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Fin Gaps and Body Slots: Effects and
Modeling for Projectiles and Missiles

Ameer G. Mikhail*
U.S. Army Ballistic Research Laboratory, Aberdeen Proving Ground, Maryland

All known prior work concerned with the effect of streamwise fin-body gaps (unporting effect) and body slots on
the fin loads of missiles and projectiles in the transonic speed regime of 0.8 < M < 1.2 has been surveyed and
analyzed. All known experimental data for the gap effects have been analyzed. A correlation relation was established
to predict fin normal force losses due to gaps for any fin shape, size, aspect ratio, gap/body-diameter ratio, body
diameter, and flow Reynolds number. The results match well with the data, which span a large variation in Reynolds
numbers, body diameter, and boundary-layer thickness. Although the Mach range for the present model was intended
to be 0.8 < M < 1.2, available data indicated its validity in the wider range of 0.7 < M < 1.8. Fifteen cases were
utilized to validate the present gap model. The slot effect model used is that of Washington et al. Application of these
two corrections to the Copperhead guided projectile was made, and a reduction as large as 38% was predicted for
the normal force, which was then validated by the experimental data. The present results can be used for estimating
fin-load losses for the fin design of guided projectiles and missiles; with an accuracy of +5% over the intended Mach
number range 0.8 < M < 1.2 and for a gap/diameter ratio <0.08.

Nomenclature

A,A4,,4, = fin total surface area (one side only)

Ayg,A11,420,42,  = fin partial surface area (one side only)

R = fin aspect ratio, (2b)%/S

A, = fin surface area (one side only of one fin
panel)

A, = streamwise gap area for one fin panel

AF = fin area correlation factor

b = fin semispan (without a gap)

b.b, ‘ = a prescribed fin height (without a gap)

BF = boundary-layer correlation factor

€,C1,C5 = fin-root chord length

= overall fin correlation factor

Cy = normal force coefficient (based orn the
body reference area) = normal force/gs,.,

Cy, = fin (and its interference) normal force
coefficient based on the body reference
area

Ch,, = fin (and its interference) normal force

’ coefficient, in presence of a fin gap g

Cy, = normal-force-slope toefficient, per rad,
0C /00

Cu,, = fin (and its interference) normal-force-
slope coefficient, per rad

Cre = fin (and its interference)
normal-force-slope coefficient, in
presence of a fin gap g, per rad

Cy = pitching moment coefficient about the
c.g. of the configuration, (pitching
moment) /¢S,.¢D

Cu, = pitching moment slope coefficient, per
rad, 0C,,/0a

Cat,e = pitching moment slope coefficient, per
rad, in the presence of a fin gap g

CSF = fin chord and span correlation factor

D = body diameter

Presented as Paper 87-0447 at the AIAA 25th Aerospace Sciences
Meeting, Reno, NV, Jan. 12-15, 1987; received Jan. 30, 1987, revision
received Nov. 23, 1987, This paper is declared a work of the U.S.
Government and is not subject to copyright protection in the United
States.

*Aerospace Engineer, Launch and Flight Division. Member AIAA.

FNF = fin normal force loss factor, resulting
from presence of a fin gap g
281,82 = gap height between fin-root chord and
v body surface
GF = fin gap correlation factor
M = Mach numbeér of projectile
q = dynamic pressure of the flow
(0.5 p,, UL)
R.R, R, = Reynolds number per unit length,
, PooUsltlo
R, = local Reynolds number of the projectile
' flow, o Uso X /they
S = fin surface area (one side) of two fin
panels connected without gaps
Syer = body reference area, nD?/4
SF = fin shape correlation factor
U = projeetile velocity
x = distance, along the body axis, from the
nose tip

= distance, along the body axis, from the
nose tip to the leading edge of a fin
panel, at the fin-root section

XLEsXLE1XLE2

o = angle of attack

a, = total angle of attack ~, /a® + B2 (for
small « and f)

B = sideslip angle

14 = boundary-layer thickness

= boundary-layer thickness at the leading
edge of the fin-root section

5LE95LE1’5LE2

P = air density

u = molecular viscosity coefficient

Subscripts

g = indicates the presence of a gap between
fin-root chord and body surface

s = indicates the presence of open slot(s) on
the projectile body near the fin panel

o0 = indicates undisturbed freestream
condition

I. Introduction
S reported in Ref. 1, large deviations were noticed between
both the pitching moment and normal force predictions
and wind-tunnel data for the aerodynamic prediction of the



346 A. G. MIKHAIL

Copperhead guided projectile shown in Fig. 1. Two predictions
were made using the fast aerodynamic design codes of the
Missile DATCOM and the NSWCAP, both of which are de-
scribed in Ref. 1. This deviation was as large as 38% at M =~ 1
and was generally quite large in the speed regime of
0.8 < M < 1.2. This deviation was significantly smaller outside
that speed regime, i.e., in the regimes 0.5 < M <0.8 and
1.2 < M < 1.8. This large deviation was attributed mainly to
the effects of the tail-fin gaps and the open slots in the projectile
body. These slots are used to house the fin blades before in-
flight deployment. The tail-fin geometry and the associated
streamwise gaps can be found in Ref.-2. ,

It is the purpose of this paper to compute the normal-force
losses of the fins owing to streamwise fin-body gaps and body
slots, in the transonic regime 0.8 < M < 1.2 for g/D < 0.08. All
known data concerned with these effects have been utilized for
establishing the present correlations.

Gap Effects o

Bleviss and Struble® in 1953 apparently were first to present
an inviscid analysis of gap losses for triangular fins at super-
sonic speeds, M > 1. The analysis is valid only for triangular
fins and is not applicable for small gap/diameter ratios, where
viscosity effects are dominant. The analysis also assumes a long
afterbody extending beyond the fin location. Streamwise gap
refers to the gap when the control surface is aligned along the
axial direction of the body. At almost the same time, Mirles*
presented a slender-body analytic solution for the fin-lift losses
for the same triangular fins and long afterbody limitations.
Therefore, his results were expectedly close to those of Ref. 3.
Shortly thereafter, in 1954, Dugan and Hikido® also presented
slender-body analysis for gap effects for triangular fins
mounted on long afterbodies. The results, being based on slen-
der-body theory, are Mach number independent and not re-
stricted to supersonic speeds. Hoerner,® in a book published in
1975, refers to some very early experiments (probably in the
1930’s) at very low subsonic speeds for low-aspect-ratio fins.
The presented data are very sparse, and the test conditions are
very ambiguous. '

In 1964, the first wind-tunnel tests for gap effects were pre-
sented by Killough.” Data were provided for three rectangular
fins of aspect ratio 1.0, 2.0, and 3.0 in the Mach range 0.8-4.5.
A similar wind-tunnel data set was obtained later by Dahlke
and Pettis® in 1970 for a single triangular fin of R = 1.5 and
three rectangular fins of R = 0.5, 0.75, and 1.0. These fins were
tested in the Mach range 0.8-4.0 for four gap heights. In 1977,
although studying other effects, Henderson® tested a rectangu-
lar fin of R =1.67 for a single gap height in the Mach range
0.8 <M <12 In 1982, Fellows!® provided subsonic data for
two sets of rectangular fins of R = 1.67 and 2.22 for very small
gap heights.

In 1982, August'' used the inviscid supersonic analysis of
Bleviss-and Struble® and the manipulated results of Hoerner at
subsonic speeds to estimate the normal-force losses for stream-
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wise gaps. Application was made to a triangular fin of aspect
ratio 1.0. August applied the analysis to the Sidewinder missile
geometry at M =2.5 for the triangular canard fin with fin
deflection. The gap area was estimated and equalized by a
streamwise gap area. This application was done during the
development of a fast acrodynamic design code. Sun et al.,'? in
1984, reiterated the results of August and made an application
to a missile configuration at M = 1.2 and 2.0 using the same
computer code. '

Slot Effects

Less exhaustive data and analyses have been pursued by
investigators for the slot effects than those pursued for the gap
effects. In 1979, Appich and Wittmeyer!? tested a full-scale
model of the Copperhead projectile and reported the effect of
closing the slots on the normal force and drag of the projectile
in the Mach range 0.5-1.8. However, results were presented
only for M =0.5 and 1.5. Washington et al.!* analyzed the
data of Appich and Wittmeyer'® and suggested a simple model
to correct for the normal-force losses due to the slots. This
correction utilizes slender-body theory and is, therefore, inde-
pendent of Mach number. However, applications were made
only to subsonic speeds of M =0.5, 0.8, and 0.95. The same
results were summarized later in Ref. 15. The axial force and
drag contribution of the slots were studied and reported sepa-
rately by Appich et al. in 1980.'¢

II. Analysis

Gap Effects

An analytic correlation for the fin-body gap effects is estab-
lished in this section, taking into account all existing data for
fin gaps. This correlation is intended for the transonic Mach
range of 0.8 < M < 1.2 and for g/D < 0.08. However, existing
data show its applicability in the wider range of 0.7 < M < 1.8
without loss in accuracy.

Details of the Experimental Data and Test Conditions Used

The four wind-tunnel data sets of Refs. 7-10 were used. The
exact body configuration, fin shape, and dimensions for each
test are given in Ref. 2. The test conditions, including Mach
and Reynolds numbers, gap height, and gap fin area ratio, for
each case are given in Table 1.

Correlation Relation

Based on the familiar work of Pettis et al.,!” the normal-force
coeflicient of a combined missile body and fins is usually writ-
ten as

CNBT = CNB + (KT(B) + KB(T))CNT (1)
where the subscripts B, T, and BT stand for body alone, tail

alone, and body-tail combination, respectively; Ky, is the in-
terference factor representing the increase of tail-fin lift due to
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Fig. 1 Configuration of the Copperhead projectile. L27WR
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the existence of a nearby body and is usually referred to as the
body upwash effect; and K, is the interference factor repre-
senting the increase of body lift due to the existence of a nearby
tail fin and is usually referred to as the carryover factor. This
interference is represented as a small fraction of the fin-alone
Lift.

In the present work C nydenotes the fin normal-force plus the
two mentioned interference effects, i.e., Eq. (1) can be written
as

CNBT = CNB- + CN/ (2)

For a gap of any size, the lift (and therefore the normal force)
produced by a fin would always be less than that without a gap.
Therefore, a normal-force loss factor, FNF, is introduced and
is defined as

Cy, C
FNF = M — E”ifa (3)
Ny Nos

where C,_is the normal force of the fin (including the interfer-
ence effects) in the presence of a gap. The second equality sign
in Eq. (3) is valid only for small angles of attack, usually less
than +6 deg. For a case with gap, one could easily model the
effect of a gap if the loss factor FNF were known. This model-
ing is achieved through the equation

CNBT = CNB + FNF - (KT(B) + KB(T))CNT (4)

One approach considered for modeling was to correct the
analysis of Bleviss and Struble? of triangular fins to account for
viscosity and shape of fin planform. The baseline case would be
the triangular fin data of Dahlke and Pettis.® However, this
complex formulation was not chosen in favor of a different and
simpler approach. The new approach is to make all corrections
and/or correlations based on the same triangular fin shape for
which an inviscid analysis could be valid and to base all the
correlation relations on experimental data. Therefore, the FNF
factor was computed for all of the test cases of Refs. 7-10, and
their wind-tunnel test conditions were determined. The intent
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Fig. 3 Examples of fin area designation for several fin planforms.
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was to correlate a known FNF for a known fin planform of
certain gap height, mounted on a particular body diameter in
a flow of particular Reynolds number, to the FNF of a totally
different fin with all different parameters. Figure 2 shows fin
configurations 1 and 2 where subscript 1 will always refer to the
known case and 2 to the unknown case. The planform of fin 2
is split into two parts: a basic triangular configuration of area
A, and a second part, which is the remainder of the planform
area with an area designated as 4,,. Examples of the area A4,,
designation for several fin planforms are given in Fig. 3.

The FNF factor is thought to be a function of several
parameters: FNF = FNF (fin area, fin shape, fin-gap height,
gap/diameter ratio, Reynolds number at the leading edge of fin,
fin aspect ratio, Mach number).

The last two parameters were later deleted for the following
reasons: The aspect ratio was substituted by both the fin area
and fin shape parameters. The fin shape is represented not only
by a description factor (e.g., triangular or rectangular) but also
by the root chord and the semispan height. The Mach number
dependency in the FNF function was dropped when the data of
Dahlke et al. were analyzed in the transonic region of
0.8 < M < 1.2. These data, examples of which are given in Fig.
4, showed little variation in the FNF with Mach number. This
behavior was noticed in all data. Thus, although both Cy and
Cy,, do change, their ratio is always constant in that transonic
speed range. Furthermore, by computing the FNF factor for
another fin planform of Dahlke et al.® one can notice that the
Mach number independence extends between M = 0.7 and 1.8.
This observation is depicted in Fig. 5. One also can notice the
surprising change in FNF in the subsonic region M < 0.7. For
that reason, i.e., the rapid change of FNF in the subsonic
region, the results of Hoerner should be used with caution.

The basic correlation formula relates the unknown case 2 to
the known case 1 through the overall correlation factor CF as

Cy.,
=CF - &

2 CNaf

Cove
CNaf

(5

1

FNF, = CF - FNF,

This overall correlation factor itself is split into a multiple of
several factors. They are: the fin shape factor SF; fin area factor
AF; fin-gap factor GF; fin chord/span factor CSF; and
boundary-layer factor BF. Therefore, one can write:

C
—Nee| = FNF, = CF - FNF,

Nor |2
Cx
=|SF - AF - GF - CSF - BF} —% (6)
Crylt
1 —
TREND
5 0.8+ .B——-———-Q————-'
~
2
(.JZ 0.6~ | ® WIND TUNNEL DATA OF DAHLKE & PETTIS
FIN DATA:
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0.4+ 9/0=.06
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0.2 (236,77 mm®*2)
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Fig. 4 Transonic wind-tunnel data for triangular fin of R =1.5.
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Table 1 Test conditions for all data utilized

& 1 =1 ]
Killough’s data (1964) E:
D =10in. (254) AR=10 R=20 R =30
M=081045 Af=0.3663 Af=0.3364 Af=0.3358
Re = 0.4 x 10%/in. g/D—{(Ag/Af) gD Ag/Af) 8/DAg/Af)
(0.157 x 10°/cm) 0.0-(0.0) 0.00.0) 0.0-(0.0)
0.08~(0.187) 0.08-(0.138) 0.08—(0.113)
0.16(0.374) 0.16-(0.276)
0.25-(0.584) 0.25-(0.430)
= 1 S =]
ZI E: Dahlke and Pettis’ data (1970)
R=15 R =05 R =075 R=10 Dil.lin, (27.94 mm)
Af=10.3675 Af = 0.490 Af=0.7350 Af = 0.4437 Ié‘g = g-i 1‘;’ :'foﬁ i
g/DHAg/Af) g/D—(Ag/Af) g/D—~Ag/Af) g/D—(Ag/Af) B (0.163 x 10°/cm)
0.00-(0.0) 0.00-(0.0) 0.00-(0.0) 0.00-(0.0) :
0.06-(0.251) 0.06-(0.188) 0.06-(0.126) 0.08-(0.187)
0.12-(0.502) 0.12-(0.377) 0.12-(0.251) 0.16-(0.374)
0.20-(0.837) 0.20-(0.638) 0.20-(0.419) 0.25-(0.584)
e
Henderson’s data (1977)
D =50in. (127.0 mm)
M=07t012 AR =167
Re = 0.316 x 10%/in. Af=17.500
(0.124 % 10°/cm) g/D~(Ag[Af)
0.0-(0.0)
0.5-(0.10)
~——— ~~——i
Fellows’ data (1982)
D = 5905 in. (150.0 mm)
M =0.6 and 0.85 AR =167 R=222
Re = 0.287 x 10%/in. (M = 0.6) Af=3.767 Af=5.022
(0.113 x 10°/cm) g/D—(A4g/Af) g/D—(Ag|Af)
0.340 x 105/in. (M = 0.85) 0.00.0) 0.0-(0.0)
(0.134 x 10%/cm) 0.02-(0.66) 0.02-(0.05)
Dimensions in inches; area in inches?
1 in. = 25.4 mm; 1in.2 = 645.16 mm?
1) The shape factor SF was originally formulated as
SF = (Ay/Ap)/ (A)/A) = [(Ap + A/ Anl/[(Ay + A1)/ Ayl M

This gives a value of 2 for a general correlation from a triangular to a rectangular fin shape and 1 for a general correlation from
a rectangular to a rectangular fin.

From the data of Dahlke et al., however, it was found that SF should be 1.76 for a triangular to rectangular shape correlation
with A,, = A, and with all other conditions fixed. This was finally achieved by recasting Eq. (7) into a slightly more complex form

[0.76A, + Ap)/ An) + [0.2445(As —~ A;)/0.5b5¢5(0.5byc, — 0.5b,¢)))

b =
SF = {0764, + Ay)/ Ay + 0244 1y(Ay; — A,,)/0.55,¢,(0-5b,¢, — 035,0,)]

(8a)
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One can easily track the origin for the split-up factors of 0.76
and 0.24. Also, one can note that the second term in each
bracket will drop out if 4,, = 4, for which case the bracket
(0.5b,¢, — 0.5b,¢,) in the denominator will also be zero.
2) The surface area correlation factor AF is simply the ratio
of the fin total areas (one side only)
AF = A4,/4, (8b)
The reverse order of 4, to A, is logical since if 4,> A4,, one
would expect the lift losses to be smaller. This would be due to
the contribution of lift produced by A4, which should be
affected very little by the gap that dominates the lower area of
Ay
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@&/D)

3) The gap-height correlation factor GF was found to be
F= I:(g/D)l:Il/[l'G " (&/D),

((g/D)z - 0»04>]
0.05
(&/D),

where, if (g/D), = 0.04, GF will be simply

GF =1[(g/D),/(g/D),]""*®
One shouid note that the correlation employs the gap/diameter

ratio rather than the absolute gap height only.
4) The chord/span factor CSF was found to be in the form

(b2/b1)(csr/er)

where b, and b, are not, in general, equal to the semispan

(8¢c)

CSF = (8d)

17-\‘ o height but rather the top apex height for the triangular areas
- \ Ay, and A, respectively. This can be shown if Fig. 2 is consid-
g 0.8 ‘\ ered and the concept is applied to the many planforms of Fig.
< i 2 o 3. For many fin planforms, however, b, and b, can be the same
fey as the fin semispans.
OZ 0.6 :_mg frtj::?[ }?";TA OF DAHLKE & PETTIS 5) The boundary-layer factor BF was based on the
--~EXTRAPOLATED TREND boundary-layer thickness at the leading edge of the fin at the
I PR R fin-root section. It was found appropriate to write
li AR=10
[ o 9/D=.08
2 :7:51;},‘8;»2 [SSens— BF = (pg2f 5LEl)0'88 (8e)
(285.8 mm**2) . .
0 —— T where the boundary-layer thickness J, z was estimated by the
0 05 1 15 2 25 3 35 4 45 5 familiar form'® for turbulent boundary layers in axisymmetric
MACH NUMBER tubes,
Fig. 5 Wind-tunnel data for rectangular fin of R = 1.0. Org; = 0.37X g, /(Re,‘,LEl)O‘2
|
Killough's Data (1966) I 0] @
D=1.0 .428 ® .710
~856 » ‘ 473,
AR = 1.0 AR = 3.0
g/D = 0.08 @ g/D = .08
Ag/Af = ,187 Ag/Af = ,113
Af = .3663 ® Af = 3358
Dahlke & Pettis' Data (1970) @
471 e
D= 1.1 ' . -35
.942 1.4
AR = 1.0 AR = 0.5
AR = 1.5 g/D = .08 g/D = .06
w| 9/D = .06 @ Ag/Af = .187 Ag/Af = .188
525" Rasas o 251 t@ | af = 4437 @ 147 = -0
T Af = .3675 I __f
Henderson's Data (1977) 1® ®
D= 5.0 ® 2.5
AR = 1.67
3.0 g/D = .05
Ag/Af = .10
Af = 7.50
Fellows' Data (1982)
D = 5.905
1.772 2.362
DIMENSIONS IN INCHES 2.126/ pR = 1.67 2126 ) pp = 2.22
AREAS ARE IN (INCHES)? ?\/BA; -02066 g/DA= -02
one inch = 25.4 mm AT = g/Af = .050
» ) Af = 3.767 $® | af = 5.022
one (IN)® = 645,16 (mm)2 I

Fig. 6 Case designation for the 15 correlation tests used for validation.
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Fig. 7a Comparison with data of Killough, rectangular fin of R =1.0.
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Fig. 7b  Comparison with data of Killough, rectangular fin of R = 3.0.
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Fig. 8a Comparison with data of Dahlke and Pettis, rectangular fin of
AR=10
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Fig. 8b Comparison with data of Dahlke and Pettis, rectangular fin of
AR=05.

Finally, one summarizes the fin normal force loss correlation factor as

0.76 4+ A5, + 0.244,4(A,,— A}1)
Asy (0.5b,¢,)(0.5h,0,—0.5b,c;)

)

c
= Na, _
FNF2~—&CN”2 0.6+ 411\ [ 024A,(45 ~ A1)
' Ay (0.5b,¢,)(0.5b,¢, — 0.5b,¢,)
_ (g/D) (g/D); — 0.04
4, ((g/D»)‘/[“ o ass | { (b_)(_)} Ka)} Cug o
A3 (g/D), A d1E1 CNafl

which can be used to predict the losses for a new fin, 2, based
on the known losses of another totally different fin, 1, under
different flow conditions.

For the direct prediction of losses for any fin, it was decided
that the triangular fin of Dahlke and Pettis would be used at
g/D =0.06, as the known reference case. This choice was
made in order that future corrections to the analysis of Bleviss
and Struble would be applicable to that configuration.
Knowing the geometric data of that reference fin and its nor-
mal fin-loss factor, predicting (Cy_ /Cy,), for any fin should
be made using Eq. (9). The data for that reference tri-
angular fin is: A4,,=0, A4,;,=0.3675in2 (237.09 mm?),

A,=03675in> (237.09 mm?), b, =0.525in. (13.33 mm),
c,=14in. (3556 mm), (g/D),=0.06, 6. =0.1934in.
(4912 mm), and FNF, = 0.795.

Slot Effects

Only effects on the fin normal force are considered. The.
effects on axial forces are discussed in Ref. 16, but they are not ..

considered in this work. The approach used here is that of
Washington et al.,’*!® which is briefly summarized. The carry-
over lift factor K1, of Eq. (1), which represents the increase in
body lift due to the presence of the fin, is eliminated. That is to
say, with the existence of a slot at or near the fin-root chord,
the contribution of the fin to the body lift is negligible. Wash-
ington et al.,'* showed that this approach yielded the observed
normal force loss measured in the wind tunnel. The results
obtained were good for small « (< 4 6 deg) and for subsonic
speeds only (M = 0.5-0.95). Because the analysis was based on
slender-body theory (independent of Mach number), that ap-
proach was applied here up to Mach number 1.2. Based on
physical considerations, one should expect a smaller effect of
slots at higher supersonic speeds. Therefore, that approach
might not be applicable in high supersonic speeds. Another
point to be made is that this approach does not account for the
slot location, shape, area, or depth. It would be helpful if
experimental data were available for those specific areas of
interest.



SEPT.-OCT. 1988 FIN GAPS AND BODY SLOTS: EFFECTS AND MODELING 351
9 20
- ° O DATCOM PREDICTION WITHOUT CORRECTIONS -
Z7 0s4 — O DATCOM PREDICTION WITH GAP CORRECTION ONLY
Q ® ® WIND TUNNEL DATA
@ ° 5 - m FIRING RANGE DATA A
OZ 0.6 | ¢ WiND TUNNEL DATA OF HENDERSON TR
~~~ PREDICTION (£Q. 9 )
I 0.4 FIN DATA: 10
% AR=167 ZtS
9/D=.05
b 0.2 Ag/h=10 S O b
- Ag=7.5 in**2
-(4B38.7 mm**2) 5
0 T T T T f T )
0 0.2 0.4 0.6 0.8 1 12 1.4
MACH NUMBER 0 \ : '
0 0.5 1 15 2

Fig. 9 Comparison with data of Henderson, rectangular fin of
AR=1.67.
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Fig. 10 Comparison with data of Fellows, rectangular fin of R =2.22.

III. Results

Gap Effects
Validation of the Gap Model

Fifteen cases for validation of Eq. (9) were made using the
four data sets for gaps.”!° Cross-correlations were made for
every shape, aspect ratio, gap height, body diameter, and
Reynolds number. All of the case designation numbers are
given in Fig. 6. The baseline case, as referred to earlier, is the
triangular fin shape of Dahlke et al. with g/D =0.06. The
results using that correlation, with reference to Killough’s two
cases of R = 1.0 and 3.0, are given in Figs. 7a and 7b. The
prediction is shown to be very good. The results of the applica-
tion of Eq. (9) to other two-fin cases of Dahlke et al. of
AR =0.5 and 1.0, are shown in Figs. 8a and 8b where the
agreement is excellent. The results of applying Eq. (9) to the
single-fin shape of Henderson is given in Fig. 9, and the pre-
dicted value is shown. It should be mentioned that the single
case of Henderson showed large disagreement with those of
Dabhlke et al., which are more uniform and more trustworthy,
as indicated in Henderson’s report.® Application of Eq. (9) to
the case of Fellows at M =0.8 for a fin of R =2.22 also
resulted in good agreement, as shown in Fig. 10. The data point
at M = 0.6 is outside the intended Mach region, and it shows
a value close to 0.977. However, this single data point could
not be used to establish a model for the subsonic regime of
M < 0.7. The trend of this result at M = 0.6 agrees with the
trend postulated and shown in Fig. 5, where a sudden rise in
the value of FNF is expected toward M = 0. The remainder of
the 15 cases are given in Table 2, along with comparisons with
the deduced wind-tunnel results.
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Fig. 11 Gap modeling effect on the normal-force-slope coefficient for
the Copperhead projectile.
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Fig. 12 Slot modeling effect on the normal-force-slope coefficient for
the Copperhead projectile.

Table 2. Results of the present analysis for 15 test cases

Fin normal force

Correlation factor (CF) reduction factor (FNF)

Correlation Prediction, Wind Prediction, Wind
case no. Eq. (8) tunnel Eq. (9 tunnel
1 1.045 1.04 0.831 0.826
2 1.114 1.07 0.886 0.851
3 1.069 1.03 0.883 0.851
4 0.99 0.956 0.787 0.760
5 1.2252 1.1322 0.9742 0.90*
6 1.2132 1.1842 0.922¢ 0.90?
7 1.05 1.09 0.800 0.826
8 0.912 0.945° 0.8192 0.8512
9 1.153* 1.092 0.9522 0.90*
10 1.093 1.12 0.831 0.851
11 1.053 0.986 0.837 0.784
12 1.007 1.03 0.765 0.784
13 0.86 0.871 0.774 0.784
14 1.131 1.198 0.900 0.953
15 1.169 1.226 0.929 0.975

*These cases involved a very low aspect ratio fin where the estimated boundary-
layer thickness was 55% of the fin height. '
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Application to the Copperhead Projectile

The configuration consisting of body and tail fin was consid-
ered. The Copperhead tail-fin gap is 0.02 in. (5 mm), as can be
found in Ref. 2. The g/D ratio is 0.033. However, the existence
of the slot ahead of the tail fin, as can be seen in Fig. 1, and the
slot flow into the body as given in Ref. 2 might cause the
“effective” gap height to be quite different from the physical
one. Therefore, the application of the present gap model was
considered to provide only an estimate rather than an actual
value. One might either increase or decrease the g height to
account for this difference; but this variation would be highly
arbitrary and cannot be used formally without good justifica-
tion. Therefore, in the present application, only the physical
and true value of 0.02in. (5 mm) was used. Of course, the
larger the effective gap, the larger the normal force loss would
be. One other peculiarity to be considered in the case of the
Copperhead is the gap blockage or “fin stem interference.” As
can be found in Ref. 2, the tail-fin stem is quite bulky and is
twice the width of the maximum fin-root thickness. This added

blockage is certain to reduce the estimated gap losses. All of the
data used to formulate the present correlation include a small,

fin-stem-interference effect, but not for such an unusual block-
age. Therefore, it is expected that the present model will predict
larger gap losses than those actually incurred for the case of the
Copperhead projectile.

The normal-force-slope coefficient with gap effects is given in
Fig. 11. The Missile DATCOM code was used to provide the
no-gap case, and the modification for the gaps was made using
Eqs. (4) and (9) over the extended Mach range of
0.8<M <16

Slot Effects: Application to the Copperhead Projectile

The same configuration of body and tail fins was considered.
The slot effects were modeled using Washington’s approach.'4
The corrected normal-force-slope coefficient is given in Fig. 12.
As mentioned earlier, that approach is Mach number indepen-
dent; therefore, the application here was made over the Mach
range 0.5 < M < 1.8. As in the previous predictions, the DAT-
COM code results were modified accordingly to provide the
new results.

Combined Gap and Slot Effects

The normal force losses due to gaps and slots were com-
bined, and the computed normal-force-slope coefficient is
given in Fig. 13 over the extended range 0.8 < M < 1.6. The
reduction of C,, was about 21% near Mach 1.05.

In the free-flight tests, the projectile is spinning at a moderate
tate where the slot and gap effects may differ significantly from
those observed in the nonspinning wind-tunnel tests. This ex-
planation may be useful to interpret the large differences no-
ticed between wind-tunnel and firing test data.
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Fig. 13 Gap and slot modeling effects on the normal-force-slope co-
efficient for the Copperhead projectile.
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IV. Conclusions

All known data covering fin-body gap and body slot effects
have been surveyed, analyzed, and used. A correlation relation
has been established to provide the magnitude of the normal
force losses of fins owing to streamwise fin-body gap for any fin
shape and gap size in the transonic speed regime of
0.8 <M < 1.2 and for g/D < 0.08. Existing data also support
the validity of the correlation in the wider range of
0.7 £ M < 1.3 without noticeable loss in accuracy. The estab-
lished correlation is based on all of the experimental data sur-
veyed and has been validated for more than 15 different cases
with an accuracy of +5%. This correlation takes into account
the variations in fin shape, fin area, fin span, and chord length,
gap height, body diameter, and Reynolds number. The correla-
tion is highly useful for including viscous and fin support
effects, which are included in the correlation. This approach
has advantages over existing inviscid analyses, which cannot be
used for small gaps where viscous effects dominate or where the
fin support interference is large. The correlation is in algebraic
form and uses direct, measurable fin geometry and flight condi-
tion inputs. It is simple and can be used in conjunction with
any of the fast aerodynamic prediction codes for practical fin
design purposes.

Body slot effects on reducing the fin normal force losses were
modeled using a previously suggested model.'* That model was
validated in the subsonic speed regime only, although the
theory behind it allows it to be used also in supersonic speeds
for slender bodies. This model, however, does not account for
the slot shape, area, depth, or location relative to the fin. The
model is simple and can be directly used in the fast design codes
as well. Both models are valid for small angles of attack, usu-
ally considered to be in the range o < +6 deg.

An application was made to the geometry of the Copperhead
guided projectile. That configuration, with very large fin stem
and deep slot flow, is not a typical configuration for application
of both models. However, the results obtained using those
models have shown a reduction of the total normal force and
pitching moment by values as large as 21 and 38%,” respec-
tively. Comparison with wind-tunnel and range results showed
improved agreement.

Although all of the data used in the present analysis were
based on a body with four cruciform fins, the analysis can be
used for any set of fins with arbitrary number of panels ( <8)
at small angles of attack.

Future improvements should consider representing an equiv-
alent streamwise gap height (or gap area) to account for non-
streamwise gaps that occur when the control surface is
deflected at an angle relative to the body axis. This effect is very
important for all guided missiles and projectiles with control-
lable lifting surfaces.
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