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THE STABILITY. OF FIN-STABILIZED, LOW-FINERESS-RATIO
BODIES OF REVOLUTION

A method is developed which allows computstion of the longitudinal
stabillty of low-fineness-ratio, fin-stabilized bodies of revolu-
tion. Computed stability characteristics are shown to agree com-
paratively well with characteristics obtained frcm wind-tunnel
tests. In addition, the enzlysis developed indicates possidle
cauges of the unusual stebility characteristics typical of low-
fineness-ratio shapes and suggeste possible ways in which the
analysis may be refiped.
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TEE STABILITY OF FIN-STABILIZED, LOW-FIRENESS-RATIO
BODIES OF REVOIUTION

INTRODUCTION

The design of aeroballistic shapes is often a compromise between the desires of the serodynsm-
icist and limitations imposed by unavoidable practical requirements. As a consequence, aero-
paliistic shapes have been known to evolve which possess geometric characteristics more akin

to barrels or eggs than to the more ideal, highly streamlined bodies. No matter what the shape
of the body, the serodynasmicist is vuligated to insure that the cuuwliguration will exhibit the
desired serodynamic characteristics. If the shape is restricted by practical limitations to Le
barrel or egg-like, the task of providing the desired serodynamic characteristics is not always
simple, particvlarly if the _perating Mach numbers of the configuration include the region sbout
& Mach mumber of unity.

For many spplications requiring the use of barrel-like shapes, the configuretion must be stati-
cally and dynamically stsble. Many of these spplications may eliminate the use of Bpin to pro-
“vide stabilization and, at the same time, limit the size of stabilizing surface (fin surface)
“that can be used to provide the required stability characteristics. As a consequence of the
barrel or egg-like shape and restrictions placed upon stebilizing surface, definition of an
acceptasble configuration is not self-evident & priori. This lamentable situatior could be
improved if there existed methods for predicting the serodynamic characteristics of these low-
fineness-ratio shapes. Unfortunately no such methods are aveilsble for shapes of this sort
although methods dc exiast for bodles of high-finenese~ra*io. This anomaly exists for reasons
which are quite fundamental: high-fineness-ratio shapes are usually preferred for most appli-
cations vaere limitations do not prevent their use, and equations of motion of e compressible
fluld flow sbovt B body can bve greatly simplified {and usually solved) for s body whose length
is large compared to its diemeter. This simplificetion cannct be mede for low-fineness-ratio
shapes, however, and solution of the equatior: of motion are the exception rather than the rule.

Although exact solutions of the equations of motlon of compressible fluid flow about low-fineness-
ratio shepes cannot be expected, it is hoped that spproximate analytical methods can be developed
which will predict the serodynamic cheracteristics of these shapes. It is the purpose of this
menorandum to discuss this possiblity and to present one crude method of determining some of

the stability characteristics of these shepes. To prevent this memorandum from becoming too
voluminous, the discussion is generally limited to the stability of a fin-stabilized, low-
fineness-ratio body of revolution with one degree of freedom, i.e., rotation about a lateral

axis through the center of grevity. For purposes of this memorandum, low-fineness-ratio is

taken to mean fineness ratios in the range 2 to 5.

KOTATION*

a - Loecal body radius, ft .

o
i

Mean radius of that portion of the afterbody located between the leading
and trailing edge of the fin, £t

Body base area, sg ft

Dpj

B_ - Mean cross-sectional srea of body, sq ft
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B - Area of body nose flat, sq ft

b - Fin semispen, ft

C. - Lift coefficient, (2 L/pV°S)

L
C, - Chenge of 1ift coefficlent with angle of attack, (BCL/éo.), per degree
a
C, - Pitching moment coefficient, (ZM/pVZSd)
C, - Change of pitching moment coefficient with angle of attack, (BCm/Ba),
[y per degree
r-Cm - Static stabllity coefficient. Body 1is statically steble if value of
L Ta this bracketed coefficient is positive, unsteble if the value is 3
negative. Degree of stebility or instebility is indizated by the ?
magnitude of this coefficient. :
C.. - Change of moment coefficlent with rate change of angle of attack, s
* “& dc
u?. per redien )
. (%) |
. ac 7 i
C_ - Chenge of moment coefficient with pitching velocity, B s per ’ B
m . _q_t}_ 4
radian 9 ZV) F

- Cm + Cm ) - Dynamic stability parameter. Body is dynamically stable if value ' 3
q & of this bracketed paramet~r is positive, unstable if the value is -
negative. Degree of stability or ingtability s indicated by the
magnitude of this coefficlent.
4 - Maximum diameter of body not inecluding surface perturbations, ft s
L - Lift force, 1bs .
{ - Total vody length, £t

- Length of afterbody between leading and trailing edge of the fins, ft

{_ - Distance from center of pressure of the fin to body center of gravity, j
£t !

ta " Distance from center of pressure of the afterbody to body center of :
gravity, ft T

M - Pitching moment sbout body center of gravity; has & positive value
1f moment tends to increase the nose-up angle of attack, ft-1lbs

P - Local static pressure, psf

p_ - Ambient, or free stream pressure, psf

. Ap - Local pressure differential between upper and lower symmetrically
opposed surface points.
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Pitching velocity about center of gravity, radians/sec

Distance of a polnt from the longitudinal hody exis, (r2 = yz + zz),
ft

Major body cross-sectional area, (ndz/h), sq ft

Total effective area of tall fin, sg £t

Time, sec

Total velocity of body relative to air stream, fps

Camponent of velocity normal to longitudinal axis of the body, fps
Longitudinal coordinate, ft

Distance from nose to center of gravity of the body, £t~

Y S
Jina” xdx
Distance of centroid of body volume fram the nose,(}g_g_y____),
m

Lateral coordinate, fi
Vertical coordinate, ft

Rectangulsr coordinate body axes as noted above and illustrated in
Fig. 1

Angle of atteck of the bedy, degrees

Local angle of attack st the afterbody, degrees
Local anygle of attack at the tall fin, degrees

Rete change of angle of attack, (do/dt), rad. per sec
Average downwesh angle over the tall fin, degrees

Local dowanwash angle at root chord of the tail fin, degrees
Local downwash angle at tip chord of the tail fin, degrees-

Angular orientation of a point in the (y, z) plane, see Pig. 1
Velocity potential, fta/sec

Free -stream density, slugs/ft3
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Subscripts
lb - Body

]
3y - Fin

]a - Afterbody

e

1‘U1 4‘9‘.\ \Jthbfe—x\,/"f

Fig. 1 - Body Coordinate System
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PRESENT STAYE OF KNCWLEDGE

The present "state-of-knowledge” of the stability characteristics of low-fineness-ratio bodies
derives largely from observations of wind-tunnel tests.” A great mass of data is available from
thege tests, a portion of which can leed to eome general conclusions and rules of thumb regarding
the stability cheracteristics typical of low-fineness-ratio bodies. Wi“hout becoming too -
specific, the following observations sre generally true:

1. There appears to be a kind cf "conservation of stability™, i.e., an increase of static
stability is usuelly accompanied by a decrease of dynamic stability for sny given con-
figuration. -

2. Stavility secms to be & sensitive function of nose shaéé; and increasing the aose flat
dismeter will usually increase the statlc stapility at the expense of dynamic stability,ﬁ

instability which may be remedied by edroit application of circumferential spoiler
bands.

4, Stability parsmeters of low-fineness-ratio shapes exhibit tendencies to be nonlinear
functions of angle of attack.

The causes of the sbove phenomena are not readily epparent. However, it does appear possible
to at least partially explain certain or the above observations by anmlyzing, in s crude way,
the stabllity of low-fineness-ratio bodies. Furthermore, this crude analysis suggests more
refined methods of attack, which, with sulitable experimental verification, may lead to methods
of predicting the desired stability characteristics.




ANALYSIS

In the analysis of the stability cheracteristics of low-fineness-ratio bodies of revolution pre-
sented herein, only the static and dynemic stability parameters defined in the notaticn sball
be discussed. These parameters arise in the course of examining the stability of a body free

to rotate only about a lateral axis through the center of gravity and allowing no freedom of
lateral or longitudinal nmotion.

In the form of preiiminary remarks, it is assumed that the stability of & body is determined by
the contribution to the stability of: the body alone, the fins, and the interference of the
body on the fins and the fins on the bedy. As such, if each of these contributions can be
determined snd summed, the result should be the stability of the total configuration. Such a
scheme shuall be pursued.

Stability Ccatributions of the Body Alone

Mentioned previously was the nonexistence of solutions of the equations of motlion governing the
flow of a compressible fluid about & low-fineness-ratio body of revclution. Approximate sclu-
tions do exist, however, for bodies of high~fineness-ratio, and these solutions should provide
s crude approximation at least, for the "fat" body. One method appearing to yield correct
order of magnitude results for low~fineness-ratio bodies has been reported ty Curry*. This
method is babsw upep assumptions which allow very simple computation of the stebility parameters
for a body of revolution. These assump..ons state that the body is of large-fineness-ratio;
that the £low normal to the longitudinal axis (of symmetry) is incampressible; that the flow in
& plane normal to the exis of symmetry is independent of the flow in adjacent planes; ang that
the body is performing slow oscillstlons about zero angle of attack. On the basis of these as~
sumptions, the velocity potentiel for the body moving in the negative 2z direction with a
velocity, U,

U a2
$=-=
y o+ z

3]

(1)

o

wbich can be easlly recognized as the flow potential for a doubtl .t moving into a stresm at rest
with the sxis of the doublet allel to the z _axis of the body. The pressure differential
between symmetrical points, [?;: +.2), (yq - 2)], on the "upper" -and "lower" surface of the
body car be written:

= 2p (%'PV%%) (2)

Now for a body performing oscillations in the pitch plane, the vertical component of velocity,
U, at any longitudinal station is given by:

U=Vsina+qlx - xo), or

U= Va+ q(x - xo) (3)

* Curryz We. H., "A Calculation of Mk 6 and Mk 5 Dynamic Stability", Sandia Corp. Ref. Sym:
5141-(375),
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since the angle of vttack shall be limited to the region wherein
gin ¢ £ a.

Substitution of Eq. (3) into (1), and the result intc Eq. (2) yleldg an ervression which may be
integrated over the body to obtain the moments resulting from a, q, and g. When reduced to
coefficient form, these relctions become¥:

_2[Bb (’e-xo)+ano-Bml] )

« |b 57T.3 8d

-C

m

i h[Bb £ - xo)2 - B, xc2 - Bm,e (':':'—xo):l1

. -c, (5)
T ;] b 8d®
v L(z -x)
- C,m .} = Bm (22 AO’ (6)
el 34
I ¥ _p x 2
B £ - Xo/ =Py %y
- =1 .
(Cmq ¥ Cm&)] b L s4° )

Equations (U4) through (7) have same features worthy of note. First of all, they indicate that
the tody contribution to static stability will increase and that to dynamic staebility decrease
with increasing nose flat diameter if all other terms remain constant., Secondly, for a body
with B given nose and base flat, the shape with least volume will possess the greater static
stability, while the dynemic stability 1s independent of the shape of the body between the nose
and bage flat, Thirdly, these equations indicate that body possessing the shape of a right
circular cylinder would peseess neutral static stability (Cmc = 0) for any center of gravity
locatien, but would be dynamically stable if the center of gravity were forward of the center
of volume.

Unfortunately, very little body alone stability dats is availadble with which to compare values
predicted by these expressions. However, it is known¥* that a right circular cyiinder does

* The expression for the body contribution to static stsbllity does not appear in the paper by
Curry.

*¥ngtability Characteristics of Single and Dual Right Circular Cylinders®, by E. T. Clark,
Sendia Corporation, Ref. Sym: 5141 (572).
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exhibit a depree of stetic stability for certain ranges of “ineness ratio and center-cf~gravity
location. Some finned low-fineness-ratio shapes have indicated an increase of static stability
ard a decrease of dynamic stability with an increase of nogse flat diameter, but whether this i1s
due only to & change in the bcdy contribution to stability is not known.

Stability Contribution of the Fin plus Effect of Interference of the Body
! on the Fin Contribution

Since it is guite simple to incliude the effect of Iinterference of the body on the fin stability
contribution, the expressions derived in this section will include both. The moment about the
center of gravity contributed by the fin for any given configuration asngle of attack, a, may be
written as:

] a

; Ml = - 0y 8V 5, 4, (8)
tlt

Row, if the body did not affect the fin contribution, the angle of attack of the fin, ey

. would be identically equal to the angie of attack of the body, ¢ ; and the 1if't curve slope of
the fin would be the samz whether or not it were mounted on the body. Since the body produces
8 local fiow field by virtue of its presence, @ is not equal to ¢, and Lu]t ils not the

. same for the fin on the body and off the body. Iet us first exemine the effect of the body on
the angle of attack of the tail. We have seen firom the previous section that & body at some
angle of attack, ¢, gives rise to a cross flow velocity potential due to the cross flow
velocity component U = aV. If the body is assumed stationary, the cross flow velocity poten-
tial becomes, in cylindrical coordinates:

¢=-U(r+§'z—_‘-?-)cose (9)

where

r=y2+22
rcos 6= -2

If the fins are assumed to be mounted at © = O, 90o B 180° and 270o around the surface, then
the fins at 90° and 270° are the only op=s contributing to the stability. Egq. (9) can be used
to determine the velocity at © = 90° and 270° arising from the presence of the body. This
velocity, w, is

s
vl (1 + %) (10)

Assuming the longitudinal veloclty V cosa =V is nuot affected by the presence of the body
(this assumes & high-fineness-retio shape) the local angle of attack, & IR becomes

-~

d,£=$- » (ll)
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since

the local angle of attack mey be written

e.2
ul =a(’l.+r—2-/_ (12)

which becomes at the surface of the body (8 = r)

ST T AR TR TR B g T

—z_}j-z 2a - (13)

e Y

as indicated in Fig. 2(a).
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. (a) Ideal Case

Filg. 2=a - IIlustration of Downwash
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If the difference between the local and tody engle of attack be defined a3 the negative of the
locsl downwash angle, - 6,2 , A

-el=0‘e - — z'( T -
or

u,l =a -El (lu)

For the 1deal cese under consideration, camparison of Ecis. (14} and (12) shows that
- Et = q 2 (15)

Assuming that the tail fin does not interfere with the flow around the body (more exactly, does
not change the value of the local angle of attack as discussed above), then the angle of attack
at the tail, for the ideal case, is

at =d - € (16)
where € 1s given approximately by
€ + €,
€ = > (17)
and from Eq. (15)
' € = .
A 1 a
o 2 .b2
so that
a a.2
€=-z{1+ *2-) (19)
b
and

a =uE+}-é.+§'—2~):] (20)
t 2 b2

The ideal case considered above is not quite typical of what is encountered in actual practice.
The ideal case assumptions required instantaneous flow establishment to the potential givez by
Eq. (9) » and divorced flow in adjacent laminates perpendicular to the axis of symmetry. Kor
did it consider the possibillities of the presence of the fin causing variations in the cross
low. As a consequence, actual values of the downwash and local flow velocity are expected to
ve different from values given by Egs. (10) and {(15). This has been illustrated in Fig. 2(b).
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(b) Nonideal Cmse

Fig. 2b - I1lustration of Downwash

However, Eq. (16) is gemeral, since it amounts to a definition, and only needs the supplying of
correct values of €. In the actual case, where the configuration is oscillating, € may also
not assume its “"static" value irmediately, but be subject to some lag. Consequently, if one
includes the actual value of ¢ and the fin engle of attack due to a pitching velocity, qut/v,
the angle of attack at the tail may be written:

qft
(It =Q - € + -~"-,—- (2] )
where
. _ Qe _ da
€= (u = d:b) (22)

The value of downwash in Eq. 22 is assumed proportional to ¢, and the second term accounts for
possible lag in the establislment of € when the body is oscillating, the total amount of lag
being ddt, or Aa, i.e., the value of € lags ite static value at a by an amount Aa = adt.
It is to be re-emphasized that no lag would occur for the ideal case considered here.

Regarding CL%] ¢» it 1s tc be noted thet this coefficient is the variation of tail 1ift coeffi-

cient with tail angle of attack, and that i1ts value should be determined with the fin on the body.
If the fin is on the body 1t is to be pointed cut that

CL"]" * CL%L

by virtue of Eq (21).
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Having noted the above effects of the body upon the tall stability countribution, it is possible
to insert Egqs. (21) and (22) into Eq. (8), the result being

S Y T U

'
M]t-z—clh] [a-%f(u-%%dt) +?—VEJ gvastﬂt (23)
%

t

Now 1if the total flow over the body is the cuuse of downwash at tke tail, and the total body
flow effects be assumed concentrated and originating at the body center of gravity (this point
of concentration more properly should be taken at the body center of pressure, but the error
invc’--ed is usually small) then & change in & at the tail (caused by a change in body angle

of attack), origirating at the assumed point of concentration, will occur at a time .[t/V later
than the time of origin. Thus, Eq. (23) may be rewritten:

M]t=’CLG{Jt[“'%f(“'ié)“i\fz]gvzstlt (2h)

The fin contributions to the stability parsmeters are easily obtained from Eq. (24) and are:

s, £
+ 7% a€
'C'%]t = Cy, ] 7T (1 -;ra) (25)
%t

and

- - % (_‘ll):2 de 6
(cmq + cma)] . ant]t o (1 + dg) (26)

if C is assumed constant with respect to a, &, and q.
Lu N b )

A comparison of Egs. (25) and (26) indicetes that a change in the value of de€/das will affect
the two perameters in en opposite sense, i.e., increase the value of one while decreasing the
other. This indicetes a possible explaunation for the “conservation of stability" noted in the
stabdbllity tests of low-fineness-ratio, fin-stabilized bodies. It is to be noted from Eq. (24)
that if no lag in d€de exists, that the fins could provide no contribution tending toward
dynemic instability since de€/da would not appear in Eq. (26). It is also noted that de/da
must be negative if the fins are to contribute to dynamic instability. Unfortunately, Eq. (19)
indicates that de/da will be negative, at least in the ideal case, and thore is no reason to
hope for non-negative values in an actual situation.

We have achieved, at this point, analytical expressions for the contributions of the body, and
fins plus body interference to the total stability of a configuration. It would be anticipated
that the sum of these two would compose the predominant portion of body stability. Consequently,
. we shall digress at this point and compute the total stability as given by the sum of these Lwo
contributions. Since a large amount of stability desta is available for the Mk Y4 ard Mk 6 shapes*,

* The visible differences in these shapes consist of five rows of circumferential spoiler bands
added to the center portion of the Mk 6.
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the contributions of these shapes will be determined, summcd and’ compared with the stability
parameters obtained from wind-tunnel tests.

Referring to Eqs. (4) and (7), it is seen that the body contribution is expressed as a Tunction
of body gecmetry only. For the Mk 4 and Mk 6, the appropriate shape constants are:

By = 5.9% %
4.58 £t

[o:]
i

1]

19.65 £t
= 5,00 £t

10.66 £t

- Ao
4

Xo = 3.33 ft {c.g. at 40" full scale)
B = 1%.70 ft2
m

Insertiﬁg these values into Eqs. (4) and (7) yields for the body contributions of the Mk 4 and
Mx 6:

- mn]b = - 0.0347 per deg

- (Cm +C )] = 2.18 per rad.
e Te/liv

fram which it is seen that the body alone is statically unstable but dynamically stable. Since

the analytical expressions obtained for the body alone are incapeable of differentiating between

the Mk 4 and Mk 6 shapes, only the values shown can be camputed for these bodies. The body alone

‘E'iliues a.z('e )also independent of Mach mumber as & result of the essumptions used to derive Eqgs.
and (7

The fin contribution can be determined from Zgs. (24) and 525) using the value of € for the
ideal case prescribed by Eq. (19) and assuming & value of “Ig tempered data on similar
wing sections if these exist. Fortunately, measurements of €/da and l’..‘l exist for the
Mk 4 apd Mk 6, and it appears more appropriate to use these experimental ues than the
theoreticeal ones.

Fin force measurements® on the Mk L4 and Mk 6 fins were made and allowed determination of CL u%
These values are presented in Fig. 3 as the topmost curves. From the discussion of this se Eon
it msy be shown that

c
¢ Lé]t

=

€z
Gpjt S

Bl

*Rice, M. A., "F‘ln Performance Tests of Sandia Mk U and Mk 6 Model", CAL report, 784-002-1,
October 1953, CRD.
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Values of de/da at the fin were determined from -this program and were used to ‘correct® the
values of CLu . to obtain L% - These values of de/da (teken as the slope of the variation
of € with @ for the range (- 4°< 7 < L9 are plotted in Fig. 4, and values of L“t]t in
Fig. 3. The effect of the body on the fin 1ift curve slope 1s 1llustrated on Fig. 3 by comparing
the lower two curves, ¢*iained by the above process, with 1ift curve slopes obtained on the Mk 4
and Mk 6 fin measursd without being mounted on the body.¥* It is noted from Fig. 3, that \'I'Ot]’c
values for the fins mounted on the body are significantly lower than values obtained for the
fins alone. This is surely to be expected since the fins when mounted on the body are partially
submerged in the low velocity region surrounding the afterbody.** This region is considerably
larger for the Mk 6 than for the Mk 4. The fin contributions to the stebility perameters may
now be co%puted from Egs. (24) and (25) using the values of de/da presented in Fig. L, the
valuer of “ILg presented in Fig. 3, assuming the lag in downwash is equal to ;ét/v, and using
the following gecmetric characteristics of the fins:

5, = 8.80 2 (4.%0 Bq ft per Tin)
LG = .22 ft. i

For this computation the fins were assured to lie in a plane normal to the plane ¢f pitch. ¥¥*
The body and fin contributions ccmputed for the Mk L and Mk 6 were summed and the results plotted
in Figs. 5 through 8. Also included thereon are values of the stability paramcters direcvtly
determined from dynsmic-type wind~tunnel tests of these configurations. For both computed and
experimental values, the center of gravity was at 40 inches full scale aft of the nose flat.
These figures indicate that the computed sums are quite universally below values obtained from
the wind~tunnel tests, the difference botween the valucs determined in each manner being of
appreciable magnitude. Camparison in a qualitative sense 1is observed to be reasonable, however.

In an effort to discover plausible explanations for the nonagreement between computed and ex-
perimental values, it seems logical to examine more closely the contributions of the variouns
parts of the configuration. Because of the manner in which the fin contribution was determined,
the fin contribution included the effects of "he body on the fin contribution. As such, the

f£in contribution should be quite accurate if the lag value assumed 1s reasonable. Since com-
puted values of both the static and dynamic stabilities were in error, revising the lag value
assumed could only improve the dynemie stability agreement. On the other hand, accuracy of the
body contribution a&s computed seemed unassessable, and from the coarseness of the assumptions
used to evaluate the body theory, 1t aprpesred that the computed body contributions could be
grossly different from values which might be obtained experimentally. The Mk 4 body-alone static
stability perameter obtalned in the wind tunnel®¥¥* has been plotted along with the camputed
value in Fig. 3. To Mach numbers of approximately 0.7, the comparison is no less than remarkable,
and the ccmputed values from the theory exhibit order of magnitude correctness for the entire
Mach number range. Now if the computed fin contribution is added to the experimentally determined

* Unpublished report by R. C. Maydew, "CWT Wing Tunnel Test #287 - Reflection Planc Force
Tests of Several Full Scale Fins”.

*## Maydew,; R. C., "Analysis of Pressure Rake Studies of the Flow Field Over the Afterbody of
the Mk 6 and TX-13 Wind Tunnel Models", Sendia Corporation Ref. Sym: 5141-(330), CSI.

¥#% In & program run at Cornell Aeronautical Labormbtory (CAL 784-008) the Mk 6 exhibited no
real stability differences with the fins at )450 to the plane of pitch or at 0° and SOO ©o
the plane of pitch. Although the wind-tunnel data iz ususlly obtained with the €inc at
15°," the analytical procedure is simplified fox the 90° orientation, and since no real
difference was obtained experimentally, the 90~ orientation was assumed for the computation.

#r¥¥% Zebh, Keirn, "Report on High Speed Wind-Tunnel Test Series HA-1", CWT Report No. Th, 1945,
ERD.
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values of the btody-alone static stability parameter, there results the curve shown in Fig. 5.
The deficiency in the computed value of the parameter still remesins. The only remaining con-
tribution which has not been considered to this point, is the effect of the fin upon the body
contribution. This being the case, the following analysis was evolved tc attempt computation
cf this contribution.

~

Stability Contribution Due to Interference of the Fin with the Body

It would appear, if one examines the flow over a finned and finless body, that the flow patterns
would be least similer in the region of the fins. On this basis, the followlng analysis evolved.
In the previous section, the fins were assumed to lie in 2 plane normal to the pitch plane. If
the body is at some angle of attack, a, the flow normal to the axis of symmetry produces, for
the finned configurstion, pressures over the windward and leeward side of the afterbody quite
different fram those which would exist were the fins not there. In particular, with <he fins

" on the body, the leeward side of the afterbody would most likely be in a separated cross fl

region. T the local angle of attack in the afterbody region is G, the cross flow potential
for the Tinless body is, from Eq. (9)

2
$= - Vua(r + -a—e—)cos 0 (9)

and the pressure distribution around the afterbody et station x becomes:

2

1
p:pa+§pvzaa2 (1 -4 sin < Q) (27)

Since the fins will modify this pressure distribution in the manner suggested, it seems reason-
able to assume that p for the windward side (- 90 < 0 < 90°) s given directly by Eq. (27)
and that the pressure on the leeward side (- 90 > © > 90°) will be constant and equal to the
velue of p from Eg. {(27) st & = + 900. Ac¥t , pressures over the windward and leeward
side of the afterbody would probably be higher and lower, respectively, than those suggested
above. However, Eq. (27) can be used to produce & term approximately prcportional to the 1ift
developed by the afterbody and then modified empirically to provide a better estimgte. The
pressure dis‘tribgtion given by Eq. (27) with the proper limits, i.e., » for - 90°> @ > 900
equals p &t 907, will yield a force on the afterbody, £, of magnitude (rer wnit length)

fx=2£ p e cos 9 a0 (28)

which, upon substitution of Eq. (27), becomes

72 " ‘
£, = &%L [é—p\f‘ui(l -4 sin2 o) + pa'j cos 6 49 + g/? [- 3::2 (%—p‘.’e) + pa] cos © dO} {29)

Performing the indicated integration and evaluating at the limits yields

1 2 ,1
fx=—3—6-aua (é- pV2) (30)
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where

a = Mean radius of that portion of the afterbody between the leading and trailing edge
of the fins,

The effect of the fins on the pressure distribution as illustrated in Fig. 10%*, will increase
the value of C1]g given by Eg. (31) by a factor, K. Consequently Eq. (31) will be rewritten
as: o
4 .16 28 £,

[ QR » |

=5 % 5 (32)

Vhere

K = Correction factor as noted above.

S8ince l
ta
Cde = < Cde T (33)
then
16K 2 2 ea lta
Cm]a =T T ua 8d (3h)

It remains at this point to determine the value of the angle of attack of the afterbody, a_ .

In the ideal body case illustrated in Fig. 2(a), it is shown that « = a_. However, in the®
actual case (Fig. 2(b)), it is shown that the angle of attack of the aft®rbody, 6y, 1is not
equal to the angle of attack of the body. Fortunately, it is possible to relate ¢ to a in
the following manner. From an earlier dlscussion of the downwash at the ta.r, it was shown that
the local angle of attack at the fin base (@ = 90°, 270°), was related to the angle of attack
of the body for the ideal case by

g =2a (13)
There is no reason to expeet this relation to vary significantly for the actual case if a is

replaced by ) i.e., the reletion between the angle of attack at the tail and the angle of
attack of the afterbody can be written:

at] r=a = 203 (35 )

where  a in (35) is evaluated at the root chord of the fin. Now, by definition, the root chord
tail angfe of attack, at] r=a » can be written, neglecting for the moment the effect of a
pitching velocity, 6=90°

% re=a ¢ (21) ‘
0=90° :

* See also p. 102, "Aerodynemic Drag", by S. F. Hoerner, The Otterbein Press, 1951.
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e WITHOUT FINS
e WITH FINAS

Fig. 10 - Effect of Fins on the Pressure Distributicn due tu Crossflow

and if € is assumed to vary from root to tip of the fin in the ideal manner, though not neces-
sarily having the ideal value, then from Eq. (18)
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and (17)
€ + EE
€=~
s0 that
;25
€ = S
3 ~ (36)
1l + ~
b2
hence
2€
+] = -
t]rsa ¢ 22 = 20,
- §=50° 1+
b
so that
o €
G& = -2- - 32 (37)
1+ =
b

Rewriting Eq. {(37) to include the variation in € with ¢ and t from Eq. (22) and teking into

account the contribution of q to Qa yiellsy

da€ H
2 (e -a £ /V) 4 £
- da ta " v't (39)

14 a2/b2

o
nje

where the lag in € was assumed, as before, to originate at the body center of gravity.
Substituting Eq. (38) into Eq. (34) and taking derivatives with respect to a, ad/2V, qd/2V,
end esguming X is invarlant with respect to these independent varisbtles, yilelds for the after-
body contribution to stability:

- de . . -
- _ 3% la _ aa (@ - a ﬁta/V) . q Zta {]_. ) de/da a £a46 (38)
m@]a 17912 1+ a/p? VN2 18R St
- de ., . . -
o sc J -&x|e sl -t Al o 2 (1 o+ —d€/da )(ftﬁ)e = 4 (39)
\ mq ma a 3 hg 1+ ae/b§ \'s _ 1+ ae/bZ d )

Equations {38) and (39) show thet the afterbody contributions to stability possess some inter-
esting characteristics. First, since de€/da enters here in a manner similar to its entry in
the fin contributicn, the afterbody also possesses a "conservaticn of stability" characteristic.
Secondly, the afterbody contritbution is nonlinear, being dependent upon @, a and gq; &
characteristic which did not sppear in the other contributions. This nonlinecarity is, of course,
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a result cf the assumption ol separated ILow on Toe leeward side of the afterbody between the
fins, and indicates that fiow separation tegecs nonlinearities, a not unexpected conclusion.
Equations (38) and (39) also indicate that in ccmparing model and prototype stability, the
parasmeters should be compared only at values of a, dﬂta/v and qﬁta/v which are equal for
both the model ard prototype. Reynolds and Mach numbers cannot be disregarded, of course.

Equations (38) and (39) were used to compute the efterbody contributions of the Mk 4 and Mk &,
with the afterbody consiants taken ag follows:

a = 1.92 £t (body radius et the l/h chord point on the fin root chord)
ﬁa = 3.08 £t (length of the afterbody hetween the leading and treiling edges of the fin
at the root chord)
b= 3.34 £t
=4

The values of d€/de were obtained from Fig. 4. To reduce the magnitude of the computations,
the afterbody contributions were computed for the fcllowing, taken to be average, values:

a = 0.07 rad (4°)
of,, 9k,
v - cETv o= 0.003 rad (corresponds to & maximm emplitude of oscillation of 60,

and a frequency of 2 cps at a velocity, V, of 1000 fps with
correspondingly lower frequencieg at lower velocities)

Preliminary computations indicated that the value of X should be taken ag approximately five
(5) to mecount for the higher than assumed pregsurcs on the windward side of the afterbody,
Jower pressures on the leewsxd s1de, and the fact that the fin interference probably affects
more of the afterbody than Just that portion containced hetween the fin leading and trailing
edges.

Since Egs. (38) and (39) include the stability contribution of the afterbody alone and the fin
interference effects, the body alone contributions must be revised to amit the afterbody con-
tribution. This was done using Egs. (4) and (7) assuming the body terminated at the position
assumed to be the leading edge of the afterbody, i.e., the station at which the fin leading edge
intercepts the body. The revised "body-slone-less-afterbody" constants then becsme:

B, = 13.85 £42 (was 5.94 fte)
l-.xo = 4.25 £t (was 7.33 ft)

B f =121 t° (ms 156.7 £t3)

The sum of the body-alone, afterbody, and fin contributions computed as indlcsted above are
shown in Figs. 11 and 12 for the Mk 4 configuration. The agreement between the computed and
wind-tunnel velues of the stability parameters is excellent, considering the crudeness of the
assumptions underlying the computation. Agreement of the Mk 6 values was poor, however, and the
theory was examined to see if reasons existed for the poor correlation. /i basic portion of the
afterbody theory is dependent upon the value of del/da evaluated at the body surface from
averaged values of de/do obtained from experimental measurements on the fin. The computations
indicated that if the actual value of del/du were legs negative than the value predicted from
the theory, the agreement could be bettergd. Since the extent of the separated wake over the
Mk 6 is large, the predicted values of de./ds on the afterbody could well have been too large
negatively, since, in the case of separate% flow, the maximum value of de€/da could be expected
to occur at a point cutboard from the afterbody rather than at the afterbedy surface as
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predicted by Eq. (36) , since the cross Flow wilf nave to diffuse _through the wake. If the
wake 18 large, the effective shape of the afterbody presented to the cross flcw would be gossibly
blunter than a circle. This would increase the cross flow velocity et O = 9O and 270
increase de/da at the wake cdge and the effective de/da over the fin. These effects are
illustrated schemstically in Fig. 13. An examinaticn of the computed values in comparison with
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the wind-tunnel values of the steblility parameters indicated that de./da for the Mk 6 should
be reduced by a factor of two (2). A recomputation made upon this baBis resulted in the curves
shown in Figs. 1k and 15. Figure 14 shows good correlation between computed and wind-tunnel
values of the static stabillby parsmeter, but Fig. 15 indicates poor quantitative agreement of
the dynamic stability parameters. However, the large separated wake could be responsible for
more than the change in de,/da . One suspects that the leg ir. downwash in the wake may be
qulite different than the lag exterior to the wake, and the value in the weke may well be smaller
than the value of lag exterior thereto. If the lag were smaller than that assumed for either
portion of the wake, the computed dynemic stebility parameter would Increase. lLag does not
affect the etatic stabllity parameter, however, so the above is a possible explanation for the
poor correlation of dynamf~ stability parameters for the Mk 6. Because of the implicit nature
of the lag term, no further attempts were made to better the dynamic stadility parameters for
the Mk 6, since further experimental data 18 necessary to intelligently evaluate the possibilities
outlined above.




CORFORATION

I
A4

MA
ALBUQUERQUE

AN

3

< 7
i

A

R TR

£

§

PAG

¥

MEXICO

NEW

(4

REPORT NO

yte maillea DD HARST W KPS A2
w‘,.amm Scu_i,oro.xo,




ey

£ g
&

2
~ ey
y
</

P

PAG

2 TN

S IAE

TSRS

gy

EOREEOY T,
L2

ATION
MEXICO

1

rin
-

NEW

CORFP
r

A

&
-

K

R

»
1.

SANDI
ALBUQUERQUE

REPORT NO.

AR I YIR O e TR R T G e

' P L-EGE WD 3HL 04 6L X 0L




T

W AT |

/

CONCLUSIONS

The foregoing analysis has compiled a reasonably ccmplete picture of phencmena possibly contri-
buting to the stability of fin-stabilized, low-fineness-ratio bodles of revolution. The analysis
has indicated causes for the phenomena of stability conservation and nonlinear stebility char-
acteristics. In addition it eppears possgible to compute the stability characteristics of lo»r-
fineness-ratio shapes if the fin-lift-curve slope, downwash field, end lag in downwesh are known.
That the analysis contrived herein could achieve this modicum of success 1s somewhat —emarksble,
considering the crude assumptions which were made in its evolution. Actually, of course, the
success of the anglysis may be quite coincidental, since dsta dces not exist which allowse com-
parisons similar to those made for the Mk L end Mk 6 for other low-fineness-ratio shapes.

Even 1f the anslysis is considered a success in the gross sense, the subtleties of the stability
characteristics determined by this enalysis are not retained. As an example, the anslysis does
not differentiste implicitly the change in stsbility accruing from the sddition of bands to the
Mk 4 to mske the Mk 4 a Mk 6. The snelysis does not allow prediction of stability using only
the body geometry since it makes no attempt to predict values of fin-lift-curve sliope, downwash
field, and downwash lag nor the veriation of these with Mach and Reynolds numbers, and as such,
to achieve the prediction cepability, further work is indicated. Possibilities of attaining
thiy goal are discussed in the concluding section of this memorandum.

e BECQMMENDATIONS

As indicated in the preceding sections, amlthough 1t is presently possible to compute the sta-
bility of low-fineness-ratio shapes, it is impossible under the circumstances to predict it.
The moderate success achieved in the computations, however, indicates that prediction capabili-
ties may be sttained. To accomplish this end, seversl lines of attack are possible.

One obvious line of attack, based uporn the degree of success achieved with the ccmputational
analysis precsented herein, would be refinement of this analysis. It asppears possible to inciude,
for example, certain effects of viscosity and Mach number on the body and afterbody contribu-~

ions, ard to predict downwash. It also appears possible to compute the lag in downwash. Other
types of anelytical methods of attack are also possible, and an independent anslysis is being
completed by Lieber*. Since it appears feasible to pursue the above refinements and alternamte
analyses, 1t is suggested that these be actively continued.

The measure of success of any analysis cannot be determined, however, unless the analysis can be
compared with specific data. Moreover, the rapidity with which a vaelid analysis can evolve is
oftentimes = function of the type and kind of experimentel verification available. It appears,
then, that the capabllity of predicting stability characteristics of low-fineness-ratio bodies
can best be atteined by combining the anelytical process with a concurrent experimentsl program;
each designed to complement each other.

Currently, the "state-of-the-art” 1z not sufficiently well defined to enable prescription of a
complete, unvarying program to attein the stabllity prediction cepability. However, it is
belleved that sufficlent knowledge exists to indicate a starting point. As such, the following
program appears reasonable. It has been shown that the body of a low-fineness-ratio configura-
tion produces flow phenamens which make prediction of the stability of these shapes & problem.
Specifically, the body by itself is usually statically unstuble although dynsmically stable. To
< provide the static stabllity, fins ere used, but incorporating the fins dces not conclude the

problem. The fins will provide a contribution to the dynumic stability, but this contribution

"y
"Dynemic Instability at Transonic Speeds", by Paul Lieter, Consultant to Sendis Corporation,
%o be published.
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is influenced by the body-produced flow field in which they are required to operate and in ad-
dition provide cheanges themselves in the flow field around the body. The lack of body-alone
data makes it *ifficult to ascertain the body alone and mutual interference effects, and since
the body is responsible for the stability problem it would asppear reasonable to examine the
body stability and induced flow field in more detail.

As a primary phase (Phase I), it is believed that an experimental program should be initiated
to provide the following information:

1. The static and dynemic stability of the body alone.

2. Th

[

downweash and veleccity field over tne bedy.
3. The leg in downwash.
L. Th> effect of body shape parameters on items 1 through 3 ebove.

The results of this program will be used to check the body alone contribution to stebllity
egeinst the analysis, to refine the body-slore stability contribution prediction, and to ini-
tiate and contirm empirical and/or theoretical means of predicting downwash and dovmwash lag.

To keep the progrem as simple as possible, it is suggested that body configuration changes be
limited to ncse flat area, and band numbers and lccation. Feiling the agbove desires, the pro-
gram would provide a signpost es to where next to proceed. It is enticipated that this program
will result in one or more additicnel experiments to further investigate the effect of body shape
changes on items 1, 2, and 3.

Phase II would then proceed with the effects of fins of verious spans and chords upon:
1. BStatic and dynamic stability
2. The downwash field
3. The lsg in downwash
4, The forces on the afterbedy
5. The forces on the fins

Results from this Phase would aid refinements in the snalysis of afterbody contribution, and
induced effects of the fins on the body and vice versa. It is anticipeted that various body

shapes will be required in Phece II, and that these chapes will be suggested by the results of
Phese 1.

Addlitionel experimental endeavor beyond this point will not be attempted. It would be hoped
that Phese II would succeed in providing sufficient data to yield en snalysis capable of sta-
bility prediction. It 1s to be emphasized, however, that Phases I and II mey require amplifi-
cation beyond the simple cutline indiceted. Eventuslly, it is anticipated that Reynolds number,

oscillation frequency, and other parameters of nongeometric nature will require investigation
beyond Phase II.

To recapitulate, the sbove suggestious are provided to etlempt refinements in the analytical
techniques of determining stebility of low-fineness-ratio, fin-stasbilized bodies of revoluticn.
This is to occur through combined theoretical and experimental programs which will attempt to
investigate the effects of geometric and nongeometric parameters, the actual deportment of the
program being dictated by progress attained in two obvious preliminary phases.

To provide the most Information for a minimum cost, it is suggested that existing models, rigs,
and instrumentation be used where possible. In addition, the Mach number range desired need
rot extend heyond 0.95, since most of the significant variatiors in stability characteristics
will ocecur at Mach numbers below this value.
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Scme of the experimental data may be obtained using exlsting instrumentation. However, methods
should be developed which will allow dynamic testing of unstable bodles, variation of the fre-
quency of oscillations of a configuration, indication of instantaneous values of downwash at
various points in the vicinity of the body, inetantanecus forces on fins, and indication of
surface pressures on the body during oscilletion of the body. It is reccommended that these
developments beglp as soon es possible. i

SUMMARY

The stability of fin-stebilized, low-fineness-ratio bodies of revolution -hes been crudely in-
vestigated as s function cf body geometric shape, downwash characteristice, and fin 1ift. It
has been shown that the stability characteristics of these shapes can be camputed approximately
if the downwash charecteristics and fin 11ft are known, and that prediction of stability char-
acteristics will require refined analytical methods of determining them. To provide en analyti-
cal method of determining stebllity an experimental program ls suggested to allow development
of & more rigorous theoretical meinod.

PAUL W. ROWE - 51kl

Case No. 409.0b4
June 30, 1955
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