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are important parameters which determine whether or not a corner exists ; is a
measure of the perturbation to the liquid payload and Re0 is an indicator of the

stability of the liquid motion. Three possible types of fluid dynamic instabili
ties are considered to explain the spin record with a corner; two are rejected
leading to the conjecture that a nonlinear instability in the spin-up flow is th
responsible mechanism. An analysis based on this instability gives a fairly
successful criterion for deciding whether or not a corner will occur. A model,
incorporating toroidal vortices in the spin-up flow, is developed and used to
predict a spin-decay history which has the characteristics observed on the
records with corners.
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I. INTRODUCTION

The XM687 is the binary payload carrier of the 155mm , M483, family.
Its two cylindrical canisters contain fluids separated by burst discs.
A schematic of this shell is shown in Figure 1. In-bore acceleration
ruptures the burst discs permitting the liquids in the two canisters to
mix by means of spin-up and by sloshing.

Firings of XM687 shell with a simulated binary agent have exhibited
two different types of projectile spin histories, illustrated in Figure
2. The spin history for round 3Al , labeled Type 5, is characterized by
a “smooth” spin decay throughout the entire flight. The spin history
for round lOGS, labeled Type C , exhibits a rapid initial spin decay for
approximately 1-2s followed by a sudden change to a smaller rate of
decay. The sharp change in slope, which appears to be almost discontin-
uous, is referred to as a “corner” in the spin record.

The Type S spin history has been conventionally observed in firings
of spin-stabilized, liquid-filled shell. The spin decreases smoothly as
angular momentum is transferred from the casing to the liquid payload
and the casing is acted upon by aerodynamic moments. This kind of spin
history can be accurately predicted using a numerical procedure which
simultaneously solves Wedemeyer’s spin-up equation for a 100%-filled
canister and the projectile roll equation, Reference 1. Calculations
for conditions similar to those of round 3Al indicate that the liquid
spin-up process is completed in approximately 19 seconds when Type S
spin history is observed.

Type C spin history, observed for round lOGS, implies a liquid
spin-up process which is very different from the one postulated by
Wedemeyer. The spin loss incurred in round lOGS by t = l.4s , at the
corner in the spin record , corresponds approximately to the amount of
angular momentum transfer needed to fully spin-up the liquid payload ;
see Appendix B of Reference 2. It is surprising that the liquid spin-up
time for this round , approximately l.4s , is more than an order of magni-
tude shorter than that predicted by Wedemeyer’s model. Figure 3 com-
pares the measured spin history for round lOGS with the spin decay

1. C. W. Xi tohena, Jr. , and N. Gerber, “Prediction of Spin-Decay of
• Liquid-P ilied Projeotii~ea,” BRL Report 1998, Aberdeen Proving

Ground, MD, July 1.977. (AD A0432?5)

2. V. Oskay and J .  H. Whit aide, “Fli ght Behavior of l55r irn (7J468? Mod I
• and 7J468 ? Mod I I)  and 8-Inch (XM?36 Mod I)  Binary She ii at Nico let,

Canada, During the Winter of 1974-1975,” BRL Men’io2 ’andwn Report 2608,
Aberdeen Proving Ground, MD, !4g.rch 1978. (AD B010588L)
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predicted using the Wedeaeyer model3 as described in Reference 1,
including in-bore effects and assuming a turbulent end-wall boundary
layer , often called an Ekman layer. The measured spin decay during the
first l.4s is 70% larger than that predicted by the spin decay model.

The Type C spin history, obtained for round lOGS, was first noticed
in the 1974-1975 winter test program at Nicolet, Canada2. Afterwards,
examination of previous firing data4 from tests at Yuma Proving Ground
and Wallops Island provided a number of other examples. Subsequent
firings during the 1975-1976 winter test program 5 showed that , depending
on the shell launch conditions, either Type S or Type C spin history
could be obtained. This report presents a correlation of the available
data , a conj ecture on the flow process occurring during spin-up for Type
C rounds and a method for estimating their spin decay . These results
are not completely successful and must be regarded as tentative until
data from more carefully controlled tests are available.

II. FLOW MECHANISMS ThAT MIGFfl~ CAUSE A CORNE R

In all equations the projectile spin rate , p, is expressed in units
of radians/s, but in fi gures it has units of rev/s to correspond to the
experimental data. Spin decay of a projectile is governed by

h z~~~ 1t = - (M~ + MLiq) (1)

where I~ is the projectile axial moment of inertia, MAcro is the aerody-
namic , spin-decelerating moment (characterized by the coefficient C~ )

and MLiq is the moment exerted by the liquid payload . We must know both
MAcro and MLiq as functions of ~ and t in order to be able to predict
the projectile spin decay from (1). MAcro is determined from flight

3. E. H. Wedemeyer, “The Uns teady Flow Within a Sp inning Cy linder,”
J. Fluid Mech., Vol. 10, Par t 3, 1964, pp. 383-399. Also see BRE
Report 1252, Aberdeen Proving Ground, MD, October 1963.
(AD 431 846)

4. W. P. D ’Amioo, V. Oskay and W. B. Clay, “Fl ight Teats of the lSSnvn
1M687 Binary Projectile and Associated Design Modifications Prior
to the Nicol.et Winter Tes t 1974-1975,” BRE Memorandum Report 2748,
Aberdeen Proving Ground, MD, May 1977. (AD B019969L)

5. J .  H. Whiteai.de , “Flight Behavior Tes t of 155i~vn XM68 7E1 and XM718E 1
and 8-Inch XM6SOA’4, PXR6231, 1M711 and 1M736 Shall at Nioolet,
Canada , During the Winter of 1975-1976,” BRL Memorandum Report 2732,
Aberdeen Proving Ground, MD, March 1977. (AD B018149L)
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tests with a solid payload; early in flight it is small compared to
MLj q • The determination of MLiq is the central part of the problem. It
must be deduced from a knowledge of the internal , liquid motion during
spin-up. Reference 1 presents two methods of solving (1) , within the
framework of the Wedemeyer model for spin-up3, and demonstrates that one
of them gives results for spin decay that agree with Type S yawsonde
measurements to within 1%. (The other is only a little less accurate.)

Calculating spin decay from this theory, for the conditions of
round lOGS, gives the results shown in Figure 3. The theory requires
axisyametric flow and a 100%-filled cylinder . The former is not well
satisfied because yaw was induced for this round , the first maximum yaw
angle, 

~~ 
being 8.8° . The lat ter is violated because the cylinder was

only 87% filled . However , Reference 1 shows that , for on the order
of 4° and fill ratios of 90% , the theory still predicts Type S spin
decay accurately. Compared to the theoretical result in Figure 3, the
yawsonde measurement of spin for round lOG5 has 3 distinctive features:

(i) A corner exists,

(ii) The slope is constant from t = 0 to the corner ,

(iii) The slope is greater than that given by the theory from t = 0
to the corner.

The slope is proportional essentially to MLiq~ since MAcro is small.
The third feature has also been found1 for Type S cases for partially-
filled cylinders and Re0 106 , where Re0 = p0a2/v is the launch Reyn-
olds number , p0 = p(O) , a is the cylinder radius , and v is the liquid
kinematic viscosity. Since there is nothing in the theory that would
permit features (i) and (ii) and the implied behavior of MLiq~ a dif -
ferent model of spin-up is needed to explain the Type C records.

The parameters that determine the spin history are : Re0; the
cavity aspect ratio, c/a, where c is the cavity half-height; a~ ; the
cavity fi l l  ratio, B; the Mach number , M; C~ ; the quadrant elevation ;

and the air density, suitably non-dimensionalized . One of our conclu-
sions is that a combination of and Re0 is probably significant in
determining the existence of a corner . To reduce the number of param-
eters being considered we discuss two rounds for which most of the
parameters are approximately the same.

Yawsonde r.sults for rounds 3M and lOGS are shown in F igure 2.
Both were fired in winter tests at Nicolet , Canada, so the air density

11
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was high and approximately the same. They were launched from the M 1O9A 1
SP Howitzer at 30° quadrant elevation. Both shell were approximately
87% filled with a binary simulan t consisting of a mixture of Freon 113
and ethyl alcohol. Round 3A15 , with the Type S record , was launched at
a muzzle velocity of 295.4 m/s so that M = 0.94 and Re0 = 8.2x l0 5 .
Without a yaw inducer , ~~ = 2° was obtained. Round lOGS2, with the Type

C record , was launched at a muzzle velocity of 314.3 rn/ s so that M = 0.99
and Re0 = 8.7x 105; the higher velocity gives the higher initial spin rate
shown in Figure 2. In this case a yaw inducer was used and a0 = 8 . 80
was obtained.

The differences in M and Re for rounds 3A1 and lOGS are judged to
be insignificant , apropos the appearance of the corner. Since the only
parameter that differs signif icantly is a0 we can conclude that it is
important to the corner question and that it provides a clue for deter-
mining a flow mechanism that causes it. In Section III all available
data are examined and it is shown that Type C records are obtained only
for > 4° , whereas Type S occur for smaller cz0 , but sometimes also for
larger a0. Two other data points with about the same a0 indicate that
Re0 is also a significant parameter. There are not enough data to

isolate the remaining parameters and judge their significance. Thus we
conclud e that a0 and Re0 are two parameters whose values determine
whether or not a corner exists; is a measure of the perturbation to

the liquid motion and , in general , Re indicates the stability of this
motion.

There may be other parameters which are important to the corner
question. Figure 4 shows the yawsonde measurements for two rounds with
essentially the same values of and Re0; a0 = 8 . 3 0

, Re0 = 8.65x 105

for 10G4 and a0 = 8.8°, Re0 = 8.68x105 for lOGS. The calculated spin
decay curve will  be discussed later . The initial slopes of the two
records in Figure 4 differ by 50% ; it is difficult to imagine that the
small differences in a0 and Re0 can account for the large difference in
slope. Two conclusions seem possible: (1) the firings are reproducible
only to within the differences shown for these two rounds , or (2) an
unidentified parameter accounts for the observed differences. There is
some support for the second conclusion when some other data are examined ,
see Section III.

When the projectile emerges from the gun some fraction of the
liquid is spinning ; the amount is inversely related to Re0. The launch
process and/or yaw inducer imparts a perturbation to the projectile; the
only observable measure of this is the first maximum yaw angle, obtained

12



from the yawsonde data. The question is: how will this perturbation
affect the motion of the liquid; specifically, will it cause an insta-
bility in this motion leading to a spin-up process quite different from
Wedemeyer’s and thus an observed spin record with a corner? Three types
of possible instabilities are considered:

A. Transition to turbulence in the flow near the side wall ,

B. Centrifugal instability; i.e., Taylor vortices in the per-
turbation boundary layer at the sidewall,

C. Non-linear instability in the spin-up flow.

In making estimates of the parameters appropriate to these instabilities
we use the Wedemeyer spin-up model, even though it is not accurate for
the corner cases. It is the only available flow model and it should
provide satisfactory estimates for our purposes.

The reader who is not interested in a detailed discussion of these
instabilities can turn to the summary in Section I I . D .

A. Transition to Turbulence in the Flow Near the Sidewall

Data on transition Reynolds numbers are available from experi-
ments6’7. mostly using two concentric cylinders with the outer one
rotating and the inner one fixed. Reference 7 also presents calculated
values of the critical Reynolds number as a function of the width of the
gap, 5, between the two cylinders; it varies from 6xl0~ to 3x105 for0.025 ~ S/a < 1.0. For rounds 1064 and 1065, Re = 8.7x10 5, which is
large enough compared to 3x105 that we might expect transition. But the
calculated critical Reynolds number has uncertainties and the relation
between it and the transition Reynolds number is not clear. If we con-
sider the disturbance due to the yaw inducer, the balance tips in favor
of transition.

The implications of turbulent flow at the sidewall were investi-
gated and the resulting spin decay was calculated from (1). Taylor’s
torque measurements6 for concentric cylinders, with the inner one fixed
and the outer one rotating at constant speed, were used to obtain MLiq;
thus we treat the spin-up flow as quasi-steady. The gap, ~~

‘
, was taken

as the distance, D, from the sidewall to the inviscid front in Wedemeyer’s

6. G. I .  Tay lor, “Fluid Fri ction between Rotating Cy linders , I - Torque
Measurements,” Proc. Roy. Soc. London A, Vol. 157, 1936 , Pp. 546-564.

7. H. Schliohting, Boundary Layer Theory, p.  428 , McGra w-Hill Book Co.,
New York, 4th Edition, 1960.
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V

spin-up model. Since Re0 - 8.7xl0 5 we expect that the endwall Ekman
layers will be at least partially turbulent. Therefore

D(t) = a[l - (1 + 0.6ktpt)
5’3] ak~pt + ... , (2)

with

k
~ 

= 0.035 (a/c)Re0~~”~ . (3)

Eq. (2) is based on the Wedemeyer model with a turbulent Ekman layer and
is derived from Eq. (8-58) of Reference 8. The indicated approximation
for small t is adequate for our purposes. The instantaneous Reynolds
number and !/a determine the torque. The aerodynamic moment in (1) can
be expressed as

MAcro = pf(t) (4)

where f ( t )  is a known function of time, depending on the projectile
shape, velocity and trajectory as described in Reference 1. For rounds
1064 and 1065 f(t) can be expressed as

f(t) = (1.25 t - 13.5)xlO~~ kg - m2/s for 0 ~ t ~~~ 3s . (5)

In the spin-decay calculation described here the torque on the end-
walls is neglected. The numerical integration of (1) uses Taylor’s
torque data for MLiq from launch up to t = t~, ~ 

= the theoretically

determined position of the corner ; 
~c is defined to be the projectile

spin when the liquid reaches solid-body rotation and t~ is the corre-

sponding time calculated from 
~~~~ Pc ~S determined by calculating

angular momentum using (1). MAcro is neglected and we substitute MLiq
= dL./dt, where L is the liquid angular momentum and L(O) = 0 is assumed.
Thus (1) becomes

~ 
dp/dt = -dL/dt

and integrating from 0 to t~ we obtain

- p0) = _L(t
~
) = -irpca~ I’c~~

2 - B) ;

8. Engineering Design h andbook, Liquid-Filled Pro,jec tile Design., AJ4C
Pønphle t No. 708-165, U.S. Amry Materiel Corr&md, Washington, DC,
Apr il 1989. (AD 8537 19)
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where p is the liquid density and 8 is the ratio of the liquid volume
to the total cavity volume. The result is PC — 0.949 p0 for both rounds.
For t ) t~ we set MLjq — 0 since we have assumed that the fluid is in
solid-body rotation ; the spin decay then is caused only by the aerody-
namic torque.

The results given in Figure 4 show that for 0 ‘~~ t ~ t~~, the spin
decay rate is larger than that for either yawsonde record; the corner
occur s at t~ — 0.4s compared to 0.7s for round 1OG4 and 1.4s for
round 1065; after the corner the three results have essentially the same
slope. The last of t)~ese justifies the assumption MLiq 0 for t ~ t~
and part of the assumed method of locating the corner. The first two
results quoted above show that transition to turbulence on the sidewall
does not adequately predict Type C spin records . If the torque on the
endwalls had been included the predicted initial spin decay rate would
have been larger and t~ would have been smaller . Therefore , although it
is reasonable to assume transition, the predicted spin decay is not an
acceptable approximation to the measured result.

Although turbulent flow at the sidewall does not provide a mechanism
to explain the record with a corner, it indicates a way of decreasing
the spin-up time; i.e., by inducing transition on the sidewall. A rough
sidewall or protuberances on it might accomplish this.

B. Centrifugal Instability in the Perturbation Boundary Layer

When the spin-up or solid body rotation flows are perturbed, say by
imparting an angle of attack , a , to the projectile, a per turba tion
boundary layer is induced near the walls. For solid-body rotation a
linearized analysis of this boundary layer was given by Wedemeyer9 and a
numer ical description of it, described in a separate report10 , has been
obtained for spin-up flow . The thickness of the perturbation boundary
layer is essentially the same for the two flows. In Reference 8 a
centrifugal instability in this boundary layer was assumed to be the
mechan ism which caused a discontinuity in gyroscope records. A form of
the Taylor number was used to deduce a criterion for instability,

9. B. H. W.dan.yer, “Viacous Correction to Stewart eon ‘a Stability
Criterio n,” BRL Report 1325, Aberdeen Proving Ground, MD, June
1966. (AD 489687)

10. C. W. Xitoh.n., Jr. ,  N. Gerber and R. S.~ zey, “Calcu la tion of
Liquid Zi~.nfrequ.noiee and Deoc~j  Rates during Spin-Up in a
CiJ Un4.r, BRL Report (in pr epara tion) .
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tacitly assuming that the onset of instability depends on the relative
velocity of the two cylinders. Their criterion for the onset of insta-
bility is

(a~p/v)2(~/a)(~V/ap) > C
1 

(6)

where AV is the change in liquid tangential velocity across the gap,
and C1 is a constant. In Reference 8, ~ was identified with the pertur-

bation boundary-layer thickness, d, and from the results of Reference 9

d = aRe0~~ and AV~apa (7)

were used. Then (6) gives

aRe0
½ 

> C2 , (8)

where C2 is a constant. This criterion can be regarded as a guide even

though the conditions for Taylor’s experiments are not satisfied. How-
ever, if the parameters for round 1065 are used to estimate the Tay lor
number, it is found to be less than the critical value by a factor of
10. This is true, in spite of the large Re , because d/a = l0~~ is so

small. Thus it is unreasonable to assume the perturbation boundary
layer to be unstable in our case.

C. Nonlinear Instability During Spin-Up

The spin-up flow is stable with respect to small disturbances, as
shown by our calculations, Reference 10. Inviscid stability also fol-
lows from Rayleigh’s criterion. For the large disturbances considered
here (e.g., a0 

— 8°) the spin-up flow might be unstable. There are some

well-known flows, such as pipe flow, that are stable with respect to
small disturbances but unstable to large disturbances. There is no
direct evidence that this is true for the spin-up flow; we conjecture
that it is and seek the consequences. We also assume that the insta-
bility will result in toroidal vortices adjacent to the cylinder wall,
similar to Taylor vortices. These vortices are illustrated schemati-
cally in Figure 5.

In the spin-up flow there is another length scale besides d, viz.,
the distance, D, from the sidewall to the inviscid front, as given in
Wedemeyer’s spin-up model. The main difference between the toriodal
vortices assumed here and those in Section II.B is in their scale.
Except for extremely small times, D will be much larger than d. The
large scale of the vortices assumed here, see Figure 5, can enhance the
mixing of the spinning with the non-spinning liquid and thus decrease
the time required for spin-up, as observ ed when Type C spin re cord s

16



occur. Since such vortices also increase the skin friction along the
sidewall, the more rapid decrease in spin is plausible. The criterion,
(6), is based on linear stability analysis, but for lack of any other
guide we use it for our assumed nonlinear stability. We take t~V~apaas before.

In Wedemeyer’s model D(t) has two different expressions depending
on whether the Ekman layers are laminar or turbulent. We take S = D(t)
with

D(t) = a[l - exp (_k~pt)] = akLpt + ... (9)

fox laminar flow3 in the Ekman layers, wher e,

= 0.443 (a/c) Re0~~ . (10)

In the turbulent case D(t) is given by (2). The indicated approxima-
tions for small t are adequate for our purposes and using these in (6)
we obtain

(a/c) 3 (pt)3 a Re0
½ 

> c3 (11)

and

(a/c)3 (pt) 3 a Re0
7
~
15 

> C4 (12)

for the laminar and turbulent case s, respectively. Criterion (11) has
the same a and Re0 dependence as (8). The effect of the a/c and pt
factors on the criteria (11) or (12) cannot be determined from the
available data because a/c is relatively constant for all the data and
the time of onset of the instability is unknown. Type C records show a
constant spin decay rate from the beginning of the record. Henceforth
we ignore the presence of these two factors and write the criterion for
instability as

> C5 (13)

or

> C6 . (14)

In Section III it is shown that these can successfully correlate
most of the data, with respec t to the occurr ence of a corner; and also
that a criterion invoiving only a0 and Re0 may not be able to correlate
all the data. This success, plus the results of a spin decay calcula-
tion based on the flow model and torque formula presented in Section IV,
leads us to conclud e that nonitnear instability of the spin-up flow is • - -

17
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a likely mechanism for causing a corner in the spin-decay record; its
conjectural basis must be kept in mind, however.

D. Summary of Flow Mechanisms Considered

Three types of fluid dynamic instabilities have been considered.
The first, transition to turbulence in the flow near the sidewall, is
plausible; however, the predicted spin decay is too large to accept this
mechanism. It is ruled out on this basis. The second, centrifugal
instability in the perturbation boundary layer at the sidewall, is ruled
out because the flow appears to be stable. The Taylor number for a
typical XM687 is ten times smaller than the critical value. The third,
a nonlinear instability during spin-up, is conjectural since there is no
direct evidence that the spin-up flow is unstable to large disturbances.
Additional ~ssumptions give (13) and (14) as criteria for instability,
depending on whether the endwall Ekman layers are laminar or turbulent.
It will be shown that these criteria correlate most of the data with
respect to the occurrence of a corner The flow model and torque for
this conj ectured instability, discussed in Section IV , give a predicted
spin decay which is reasonably close to the value obtained from the
yawsonde measurements. Therefore, nonlinear spin-up instability is a
more likely candidate for the mechanism causing the spin record type
with a corner.

A paper by Susse~~ that may be pertinent to the present problem hasbeen brought to our attention by Scott ’2 . Busse studied the steady flow
inside a precessing spheroidal shell , including nonlinear terms in the
boundary layer equations. Scott’s analysis of that work indicates that
nonlinear effects for large a may introduce an additional spin-up mecha-
nism for a cylinder. If the magnitude of this effect is sufficient, it
could offer an explanation, based on stable flow, for the Type C record.

III. CORRELATION OF SPIN RECORD TYPE WITh INSTABILITY CRITERIA

We have examined the available firing data for the XM687 shell to
determine if the spin record type (smooth or corner) can be correlated
with the criteria characterizing the conjectured nonlinear spin-up
instability. In using the instability criteria (13) and (14) we take
a = a . We expect critical values of the left hand sides of (13) and

(14) to indicate whether or not toroidal vortices are formed during
spin-up. For values less than critical the spin-up process should be

11. P. H. Buase, “Steadzj Fluid F low in a Preceasing Spheroidal Shell,”
J. Fluid Meoh,~~ Vol. 33, Par t 4, 1988, pp. 739—751.

12. Private oo~,riunication f rort Dr. W. B. Scott, Launch and Fli ght
Division, Ballistic Research Labora tory, June 19??.
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s imilar to the one assumed by Wedemeyer 3; no vor tices are formed and a
Type S spin record would be obtained. For values larger than critical,
toroidal vortices may be formed and the spin-up process would be much
different than the one postulated by Wedemeyer. In Section IV it is
shown that our conjecture plus some assumptions will lead to a spin
record with a corner that is consistent with the data.

The Appendix contains a sui~ ary of the pertinent XM687 flight data
examined for purposes of this correlation. Comments are included for
some rounds to distinguish unusual features of the data. Inspection of
the five tables in the Appendix shows that there are 17 rounds where
data are available to determine a0, Re0 and the spin record type. One
of these rounds, 3B5, has canisters which are not keyed to the projec-
tile casing; this round is not included in our correlation. Table 1

lists the remaining 16 rounds in order of increasing a0(Re0)
½. There are

seven rounds where a (?) is used to denote uncertainty about either the
spin record type or a0. Comments about these rounds are included in the

Appendix to describe the nature of the uncertainty in each case. The

values of a0
ge
0
½ and a0Re0

7
~
’5 are tabulated for each round.

The two criteria, (13) and (14), come from assuming laminar or
turbulent flow, respectively, in the Ekman layers. They do not apply
simultaneously. Except for the first 3 entries in Table 1, Re0 is large

enough so that we should have the turbulent case. In the following
discussiOn, howev er , we present both criteria. From the data in Table 1,

we find that critical values of aRe ½ and cannot be selected

which give an absolute demarcation between Type S and Type C spin decay.

The choices a0(Re0)
½ a 4.5x103 or a (Re0)

7”5 = 9.2xl08 furnish the lower

bound for which Type C is observed. Theoretically, for parameter values
less than critical, Type S records are obtained; for values greater than
critical Type C records are obtained.

The data in Table I are plotted in Figure 6; Type S are open circles
and Type C are filled circles. The critical values are shown by the two
curves. The numbers 4.5x103 and 9.2x108 are determined b~ requiring the
curves to pass through the point a0 = 5.1 , Re0 

a 7.9lx lO , corresponding
to round 4Al. A flag on a data point indicates there was an uncertainty
about either the spin record type or a0; these are the seven entries

with a (?) in Table 1. First consider all points. To the left of each
curve only Type S points axe found. To the right of each curv e all the
Type C points are found. These results comply with the theory. However,
4 flagged Type S points or S flagged Type S points are also to the right
of the curves for the a0R00

½ or a0ge0
7”5 criterion , respectively. If the
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flagged points are weighted equally with the others, the correlation is
only moderately successful. If the flagged points are omitted from
consideration, the correlation is completely successful. Perhaps there
is a broand band of a0, Re0 values above critical where either type of

spin decay can occur; a definite conclusion cannot be reached because of
the uncertainty of the flagged data.

Note that there are two pairs of points, one Type C and the other
Type S, which have almost the same values for a0 and Re0. In each case

the Type S is flagged and in one the Type C is also. If we ignore the
uncertainty in these three points, we would have to conclude that a
criterion for separating types C and S, based solely on cz0 and Re0,
could not be successful. Because of the uncertainty this conclusion is
only a possibility, at this time.

The data indicate that Type C spin decay is observed only when
a0 > 4

0~~ Since the shell yaw angle is large, it is reasonable to expect

nonlinear effects to be important. The instability criteria (13) and
(14) are based on a linear assumption for the form of the perturbation
velocity, ~V. To account, empirically, for nonlinear effects in a we
arbitrarily changed these to

a~ (Re0)
½ 

> C7 (15)

and

u~ (Re ) 7”5 
> C8 . (16)

These criteria are tested in Figure 7; curves are shown for the selected

critical values a~ (Re0)
½ 

= 2.2xlO~ and a~ (Re0)
7’~
5 

= 4.7xl09, chosen

to give the lower bound for Type C points, as was done with the data in
Figure 6. These correlations are, perhaps, a little more successful
than the previous ones shown in Figure 6. All unf lagged Type S points
lie to the left of the two curves and all Type C points lie to the right.
For each correlation, one less flagged Type S point appears to the right
of each curve. A completely empirical approach could be tried to deter-
mine a separating boundary; for the data we have, nothing better than

the curve a~ Re0
½ a 2.2xl0~ could be expected.

We conclude that our correlations involving a0 and Re0 are success-

ful in determing whether Type S or Type C spin decay is obtained, for
most of the data. Complete success is achieved if the flagged data are
o.itted fro. consideration, but this is not yet justified. Perhaps
other parameters , not measured in these tests; e.g., the initial yawing
rate , will hav e to be included in the analysis to develop more suc-
cessful correlati ng par ameters .
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LV . FLOW MODEL AND TORQUE FOR THE CONJECTURED INSTABILITY

The hypothesized nonlinear instability during spin-up must be sup-
pl emented by a flow model to estimate M Ljq in (1). We have assumed

that a stack of toroidal vortices appears adjacent to the sidewall , as
illustrated in Figure 5; i.e., the flow has a cellular form. The scale
of these vortices in the radial direction is taken to be D(t) and they
are assumed to have about the same height . The flow model yields the
functional dependence of torque on the parameters of the problem; an
additional assumption is needed to evaluate a constant of proportionality.

We appropriate the model described by Batchelor in the Appendix to
Ref erence 13 for flow between two concentric cylinders , the outer fixed
and the inner rotating at speeds well above the cri t ical .  He assumed
steady , cellular flow and estimated the thick ness of the boundary layer
around the inviscid core of each vortex. Having thi s thickness , the
functional dependence of torque on the gap width , angular velocity, and
other pertinent quantities was easily obtained.

In our flow , the outer cylinder rotates with angular velocity p but
there is no inner cylinder. Rather , the inner boundary is a shear
l ayer: the front in the inviscid form of the Wedemeyer model of spin-
up, which is at a distance D ( t )  from the cylinder. The shear layer
boundary would give a different contribution to the estimate of boundary-
l ayer thickness than the inner cylinder in Batchelor ’s case , but , for
the order of magnitude estimates considered here, the difference can be
neglected. The torque can be expressed , using Batchelor ’s analysis as

MLi q 
= K( 2c)a 1 pp 2Re 0

2 (a/D) 4 (17)

whe re K is a constant not determined by the model. For laminar or
turbu lent flow in the endwall Ekman layer , D(t) is given by (9) or (2),
respectively.

An additiona l assumption is needed to obtain K since there are no
torque measurements for our configuration. We assume it can be esti-
mated from rotating cylinder data. We used the data of Wendt in Figure
10 of Reference 13 since it extends to the la rge Re 0 required . The
parameters of round lOGS were used to o5tain the torque with D(t)
obtained from (2) wi th  t = O.5s. Substituting these parameters and this
torque into (17) gives K = 1.44. To estimate spin decay we calculate
MLiq from (17) with this K and then integrate (1) for all times up to
the corner, which is located in the manner explained in Section II.A .

13. R. .1. Donnelly and N. .1. Simon, “An E~npirioal Torque Relation forSup erori tical Flow Between Rota ~ ing Cy linders,” J. Fluid Mech.,
Vol. 7, Part .3, 1960, pp.  4C1-4 7.B.
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MAero is obtained from (4) , using (5). The numerical result is compared

with the yawsonde data in Figure 8.

The agreement with the yawsonde measurements for round lOG4 is
rather close, considering the tenuous nature of our theory. No theory
of this type can agree with both records because they have essentially
the same observed flight parameters. Although the slope of the calcu-

• lated spin decay curve in Figure 8 is not constant, from t = 0 to the
corner , the curvature is not large. Using (1) and (17) an estimate of
the variation of p with t can be made for small t:

po
2•3 

- P
2
~
3 

t314

from which an approximation

3/4p0 - p — t

can be obtained. This shows the deviation from a linear variation for
small time. The proper conclusion from this calculation is that our
conjecture and assumptions are not contradicted by the firing test data.

V. CONCLUSIONS

When the 155am liquid-filled projectile, XM687, is launched with
a0 ~ 4° the spin record can show a rapid initial spin decay, followed by

a “corner”, or discontinuity in slope. This kind of record cannot be
predicted by the theories based on Wedemeyer’s spin-up model. Examina-
tion of the firing data revealed that a0 and Re0 are two important

parameters which determine whether or not a corner exists; a0 is a
measure of the perturbation to the liquid motion and Re is an indicator
of the stability of this motion. °

Three types of possible fluid dynamic instabilities were considered.
Two were ruled out, leading to the conjecture that a nonlinear instabil-
ity in the spin-up flow is the cause of the corner. The analysis based
on this instability gives a fairly successful criterion for deciding
whether or not a corner will occur. A model which incorporates toroidal
vortices in the spin-up flow gives a calculated spin decay which has the
characteristics observed on the records with corners. Thus far deduc-
tions from the conjecture and model are consistent with the firing data.
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Figure 2. Two types of spin decay observed
in firings of the XM687 shell.
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Figure 5. SchematIc of toroidal vortices formed in
cylindrical cavity during the spin—up
process.
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APPENDIX A

Summary of XM687 Firing Records

Five tables are presented to summarize the XM687 firing records
that were examined in an attempt to correlate the spin record type
(smooth or corner) with the launch parameters. This correlation is
discussed in Section III. The tabulated data indicate: the round
number; whether the launch was normal (N) or yaw was induced (IY) ; the
f i l l  ratio , B ; whether the sp in record shows smooth spin decay (S) or
spin decay with a corner (C); the first maximum yaw angle, ct

~
; and the

muzzle velocity, V0. The solar angle and spin history for each round
are presented in Reference 2 , 4, 5 or 14; the appropria te reference is
cited at the end of each table.

There is uncertainty about the spin record type and/or for many

of the rounds. Comments are used in these cases to explain why definite
conclusions cannot be drawn. The indicated values of V in Table Al are
obtained from smear cameras located approximately 23m ahead of the muz-
zle; they are obtained from radar chronographs in Tables A2-AS . Except
for the rounds in Table A4, the projectiles have the dual canister con-
figuration depicted in Figure 1. The rounds in Table A4 were modified
to have a single cylindrical cavity with dimensions approximately equal
to those in the dual canister configuration after rupture of the discs.

14. A. Mark, “Meaeurernent of Angular Momentum Transfer in Liquid-Filled
Shall,” BRL Report (in preparation).
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1.1ST 01: SYMBOI. S

:4 radius of shell cylindri cal cavity (in)

c half-height of shell cylindrical cavity (m)

d thic kness of perturbation boundary layer (m)

f ( t )  defi ned by Eq. (5) for rounds l0(4 and IOCS (kg-m 2/s)

• laminar Ekman layer parametor defined by E q. (10)
(nondimens iona 1)

turbulent Ekman layer parameter defined by Eq. (3)
(nondimensional)

instantaneous spin rate of shell (sfl )

shell spin rate when the li quid reaches solid-body
C. rotation (~~1 )

p0 shell spin rate at muzz le (s~
1 )

t time measured from instant of projectile rel ease from gun
tube (s)

time when p = p~ as calculated from Eq. U) (s)

C designates spin record type w it h corner (no associated units)

C1-C8 constants in Eqs. (6) ,  (8) and (11) - (16) (nondimensional)

C~ projectile roll damping coefficient ( nondimens ional)
p

[I instantaneous distance from the sidewall to the inviscid
front in the Wedemeyer spin-up model (m)

I axial moment of inertia of projectile casing (kg-rn2)

K constant of proportionality in Eq. (17) (nondimensional )

L li quid angular momentum (kg-m 2/s)

M projectile Mach number (nondimensional)

~~~~~ aerod ynamic moment acting on shell due to air shear (N-a)



LIST OF SYMBOLS (continued)

MLj liquid moment acting on shell due to shear stress at cavityq walls (N-rn)

Re launch Reynolds number of shell (= p0a
2/v) (nondimensional)

S designates spin record type that is smooth (no associated -
.

units)

S gap width between two concentric cylinders (m)

change in liquid tangential velocity across the gap between
two concentric cylinders (mis)

a projectile yaw angle (degrees)

first maximum yaw angle (degrees)

fill ratio; ratio of liquid volume to total cavity volume
(nond imens ional)

v kinematic viscosity of liquid (m2/ s)

p liquid payload density (kg/rn3)

_ _ _  

_ 
_ _ _  
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