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I.  INTRODUCTION

A 155mmn liquid payload shell which was fired in 1974 and carried a yaw-
sonde telemetry package developed a coning motion with an amplitude of forty
to fifty degrees.! At this large amplitude the projectile was subject to
rapid roll deceleration far in excess of any which might be produced by aero-
dynamic effects, Since then, one other round containing a low viscosity
Hquid.2 several containing high viscosity ligquidsi=> and some rounds with
felt wedge-type payloads® have exhibited similar beha’iour,

Recently, theoretical techniques for predicting the side momen: and
rolling moment® due to the liquid payload have bee: developed and 3 sunstan-

1. W. P, D'Amico, V. Oskay, W. H. Clay, "Flight Tests of the 155mm XM6&7
Binary Projectile and Assoziated Desigm Modification Prior t> tac " lcolet
Winter Test 1§74-1975,"U.S, Ballistic Research laboratory, Aberdcc: Prov-
ing Ground, Maryland, BRL Memorandwn Report ARBRL-MR-274&, Ma, 1977
(AD BO19969L).

2. W. P, D'Amico, Ww. H. Clay, and A. Mark, "Yawsoni: Data for M637-Type Pro-
Jectiles with Application to Rapid Spin Decay ani Stewartson-Type Spin-Up
Instabilities,” U.S. Bailistie hkesearch [Laboratory, Aberdeen Proving
Ground, Maryland, BKL Memorandum Report ARB2[-MR-03087, Jun2 1980
(AD AD89645),

3., W. P. D'amico, W. H. Clay, and A. Mark, "Diagnostic Tests for W. - k~Type
Payloads and High-Viscosity Liquids,” U.S. Ballistic Research La:iorutory,
Aberdeer Proving Grou:nd, Maryland, BRL Memorandwn Report ARBRL- :R-°2813,
April 1975  (AD A0?72812).

i. W. P. D'Amico and W. H. Clay, "High Viscosity Li.: dd Payload Yawsonde Data
for Small Launch Yaws," U.S. Ballistic Research . .:boratory, Aberie.: 2rov-
ing Ground, Maryland, BRL Memorandum Report ARBRL-MR-03029, Jur.: 1380

(AD A088411).

5. W. P, D'Amico and R. J. Yalamanchili, "Yawsonde Tests of the 8-Inc.. X¥5§77
Binary Projectile: Phase I,” U.S. Ballistic Research Laboratory, Ab rdeen
Proving Ground, Maryland, BRL “emorandum Report i preparation.

6. W. P, D'Amico, "Aeroballisetic Testing of the XM&5 Projectile: Phrus. III,
High Muzzle Veloctty and High Quadrant Flevation," U.S. Ballistic Research
Laboratory, Aberdeen Froving Grownd, Maryland, BRL Memorandum X2port
ARBRI[,-MR-0319¢ , Septembe:r 1382 {AD BO68511LJ,

7. Co 4. Murphy, "Angular Moticm of a Spinning irojectile With a Viscous
Liquid Payload,” !.S. Ballistie Research ILaborztory, Aberdeev 7rooving
Ground, ‘taryland, BRL Memorandwn Report AARBRL-MR-03194, Augus: 1952
(AD A118673). (See also Jourmal of Jutdance, Control, and Dynamics, Voi.

“Lo

6, No. 4, July-August 1983, pp. 280-286,) -

3. Co Ho Murpny, "Liquid Payload Roll Moment Inducei by a Spinning arvi Joning
Projectile,” U.S. Ballistic Research Laboratory, Aberdeen Proving 7rourd,
Maryland, BRL Technical Report ARBRL-TR-02521, Sextembar 1983 (4D £..3684)



tial experimental data base assembled from gyroscope experiments.g'lo In
order to facilitate comparisons of flight data with theory and gyroscope
results, further analysis of the flight data from the unstable liquid payload
rounds has been undertaken., Comparison of flight data with theory and gyro-
scope results is not altogether satisfactory because of gaps in the flight
data and large transient effects which violate the basic assumptions in the
theory, However, some of the comparisons are useful, particularly where am-
plitude growth is slow and steady state assumptions are reasonable. The low

viscosity, high Reynolds number cases fail to satisfy any such conditions, but .

the steady state approximation is quite good for some of the high viscosity
(Tow Reynolds number) cases. The Reynolds number (Re) is defined as azé/v,

where a is the radius of the cylinder, ¢ is the projectile spin rate, and v is
the kinematic viscosity of the 1iquid.

During the analysis, it was necessary to interpret yawsonde measurements
from projectiles exhibiting large amplitude coning motion. The initial reduc-
tion of the yawsonde data was carried out using a five point data reduction
method developed for use with data from large amplitude coning motion,1l
However, interpretation of spin frequency and coning frequency still presents
problems due to the residual spin of the axes system used in the data reduc-
tion. Before presenting the derived results for the liquid payload moments we
will look at the effects of a spinning axes system,

IT. DATA ANALYSIS

A. Interpretation of Yawsonde Data.

A method was outlined within Reference 11 to establish liquid moment
coefficients, Yawsonde data from rounds undergoing large amplitude high
frequency motion in Reference 12 were reduced using the wmethods within
Reference 11, but the techniques were not automated and did not utilize all of
the flight data. The coning rate and spin rate obtained from the yawsonde are

9. M. C. Miller, "Flight Instabilities of Spinning Progjectiles Hav'-y Non-

rigid Payloads," Journal of Guidance, Control, and Dynamics, Vol. 5,
March-April 1982, pp. 151-157.

10. W. P. D'Amico ani M.C. Miller, "Flight Instabilit; Produced by a Rapidly
Spinning, Highly Viscous Liquid," Jourmal of Spa.: :raft and Rockets, Vol.
16, Januiry-February 1973, pp. 62-64.

11. C. H. Murphy, "Effect of Large High-Frequency Angular Motion of a Shell on
the Analysis of Its Yawsonde Records,” U.S. Ballistic Research l[aboratory,

Aberdeen Proving Ground, Maryland, BRL Memorandum Report ARBRL-MR-2581,
February 1976 (AD B009421L).

12. W. P. D'4Amico, "Yawsonde Tests for Prototype 155mm Shell Using fiigh Vis-'

cosity and Non-Newtonian Liquids,” U.S. Ballistic Research Laboratory,
Aberdeen Proving Ground, Maryland, BRL Memorandum "z2port in preparation.

10
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with respect to a sun fixed reference system, The sun fixed system has a non-
zero roll rate with respect to the inertial axes frame, Before considering
results for the yawsonde data, we loov briefly at the effect of the rolling
axes system. The characteristic instability of liyuid-filled rounds is aiways
to excite the high frequency mode <o that we are concerned with simple high
frequency coning motion. The interpretation and use »f yawsonde data 1in this
report makes use of two different coordinate systems. The first is an earth
fixed or ine-tial coordinate system, OXYZ, with 0X along the velocity vector
of the projectile, 0Z in the vertical plane, and OY completing an orthogonal
system, where the velocity direction is assumed constant over the time period
for which the system is used. The second coordinate system is a sun fixed
coordinate system, OX'y'Z', which has 0X' along the missile axis, QY' normal
to the plane defined by the missile axis and the sun direction, and 0Z' such
that 0X'Z' contains both the missile axis and the sun, Then the yawsonde

measures coning rate, ;, and spin rate, }, in the sun fixed coordinate sSys-
tem, The sun fixed coordinate system has spin rate, éA’ relative to the
inertial axes system. If p is the spin rate of the projectile relative to the
inerticl axes 0XYZ and il is the coning rate relative to 0XYZ, then the spin
rate measured by the yawsonde 1S

RN (2.1)

and the coning rate is

.
.
.

Y = ¢1 - ‘#A' (2-2)

The expression given in Reference 11 for iA is valid =nly for reiatively small

amplitude coning motion, Following a similar method, but avoiding small angle
approximations, it follows that

¢A = 1/2 o tan o ;s1n o\t sin a - €OS N7

.- COS a 5in T }

f 1

x N
11 - sin oyr €OS a - COS o

e e~ (2.3)
NT S1n « S1n

1

T +sTn ¢, cos a + COS « in A sin 1 }
NT o SJNTS xS 1

where SNT is the complement of tne angle between the sun direction and the
A

velocity vector of the shell, which can be assumed constant over Lae coning
cycle; a2 is the total incidence or semi-angle of the cone and the equation 1s

uniformly vaiid for all values of «; T = St ot The phase angle 3* is a

11
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function of sun position relative to the velocity vector and therefore varies

with the velocity. The expression for $A can be averaged over one cycle of
I to give

b = by L1 = (cos )7 (2.4)

for a + ONT < n/2. Thus, the spin rate of the shell

. -1 ,
p=2¢-9 [1-(cosa) ], {2.5)

and the coning rate,

by = Y COS a . (

[AS]

.

[wa]
~—

B. Processing the Data.

We are interested in estimating the liquid moment coefficients described
in References 7 and 8. They are defined by the relations

p Ix = mLaZp2 1K, C

1 Clrm ¥ Maero (2.7)

for the liguid roll moment coefficient, CLRM,

- (mLa2/1X>{((2r/o) -1)] -1 {CLSM ot [1-1 Cy *+Cy * CM&] },(z.x)

pa q
for the liquid side moment coefficient, CLSM‘
where o = 2 m azp/pSQEV.
L L
The yaw growth rate « is defined by
Ky = Ky et (2.9)

so that if aerodynamic effects are negligible,

c = (m az/I ) (21/0-1)'1 C.ocppe (2. 1)

L X LSH

—
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. Then processing of the reduced yawsonde data, that is, measurements of
v anu o along the trajectory has been undertaken in four steps.

1. Determine amplitude and frequency of the coning motion hy fitting a

quadratic to tne three points closest to each peak and trough in o,. The cone
X

angle 2a is the difference between peaks and troughs and the amplitude Kl =

sin a, The frequency determined by the time delay hetween two adjacent peaks
or troughs is converted to coning frequency using Equation (2.6).

2. The second step is to determine spin rat2 and acceleration, A movinn
least squares straight line fit, centered on each point successively, is used
to smooth the cyclic variation introduced by the axes spin of Equation (2.3)
and Equation (2.5) is used to remove the bias effect.

3. Equation (2.7) can now be used to evaluate CLRM using data frun steps

1 and 2. In general, an estimate of the aerodynamic roll damping can be ob-
tained from the estimated roll deceleration at times preceding the onset of

the liquid payload instability. The estimate can te used to remove the Maero

term from Equation (2.7). In any case, the moment is small compared with the
tiquid ro'l momenrt, once the amplitude becomes large.

4, Finally, by using a least squares logarithmic fit to the amplitude
data, we can estimate e using Fquation (2.9). This can be converted to an
equivalent total side moment coefficient

2

Coq = LM * Coma (2.11)

using Equation (2.8), where

Y I
CSMA =9 I:r CM + CM + CM- :I (2.12)
pa q a

represents the aerodynamic contributions to the side moments. Rough estimates
of CSMA are included in Tahle 2 as a quide to the relative magnitudes of the

two side moments., However, the estimates are unreliable and indiccte signs
and relative magnitudes only. All results chow total equivalent siie moment.
Any interpretation of the results should take this into consideration.

[T, RESULTS

The rounds which siiowed liquid payload instabilities c . be divided into
three categories, according to the types of liquid used. Fir.st, there are the
high Eeynolds number, low viscosity payloads. Only two examples ot instebii-
ity are available from flight data because it is difficult to generate the
exoct conditions to produce unstable behaviour for high Reynolds number pay-
loads. Both examples will be discussed in some detail, Next, there are a

13



number of cases where high viscosity 1iquids (thus producing low Reyho]ds num-

bers) were used in the payload, either corn syrup or silicone o0ils. Thirdly,

there are the cases where the Reynolds number concept is not appliicable where
solids both fixed and free are included with the 1iquid payload. These rounds
contain 1iquid white phosphorous and felt wedges in the payload cylinders.
Descriptive constants for each round are given in Table 1.

A. High Reynolds Number.

The results for round 7254 are given in Figures la-le and those for 9387

in Figures 2a-2e. The initial behaviour of the rounds is quite different..
The first round, an XM687 with 0.5 calibre boattail, was given a large launch-

disturbance and showed signs of the Magnus instability characteristic of the
0.5 calibre boattail shape. It was also subject to high initial rcil deceler-
ation caused by the nonlinear spin-up of the liquid so that the liquid was
probably fully spun up after 2 seconds. Coning amplitude grew steadily until

a little past 6 seconds, when there was a substantial pulse in the side moment '

and the amplitude increased rapidly to about 45° where it stabilized. Liquid
roll moment was negligible until the very large amplitude was attained, CLRM

then grew rapidly to around -0.05. The second round had no initial yaw dis-
turbance., Liquid spin-up was slow and steady and was not completed until
around 20 seconds. Near 7 seconds from launch t corresponded to an eigenvalue
of the partially spun-up liquid and coning motion began to grow, (See Reference
2.) Side moment and rolling moment history from then on are similar to those
for the first round except for the large pulse in the rolling moment «hich
occurred near 11 seconds. '

B. Low Reynolds Number,

Nine rounds containing high viscosity liquid have been analyzed--a group
of three 8-inch XM877 rounds, 10-B, 11-B, and 12-B, for which resuits are
shown in Figures 3, 4, and 5; a single 155mm M687-type round for which results
are shown in Figure 6; and a group of five M687-type rounds for which results
are shown in Figures 7 through 11. The first four rounds contained silicon
0il with viscosity of 100,000 centi-stoke and the remaining five rouids were
filled with corn syrup at 170,000 centi-stoke.

A1l the silicon oil-filled shells show simi]af behaviour--an initial
steady yaw growth with CSMEQ around 0.05 with no significant despin, then a

short spin-up at only a few degrees coning amplitude (equivalent to quite a
large positive roll moment coefficient) together with a significant increase
in side moment. These short pulses are followed by a return to CSMFQ near

0.05, this time with CLrM approximately -0.05, leading to large amplitude

motion and rapid despin.

The behaviour of the five corn syrup rounds is much less consistent than
that of the silicon oil rounds. The data is noisier and,the onset of large
amplitude motion is far more rapid so that the interpretation of the results
is wmore difficult., 1In general, the levels for liquid side moment and liquid
rol!l moment are slightly smaller and there are traces of the spin-up behaviour
exhibited by the other rounds, but the results are much less definite.
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Tabie 1. Physical Characteristics of Projectiles

Round Yawsonde mtjﬁ/
No. Figure No. Reference c/a a Ix g Re 3
|7254% 1 404 1 4,39 0.0537 €.0767 0.09€8 2x10% 100
19387 2 1339 2 4.97 0.0537 0.0861 0.0941 1.8x10> 135
10-8 3 1866 5 4.23 0.0692 0.006'5 0.1171 45.2 375
“{11-8 4 1867 5 4,23 0.0692 0.0675 0.1171 45.2 375
12-8 5 1868 5 4.23 0.0692 0,0675 0.1171 45.2 375
-ee- 6 1955 12 5.20 0.0514 0.0719 0.0944 20 175
19394 7 1293 3 4,32 0.0587 0.1615 0.1020 10 200
9391 8 1313 3 4,32 0,0587 0.1615 0.1020 10 200
9540 9 1585 4 4,32 0.0587 0.1615 0.1012 10 200
9542 10 1587 4 4.32 0.0587 0.1615 0.1017 10 200
9543 11 1588 4 4.32 0.0587 0.1615 0.1015 10 200
YPG219 12 1693 6 4,32 0,0587 0.1153 0.1020 ———— 734

* Fi11 ratio for 7254 was 87%, all others were 100%.

C. Felt Wedge Rounds,

Figures 12a - 12e show the results of analysis of the data from a liquid
white phosphorous-felt wedge round. The results are generally similar to
those for the high viscosity liquids, although there is clearly a measurable
despin moment before the spin-up pulse as well as after it, Around 3-4 de-

grees amplitude, we have CLRM = 0,025, CSHEQ = 0.02, The positive roll
moment pulse shows up very clearly.
IV, SUMMARY

A summary of resuvits for the rounds analyzed is given in Table 2, The
values of CLRM and CSHEQ have been obtained when possible for moderate ampli-

tudes of several deg:rees where the coefficients have remained fairly constant
over a range of conditions. The results appear to be generally consistent
with the result, CLRM = 'CLSM from Reference 8, Growth rate for the coning

motion on some of the high viscosity rcunds is sufficiently slow for the
steady state assumption of Reference 8 to be reasonable., Most of the rounds
exhibited a characteristic spin-up behaviour at small coning amplitudes just
prior to or possibly coincident with rapid increases in coning amplitudes.
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Table 2, Summary of Results.

Yawsonde

Re

CLrm

Comi g

SMA

404

2 x 106

1339 1.8 x 10°©

1866
1867
1868
1955
1293
1313
1585
1587
1588
1693

45.2
45,2
45.2
20
10
10
10
10
10

0.090
0.090
0.123
0.123
0.123
0,087
0.090
0.088
0.091
0.093
0,095
0.094

-0.05
-0,02
-0.055
-0.055
~0.060
-0.04
-0.03
-0.02
-0.025
-0.04
-0.03
-0.025

0.05
0.04
0.050
0.050
0.053
0.04
0.02
0.025
0.02
0.02
0.02
0.025

<.l

-0.005
-0.004
-1.004
-}, 104

-.1.008
-0.008
-0.008
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half-height of 1iquid payload cavity

“1iquid roll moment coefficient
liquid side moment coefficient

Magnus moment coefficient

pitch damping moment coefficient

aerodynamic equivalent side moment coefficient
total equivalent side moment coefficient

axial moment of inertia of projectile
magnitude of the coning motion

initial value of Ky

reference length

mass of liquid in a fully filled payload cavity
roll rate in inertial axes

= paz/v, Reynolds number

reference area

time

magnitude of projectile's velocity

inertial axes, X-axis tangent to trajectory

sun fixed projectile axes, X'~axis along missile,
X'Z'" plire oo tains missile axis and the sun

incidence of nrojectile, cone semi-angle
coning rate in sun-fixed axes
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USER EVALUATION OF REPORT

Please take a few minutes to answer the questions below; tear out
this sheet, fold as indicated, staple or tape closed, and place

. _.in the mail. Your comments will provide us with information for
improving future reports.

‘1. BRL Report Number

;j' 2. Does this report satisfy a need? (Comment on purpose, related
.t project, or other area of interest for which report will be used.)
u": o o

:; ' 3. How, specifically, is the report being used? (Information

o~ source, design data or procedure, management procedure, source of
h ideas, etc.)
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4, Has the information in this report led to any quantitative
savings as far as mar-hours/contract dollars saved, operating costs
avoided, efficiencies achieved, etc.? If so, please elaborate.
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i S. General Comments (Indicate what you think should be changed to
o make this report and future reports of this type more responsive
: to your needs, more usable, improve readability, etc.)

o 6. If you would like to be contacted by the personnel who preparecd
. this report to raise specific questions or discuss the topic,

Iy please fill in the following informaticu,
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