight conditions that this liquid-filled projectile
will experience an unstable flight. It is not intended that the modi-
fied tricyclic theory would be able to predict the actual flight
motion of an unstable liquid-filled projectile. If the true flight
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motion is required, then a more sophisticated method, such as a 6-
DOF simulation, would have to be employed.

Comparison of E1-9392 with the Tricyclic Theory

From the flight test results, the glycerol-filled round was stable in
flight. For the tricyclic analysis, test fixture results for a 1000-cSt
silicone fluid that is similar to glycerol was used to calculate Cnrp,
=0.0535. The tricyclic theory predicted a stable flight for round E1-
9392, as shown in Fig. 6.

Comparison of E1-9396 with the Tricyclic Theory

The glycerol-filled round E1-9396 was neutrally stable through-
out the flight, with a constant nutation angle. The cold conditioning
of the flight projectile caused the glycerin to have the desired vis-
cosity. It is assumed that, because of the relatively large mass of the
projectile and the short time of flight, no significant changes to the
temperature or viscosity of the liquid fill would occur. Test fixture
data for a silicone oil with v = 6700 cSt were used in the tricyclic
analysis that provided a Cyrey, = 0.350. The simulated o vs time
plot, Fig. 7, indicates a-constant nutation angle that agrees with the
flight test results.

Comparison of 1991 Flight Test Results

Tricyclic simulations were performed on the projectiles listed in
Table 3. For these projectiles and flight conditions, the sign and
magnitude of A, is a good indicator of stable or unstable flight. A
large negative value of A, indicates good stability, a value near 0
signifies marginal stability, and a large positive value indicates an
unstable projectile. Table 5 presents A, calculated from the tricy-
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Table 4 Typical tricyclic simulation,
initial conditions and results

Initial conditions

I, =0.176 kg-m? 0o =0deg
I=1.786 kg-m? O =0 deg/s
$=0.019 m? Bo=0deg
d=0.155m? Bo = —220 deg/s
p = 1.055 kg/m? V=320 m/s
Cimg=4.450 p = 6000 rpm
Cm,=—10.00 Ar=0.0035s
Cnpp =0.500 fnax = 30.00 s
Cmg=0.0 3=0deg
CnRrpy, =0.78

Results
g =>54056. N/m® T=1.302
sg=2.44 K; =4.618 deg
®; = 523.6 1pm K, =4.618 deg
®, =68.7 rpm K3 =0.0deg
A =0.115571 Ay =—0.109571

Table 5 Tricyclic simulation of 1991 flight
test results (see Table 3)

Round no. CNrPyp M Theory? Flight test®
0.336 —0.010 N U
0.490 0.033 U U
0.676 0.086 U U
0.781 0.116 U U
0.160 —0.060 S S

bW N e~

3N =neutrally stable, U=unstable, S =stable

clic theory and compares the predictions to the flight test results.
The only minor discrepancy between prediction and flight test
occurs for round 1 (10,000-cSt silicone fill). An unstable flight
was observed during the flight test, whereas the modified tricyclic
theory indicates the round should be neutrally stable. Although
there is a difference between the flight test and the simulation, the
prediction does correctly identify round 1 as a poor design for tran-
sonic flight because of its relatively low negative value of A;.
Overall, the predictions of whether a projectile would experience a
stable or unstable flight were in good agreement with the flight test
results for a wide range of liquid fills.

Relationship Between External and Internal Effects

The modified tricyclic theory can also be used to investigate the
interrelationship between the aerodynamic characteristics and the
liquid-fill effects acting on a projectile. Specifically, how do these
two quantities interact to affect the stability of a projectile? From
this study, an important observation was made concerning the lig-
uid fill and the Magnus moment. For a transonic flight of a 155-
mm projectile, the instability increased as the magnitude of the lig-
uid-induced side moment increased. Instability occurred when the
magnitude of the liquid-induced side moment was approximately
equal to the Magnus moment. Thus, both the external and internal
moments contributed equally to the stability or instability of the
projectile.

Finally, it should be noted that the modified tricyclic theory is
not restricted to liquid fills. Any nonrigid payload (i.e., partial
solid/partial liquid, mechanical linkages, gears, etc.) can be simu-
lated by the theory as long as a suitable value of CNRpep can be
determined.

The modified tricyclic theory provides the aeroballistician and
projectile designer with a useful tool to increase their understand-
ing of the interaction between the aerodynamic and payload
moments and their effect on the projectile’s stability.

Conclusions

1) The tricyclic theory has been modified to include nonrigid
payload (i.e., liquid fill) effects, which are represented by a Mag-
nus-type side moment.

2) Liquid-fill effects can be determined from theory or labora-
tory experiments.

3) The modified tricyclic theory can be used to evaluate the
interrelationship between the aerodynamic and liquid-fill moments
to show which has the greater influence on stability.

4) Although the physical mechanisms producing the side
moment differ between the classical Magnus and the liquid pay-
load influences, the individual and combined effects on the projec-
tile’s dynamic stability can be quickly evaluated with this theory.

5) Predictions from the modified tricyclic theory show good
agreement with flight test results.

6) The modified tricyclic theory is useful as an initial screening
tool for designers of liquid-filled projectile, allowing inadequate
designs to be eliminated early in the design process.
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