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A semiempirical steady-state model of a finned axisymmetric body is developed and used to compute hull-fin
mutual interference factors and cross-flow drag coefficients from wind tunnel data on five aerostats and air-
ships. The results are in general agreement with expectations from theory and provide a basis for predicting
aerodynamic coefficients. The model is extended to unsteady motion by considering the local flow on finite hull
segments and the fins. This dynamic model is applicable to nonlinear simulations and the computation of
rotational stability derivatives for which equations are derived. Rotational stability derivatives calculated from
static wind tunnel data agree well with experimental data from a rotating-arm tow tank if convective acceleration

terms are included in the calculations.

‘ Introduction
HE motivation for this research came from the need to
accurately represent an aerostat’s or airship’s

aerodynamic forces and moments in flight-dynamic analyses,
such as stability calculations and nonlinear simulation. This
article presents a cross-flow analytical model for finned
axisymmetric bodies, which are traditionally LTA-vehicle
configurations. The model permits analysis of static wind
tunnel data to obtain empirical factors to account for mutual
hull-fin interference, and provides a means of computing
forces and moments when the vehicle is in dynamic motion.

This analysis draws much from the work of earlier
researchers; the representation of the hull’s axially distributed
forces by local geometry and cross flow was initially based on
Munk’s! normal-force potential-flow equations for airships.
The formulation currently used was a later development by
Allen and Perkins? which additionally accounted for axial
forces and . viscosity. This is used in the steady-state
aecrodynamic representation described in the next section. For
unsteady motion, additional terms need to be included, such
as apparent-mass effects. Jones’? equations for an arbitrary
body undergoing general motions in inviscid fluid show the
way in which these effects integrate to give forces and
moments. This provided the basis for the present represen-
tation of the hull’s unsteady-force distribution, as described
later.

For the fins’ contribution, it was found that previous
research was not adequate to accurately predict the mutual
hull-fin interference effect. The wing-fuselage work of
Multhopp* assumed dominance of the wing’s aerodynamics
over the fuselage’s, and the finned-missile work of Nielsen®
assumed very slender, low-aspect-ratio fins. Modern LTA
designs have hull-fin configurations which are between these
two extremes, and the present work takes a semiempirical
approach where hull-fin interference factors are defined in the
analytical model, and obtained from experimental data as
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functions of certain geometrical parameters. This approach is
similar to that of DeLaurier and Podleski,® which used
Munk’s hull equations; but the present analytical model is
much refined from this earlier work.

Steady-State Analytical Model

The analytical model is schematically represented in Fig. 1
where it is divided into two distinct aerodynamic regions: the
hull, which extends from the nose to the hull-fin intersection
point, /,, and the fins, which continue from that point to their
trailing edge. For nonseparated flow, the hull forces and
moment are obtained from Allen and Perkins,? and the fins’
normal force is obtained from Wardlaw,” with efficiency
factors 7, and %, introduced to account for mutual in-
terference between the hull and fins. This then gives the
following equations: normal force,

N=g,{ (k; —k;)n,1,;sinCa)cos(c/2)

+(Cd,) ysinasin la|J; + S, [ (Cny)m (sin(2a) /2)

+(Cd,) ssinosin lol ]} 68
axial force,
D=gq,{ [(Cd,),S,+ (Cd}) 45, 1cos?a
— (ks —k; ), sin (2a) sin(@/2) — (Cr) /S, } Q)

moment (about the nose),

M

nose

=—q,l (k; —k; )0 I3sin(2a) cos(ee/2)
+(Cd,) ,Jsinasin lal +Sm (1), (Cny) (sin (2a) /2)

+S,(1;),(Cd,) ssinasin la!] 3)

where

q, = steady-state dynamic pressure =pU%/2
o =steady-state angle of attack
k,,k;=axial and lateral apparent-mass coefficients,
respectively (see Ref. 1) \
7, =hull-efficiency factor accounting for the effect
of the fins on the hull
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(Cd, ), =hull cross-flow drag coefficient, referenced to J,

(Cd.) ;=fins cross-flow drag coefficient, referenced to S,

(Cn}),=derivative of the isolated fins normal force

coefficient with respect to o, at «=0 and
referenced to S i

n,=fin-efficiency factor accounting for the effect of

the hull on the fins .

(Cd,,) , =hull zero-angle axial drag coefficient, referenced

to S,
(Cd;) o =fins zero-angle axial drag coefficient, referenced
toS
f
(Cr) ;=fins leading-edge suction coefficient, referenced
to S )
f

S, = fins reference area
S, =hull reference area
(I;) ,=distance from the hull nose to the fins
aerodynamic center '
(/;) ,=distance from the hull nose to the fins center of
cross-flow force
Also,
/
I,= S =Ty M i

I
0. d§ Ij_zgo ¢

n Ip
J, = So 2rd¢ J,= So 2rédE

where A is the hull cross-sectional area; £ is the axial distance
along the hull, from the nose; and r is the hull radius.

-These equations may be made nondimensional by the
definitions:

N,D=(Cn,Cd)q,S
M=Cmq,SC
1,,01.8,8, = (1,7 },8,5,)S
13,J,= (fs:jz)sc
U) 1 Up) = 1) 1, (I),1C
where S is the vehicle reference area (hull volume)?3, and Cis
the vehicle reference length, total hull length.
Also, it was assumed that the o magnitudes for attached

flow are less than 30 deg. Hence cos (a/2)=1, and Egs. (1-3)
become

Cn=1[(k;—k,yn I, +0.5(Cn})m S, 1sin(2)

+[(Cd,) ,J, + (Cd,) /S, ]sinasin lo! )
Cd=[(Cd,),S,+ (Cd;),S;1cos’a

— (ks — k) n, Jysin(2e)sin(a/2) — (Ct) S, ®)
(CY oo = — [ ks~ e

+0.5(/7),(Cn2) 1,8,1sin (2a) — [(Cd,) 4/,

+(Cd,) ;(I}) ,5,]sinasin la ©)

For the application of these equations to a given con-
figuration, note that the integrals 7,, J,, I;, J, may be readily
calculated from the hull geometry. Also, the apparent-mass
coefficients, &k, and k;, may be obtained from Munk,! as
functions of the hull fineness ratio. However, the fins’
geometry requires further definitions, where the planform is
chosen to be that shown as area S, in Fig. 2. With this, plus
the airfoil properties, (Cny), and (/;), may be found from
finite-wing methods such as described by Etkin® and Lowry
and Polhamus.®
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Fig. 1 Schematic of steady-state analytical model.

Fig. 2 Fin planform definition.

Wardlaw? presents graphs by which one may find (Cd, ),
and (Cd,) . In particular, (Cd.), is chosen to be the cross-
flow drag coefficient of a circular cylinder at the hull’s
maximum cross-flow Reynolds number. He also gives a
correction factor for this as a function of the bare-hull’s
fineness ratio; but, as the experimental results will show, this
may not be suitable for a finned hull. )

The (Cd..) ; values are for sharp-edged fins, and are plotted
as functions of aspect ratio and taper ratio. The semiempirical
results to be presented indicate that these may also be ap-
propriate for fins with rounded leading edges and the plan-
form S, in Fig. 2. However, the results also show that (/) , is
best chosen at the area center of the exterior portion of the
fins, that is, with reference to Fig. 2, area S, — th.

For the axial drag coefficients, (Cd, ), and (Cd;),, these
may be found in a variety of ways, including the methods
documented by Hoerner.!® Also, the fins leading-edge suction
coefficient (Ct)  may be calculated from

. sin(Qar)
(Ct) ;= (Cn)mm, tano

[(Cn})msin(2a) 129,
- 47(R)

M

where the first term on the right-hand side represents the
action by the leading edge to bring the airfoil circulation-lift
vector normal to the mean flow, in accordance with the
Blasius theorem. This action is modified, though, by the
actual efficiency of the leading edge, n,, which is affected by
Reynolds number and geometry. Some representative values
for u, are given by Putman et al.!! Note that 3, =0 for sharp
leading edges. The second term represents the attenuation of
leading-edge suction due to the wing’s finite aspect ratio.
Traditionally, this has also been associated with a tilting of
the circulation-lift vector, through the concept of ‘‘induced
drag.”

Parameter Determination From Wind Tunnel Data .

Remaining to be determined are the efficiency factors, 7,
and n,. If it is assumed that these factors as well as the cross-
flow drag coefficients, (Cd,), and (Cd, ), remain constant
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with o (a considerable mathematical convenience), Eqs. (4)
and (6) provide a means of computing all four parameters
from experimental wind tunnel data. The normal-force and
moment equations can be written in the form

Cn=a;sin(2a) + bsinasin lal @®)
(€m) e =a,5in (2a) + b,sinosin la | )

The coefficients a; and b, can be determined by curve fitting
experimental data to Egs. (8) and (9). Sufficient information
is then available to calculate empirical values of the
parameters.

a,(l}),+a2

S U=k 16D~ 1] (19
= 0.5<Cn;a)1fls};[rgz—1; AT an
(cd,),= %—L—j}?—j (12)
(Cdy,= b,J,+b,J, a3

S, 1J,=J,()),]

Experimental data on a number of airships and aerostats '

have been analyzed by this procedure. In particular, the data
used came from wind tunnel tests on models of TCOM
aerostats by Gove and Haak,!? airships ZR-1 (Zahm et al.!3)
and ZRS-4 (Freeman!*) by NACA, and a University of
Washington ‘‘Class C” aerostat by Peters et al.!* These by no
means exhaust all available test data on airships and
aerostats, but they best meet the criteria of giving accurate
values as well as precisely defining the model geometries.

The force and moment coefficients were obtained from the
tabulated and plotted values. The other parameters,
calculated as previously described, are given in Table 1. From
these, a least-squares fit of the analytical model with the data
gave values for n,, 1, (Cd,),, and (Cd,) ; which are given in
Table 2.

S. P. JONES AND J. D. DeLAURIER

J. AIRCRAFT

The interference or efficiency factors are plotted in Fig. 3.
The factor 5, is plotted as a function of S, /S, the degree to
which the fins are covered by the hull (see Fig. 2). Note that 7,
should equal unity when S, /S, equals zero (fins alone) and
equal zero when S;,/S,=1 (no fins). The data show a fairly
uniform trend between these two extremes.

It was assumed that n, is a function of the ratio of the
effective fin area to the hull’s complete projected area. For
vehicles with conventional cruciform tails this ratio is
S¢/(J}) or- The University of Washington aerostat, however,
was equipped with a vee tail, the horizontal stabilizer having a
dihedral angle, I =30 deg. The vertical aerodynamic force on
an airfoil having a dihedral angle, T, is proportional to S,cos?
(I").'6 Therefore the independent variable for 5, was taken to
be Sy cos?(T')/(J,) - When the latter is zero (no fins), 7,
should equal unity and increase with relative fin size because
of the upwash ahead of the fins. This upwash increases the
flow angle on a portion of the body immediately ahead of the
fins, in the manner described by Multhopp* for wings on
fuselages. Because dA4/d¢ <0 on this portion, the pitching
moment of the body is increased. This should be manifested
by an increase of 5, as, in fact, is seen in the data. The g,
increase may also be interpreted as an increase in the body’s
effective fineness ratio.

The intention of this least-squares matching was to obtain
curves for 5, and 7, as in Fig. 3, thus completing the in-
formation needed for the application of this model to the
aerodynamic estimations of finned axisymmetric bodies.
However, the cross-flow drag results for the example airships
provided a valuable measure of the analytical model’s
veracity at higher angles. A comparison of (Cd, ), with Fig. 8
of Ref. 11 shows that the results are typical for supercritical
cross flows, whose values range between 0.14 and 0.30 for the
Reynolds numbers of the models tested. Likewise, the (Cd.,.) ,
results are very representative of those in Fig. 86 of Ref. 7,
whose values range from 2.0 to 4.0 for the geometries tested.

These comparisons are encouraging, in that the results for
(Cd,), and (Cd,), are essentially functions of the second
derivatives of the curve-fitted force and moment coefficients,
which makes these much more susceptible to data error than
7, and 7. In conclusion, then, the analytical model appears

Table 1 Characteristics of example airships used in least-squares matching of theory and experiment

CBV-250

University of

Airship CBV-350 ZR-1 ZRS-4 Washington
S, 1.0 1.0 1.0 1.0 1.0
S 0.7617 0.6070 0.3692 0.4442 0.9358
I, 0.2329 0.1856 0.1079 0.2202 0.3119
J, 1.5193 1.6672 2.2446 1.8501 1.4450
I ~0.2111 -0.2012 —0.0985 —0.0548 —0.0768
Jy 0.6234 0.7127 0.9523 0.7629 0.5422
(Cn2), 2.3696 2.3696 1.2449 1.7733 1.8056
(p 0.9319 0.9463 0.8668 0.8131 0.7772
(), 1.0241 1.0190 0.9137 0.8644 . 0.8484
(ks —k;) 0.624 0.723 0.924 0.870 0.731

Table 2 Results from least-squares matching of theory and experiment for example airships

University of

Airship CBV-250 CBV-350 ZR-1 ZRS-4 Washington
n; 0.7536 0.6792 0.4094 0.2600 0.5720
T 1.3404 1.2150 1.0476 1.0497 1.2587
(Cd,), 1.0903 2.0809 3.4014 3.2655 2.2514
(Cd.), 0.2164 0.2380 0.2810 0.2125 0.1188
S!Sy 0.1905 0.1905 0.4633 0.5699 0.3776
S7c05% (L) /(J}) o 0.4576 0.3405 0.1522 0.2062 0.3854
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to give a good aerodynamic representation of finned
axisymmetric bodies with attached flow.

Dynamic Model

The steady-state analytical model provides a framework for
computing forces and moments when the vehicle is in un-
steady motion, having an angular velocity, w, with com-
ponents, P, Q, R and a relative velocity at a reference point,
V, with components U, V, W in the body-fixed coordinate
system. There may also be a space- and time-dependent
turbulence, V,(£,t), having components (4,v,w),. For this
purpose the hull is divided into a number of vertical ‘‘slices’’
or panels and the fins are considered separate panels. The ith
hull panel, extending from /; to /,,, is shown by the shaded
area in Fig. 1. The force on a panel is computed using the
relations in Egs. (1) and (2), taking into account the local
relative velocity and angle of attack and assuming (Cd.. ), and
(k3 —k;)n, =Kremain constant along the length of the hull.

With reference to Fig. 4, consider the vertical section of the
hull of thickness d¢ with its center located at r in a body-fixed
coordinate system having its origin at the center of rotation.
The local components of relative velocity on the section are

1.0 T T T T T T T
N © CBV-250
\ o CBV-350
i 2 Tl
Ne - \S D U of W.
L AN _
D
0.5
N
L o -
— \ =
A
L AN _
~N
L ~
0 Lot 1 L1 1
o 0.5 o o ]
Fig. 3 - Fin- and hull-efficiency FhTF
factors from experimental 2.0 | — T T T
data. - E
T | _
1.5
L 7 ﬁ
1.0 1’<>/1A 11 1 i | |
] 0.5 1.0

2
Sfcos o/ (Jl)tocal

Fig.4 Geometry of hull force analysis.
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u=U+Qz—~Ry
v=V+oxr=< v=V+Rx—Pz (14)
w= W+ Py—Qx

Referring to Fig. 4, the normal force lies in the plane in-
clined at the angle ¢, the local angle of attack is v, and the
local absolute velocity is U.

U2 =u?+v?+w? , (15)

From Eq. (1), the normal force on the element is

_ dA
dN, = ¥%p T2 [Ksin(2y) cos(y/2) d—gdé

+(Cd,) ,sinysin Iy 2rd§] (16)

Resolving the normal force into compodents in the body
coordinate system gives

dZ= —cos¢dN,=dZ, +dZ, a7

dY= —sin¢dN, =dY, +dY, (18)

The subscripts @ and ¢ refer to the potential (attached) and
cross-flow drag components of force, respectively. Con-

sidering the geometry of Fig. 4, the normal forces on an in-
cremental element can be written in terms of the local flow.

U
cos(y/2) =4/ 2?.]” (19)

[U+u dA
=— ———d 20
dz, pKuw 20 dt ¢ ‘( )
dZ.=—p(Cd,) wVw? +v’rd§ @n
U+u dA
=— — —d 22).
dY,=—pKuv 20 dt 3 (22)
dY,.=—p(Cd,) vV w? +v?rdt 23)

For the sake of brevity, only the vertical forces will be
considered. Let the center of rotation be /, from the nose,
measured along the centerline. Now x in Eq. (14) is replaced
by x=1,—§, while y and z are independent of &. The force on
the ith panel is obtained by integrating Eqgs. (20) and (21) from

£={, to /;,,. This is facilitated by the following ap-
proximations valid for small panels.
7 K S’i+1 U+u dA d
s o= — w —_———
(Z,); o . u 20 dt

U+u livr dA
= pK«} 20 S/, uw dE £ (24)

ANGLE OF ATTACK, & (DEGREES)
-10 0 10 20

-2.0 |

‘_/ )/3/0\\ |

— CALCULATED Z
—4.0 ————CALCULATED M
O EXPERIMENTAL Z
i A EXPERIMENTAL Mg

L 1 ] 1 1

COEFFICIENT

Fig. 5 Nondimensional rotational stability derivatives, Zq and Mq,
for the TCOM 250 aerostat, calculated from theory and measured in a
rotating-arm water tow tank.
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4
(Z,);=—p(Cd,), S/ * wN w? +v?rdf

: liv1
=-p(Cd,), 1+(U/W)2S1 wiwlrdé  (25)

i

When the integrations are carried out over a panel, for the
vertical force one obtains,

(Za),‘=“PKfa(U;u)iu[(W+PJ’) (11)i_G1(lo)iQ] (26)

(2=~ 2w LW P92 ),
~2(W+Py)H, (1)) ,Q+H,(l,),;0%] (27)
where
fa(Ou) =cos(y/2) =N (U+u) /20 (28)
Jew,v)y =vV1+ (v/w)?sgn(w) (29)

Sgn(w) is unity with the algebraic sign of w.

G, (ly) =1,I,~1, (30)
G, (ly) =B, = 21,1, +]1, 31)
H (ly) =1, —J, (32)
Hy (1)) =BT, — 20,0, +1, (33)
H,(l,) =13J, 3827, +31,0,—J, (4)

The list of hull integrals introduced previously must be
expanded as follows:

dA N
12j~1=S EJ_Id_Edf 35)
1= &4t (36)
7=\ 2rer-ra (37

The subscript 7/ in Egs. (26) and (27) indicates that the in-
tegrals are taken over a panel.

Additional normal forces on the hull result from inertia due
to accelerations and rotations.? Considering the local flow to
be constant over a panel, these forces are

dZ,= —p[k}w—k|Qu+k;Pv] Ad¢ (38)

The k£’ values are the Munk constants modified for hull-fin
interference such that

ki—ki={(k;—k;)n, (39

The 7, distribution is assumed to be constant. This is based
on results in Ref. 11 which show that the distributed normal
force along a body is reasonably calculated by using the
body’s overall k;—k, parameter as the coefficient at any
given station. However, the relatively low fineness ratios of
typical aerostats compel further study of this assumption.

In order to integrate Eq. (38) the velocity and acceleration
terms must be expanded. The former are given by Eqgs. (14)
and the time rate of change of relative velocity in the body
frame of reference is

v=V+aoXr+wxr (40)

The last term on the right is the convective acceleration
which arises from the fact that the fluid motion is Eulerian. In
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other words, » must be regarded as the radius vector of a fluid
particle which moves relative to the body frame and coincides
with a fixed point at the instant considered. In terms of body
motion relative to the fluid,

F=—v 1
v=V4+oXr—wXv 42)

This can also be written in the more familiar form,
dv a a d d
—=|——U— -V —W— 43
P [az “ax " Vay Waz]” (43)

While Eq. (42) is the strict definition of acceleration of the
body relative to the fluid, its application to Eq. (38) can be
questioned. The latter is based on Munk’s assumption that
apparent mass can be treated as a rigid body,!” to which the
convective acceleration would not apply. On the other hand,
Munk found it necessary to assume it has an Eulerian
character in order to derive the potential force. Referring to
the area of apparent mass transverse to the axis, he employs
the following relation'8:

44 944 % 6A
ar ot ot 6£

Note that
0t
ot

which is equivalent to Eq. (41). The same concept is used by
Logvinovich, ! who derived the potential and inertial force
using a “‘pierced layer’’ model. Calligeros and McDavitt?
have shown that turbulence in the form of a traveling wave or
gust front propagated at the velocity, U, does not contribute
to the inertial force since

d 3 3
an(s,t)=[ +Ua£]Vg—0 (44)

Clearly, this is an expression of the acceleration in Eulerian
coordinates including the local and convective terms.

Additional evidence that the convective terms of Eq. (42)
are applicable to the inertial force is provided by experimental
data from a rotating-arm tow tank, which will be presented in
the next section. In that case the angle of attack and angular
velocity were constant; therefore local acceleration was absent
but there was convective acceleration. Only if the latter is
included in Eq. (38) do theoretical calculations agree well with
the experimental data.

Using Eq. (42), the vertical component of acceleration is
w=W+Py—Qx—Pv+Qu (45)
When this is substituted in Eq. (38) one obtains
dZ, = —p[k;(W+Py—Qx) + (k5 —k;)Qu
+ (ki —kj}) Pv] Adg (46)

Assuming an axisymmetric body in which k;=k; and
integrating, the inertial force on a panel is found:

(Z)),= —plk;(W+ Py) +KQu] (1,),;
+pk;Q1, = 1y), 47

The normal forces due to the horizontal fins, expressed in
terms of the local relative velocities, are

(Z)s=—(p/2) (CnZ)m;Su(W+Py—\,0) 48
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(Z.);=—1(p/2)(Cd,) ;Spsgn(w;) (W+ Py—X\,0)?
=—(p/2) (Cd,) ;S;sgn(w;) [ (W+Py)?
=2(W+Py)\,Q+NQ?%] 49)

where
)\1:)\2 =10 e (lf) 1:1() - (lf)z
The force on the horizontal fin due to acceleration, Wy, has
been treated by DeLaurier,?! who considered the components
due to apparent mass and shed vorticity. These effects are
both functions of fin aspect ratio but are opposite in sign. At
an aspect ratio of approximately 3, which is typical for air-
ships and aerostats, the effects cancel and can be ignored.
In the above formulations the local flow may contain a
component of turbulence, in which case
v;=v+( Vg )
w,=w+(W,),;
However, in view of Eq. (44), if the turbulence is in the form

of a traveling wave it does not contribute to the inertial force.
The total force is obtained by summing the panel forces.

Z= Y, [(Z),+(Z);+(Z)1+(Z),+(Z),  (50)
1

The drag force can be distributed on the panels by ex-
tracting the potential and cross-flow drag components for the
hull and fins from Eq. (2).

The moments due to the normal forces on a hull panel are
obtained from

liv1

a0 == " =14z +dZz),+dZ),] 6D

i
and for the horizontal fin from

The results are
(Ma),«=pKfa(U,u),-u[(W+Py)Gl (), —G,y) ;01 (53)
(Mc),‘z [p(Cdc);,/2]fc(W,v),[(W+Py)2H1(lg)i
—2(W+Py)H2(10),-Q+H3([0)iQ2] (54)
(M,)i=p[k3'[(w+15y) (1012—14)i—Q(1512—21014 +14);1
+KQu(l,I,—1,),} (55)

(M,) ;= 10(Cn2) /210 Sul (W+Py)N, ~NQ]  (56)

(M) ,=1p(Cd.);/2]1Ssgn{w,) [( W+ Py)?\,
—2(W+Py)NMO+MQ?] (37
The total pitching moment is then

M= Y [(M,);+ (M), + (M) 1+ (M,) + (M) +2X
)

(38)

where X is the total axial drag obtained from Eq. (2) or
summed over the panels.
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Computation of Rotational Stability Derivatives

Rotational stability derivatives result from the polynomial
representation of the functional relation between force or
moment and angular velocity. Thus, for the vertical force,

Z=Zy+Z,0+Z,0°+... (59

The equations for force and moment derived above are
quite general and can be used for the entire hull if the angle of
attack is small and there is no lateral component of velocity
such that

f(Ouwy=1
S (w,v) =sgn(w)

The stability derivatives Z, and M, are obtained from Egs.
(50) and (58). Neglecting terms containing Q?, one obtains

Z,= o2 (60)
aQ
M, = oM (61)
a0 .
For Z,, the result is
z, f-pU,,[KG, (lp) =KL+ [(Cnj)p/21nmSN; Jcosa
+oU,[(Cd,) H,(ly) +(Cd,) ;S\, ] Isinal (62)
where
Uycosa=U Upsina=W
In nondimensional form one obtains
2,=1{4K[G, (Iy) —[,1+2(Cn2) 1,8,X, Jeosc:
+41(Cd,) ,H, (1) + (Cd,) ;S$,X,] lsinal (63)
M, = —4K[G,(ly) — (Ll —1))]
+2(Cn%) m,8, Jeosa
—4[(Cd,) ,H,(I;) + (Cd,) ;S,X3] lsinal (64)

where
0=0(2U,/C)

Z,=2,(pU,SC/4)
M,=M_(pU,SC?/4)
LAy = (I, X, X)) C

G,H,I,=(G,H,I,)SC

Ly ;= (L .J))sC!

The rotational stability derivatives have been measured
experimentally for the TCOM 250 aerostat using a rotating-
arm water tow tank.2? This provides data for comparison of
Eqgs. (63) and (64), which employ data obtained from static
wind tunnel tests, withAexperimental dynamic tests. In the
tow-tank experiments, Q was sufficiently small that the ef-
fects of 02 can be neglected and the results can be compared
directly with the theory. These comparisons for Z, and M,
are shown in Fig. 5.
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The hull integrals and geometric data for this aerostat not
included in Tables 1 and 2 are given below.

[,=0.2708
I, =0.40506
I,=0.16253

G, ([,) =0.27436
G, (L) = —0.03233

J;=0.33186
H,(l,) = -0.58238

H,([;) =0.00530

The agreement of theory with experiment is particularly
good at low angles of attack, being about 1% deviation at
a=0, for both Z, and, M, It should be noted that the ac-
celeration term derived from Eq. (47), which does not include
a contribution due to the fin, is a significant part of Z . The
agreement of theory with experiment supports the prediction
of DeLaurier?! that the fin force due to acceleration can be
ignored.

Summary and Conclusions

A steady-state, attached-flow analytical model based on
Allen and Perkins2 for the hull and Wardlaw’ for the fins has
been refined by the introduction of efficiency factors », and
7. These factors account for the effect of the fins on the hull
and the hull on the fins, respectively. Wind tunnel data on five
airships and aerostats have been analyzed in the context of the
model to obtain semiempirical values of these factors as well
as the cross-flow drag coefficients for the hull and fins. The
latter agree well with the data of Wardlaw’ and Putman et
al.,'! providing a measure of the veracity of the model.

The fin-efficiency factor, 7, shows a logical trend between
1.0 and 0 when plotted against the ratio of the fin area sub-
merged in the hull to the total fin area. The hull efficiency
factor, 1,, increases from unity as the ratio of fin area to hull
projected area increases. '

The model is extended to unsteady motion by considering
the local relative velocities on the fins and elements of the
hull. For dynamic simulations a ‘‘panel”™ model is derived in
which force and moment can be computed for finite vertical
“‘slices’’ of the hull, taking into account potential, cross-flow
drag, and inertial components.

For low angles of attack and 8 =0 the panel model can be
generalized to the fins and a single hull panel, permitting the
computation of rotational stability derivatives from static
data. For one aerostat a comparison of calculated Z, and M,,
with experimental values obtained in a rotating-arm water tow

-tank gives good agreement at low angles of attack.

J. AIRCRAFT,
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