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PREFACE

This technical report covers the work performed under ONR
Contract N00014-80-C-0700 from 16 June 1982 to 15 June 1983 and
is the third report published under the program. Dr. Robert
Whitehead is the Scientific Officer for the Office of Naval
Research. Other sponsors are: Naval Air Systems Command, the
Army Missile Command, the Air Force Armament Test Laboratory,
the Air Force Flight Dynamics Laboratory, NASA/Langley Research
Center, and NASA/Ames Research Center. Mr. Wallace Sawyer and
Mr. David Shaw of Langley are the liaison officers for NASA.
Dr. Leon Schindel of the Naval Surface Weapons Center at White
Oak, MD is the Technical Monitor. i
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1. INTRODUCTION

Under Office of Naval Research Contract No. N00014-80-C-
0700, Nielsen Engineering & Research, Inc. (NEAR) has been
funded to obtain the necessary fin data base for broadly ap-
plicable engineering prediction programs for calculating the
aerodynamic characteristics of body-tail and canard (wing)-
body-tail missiles. Under the same contract, the data base
will be incorporated into one specific computer program called
PROGRAM MISSILE (refs. 1 and 2) which is valid for angles of
attack up to 45° and arbitrary roll angle. The first year's
work involved: (1) selection of the test model design, test
parameters and testing sequence, (2) preliminary investigation
of the optimum approach for data handling, i.e., preparing the
data for and incorporating it into PROGRAM MISSILE and (3) re-
vising the equivalent angle-of-attack formulation to incorpo-
rate the new fin deflection data base. The results of that
work are described in the first year's report (ref. 3). The
second year's work consisted of (1) support of the ongoing
wind tunnel tests, (2) preparation for processing the data to
be incorporated into the data base, (3) continued improvement
of the methods used in MISSILE and (4) continued code devel-
opment. The results of that work are described in the second
year's report (ref. 4). The third year's work continued the

activities of the second year.

Six tunnel entries have been planned. The three high
Mach number (2.5 - 4.5) tests were to be conducted in the NASA/
Langley Unitary Plan Tunnel, Section 2. The first and second
Langley entries were completed in May 1982 and July 1983 re-
spectively. The three low and intermediate Mach number (0.6 -
2.0) tests will be conducted in the 6- by 6-foot Supersonic
Tunnel at NASA/Ames. The first Ames entry was completed in
January 1983. The second Ames entry is now scheduled for
January 1984.

At the writing of this report, all of the & = 0 data for

the control fins have been obtained. Because of problems with




the low-aspect-ratio fin balances, no data for those fins has
been obtained. The low-AR fins will be tested in the third
entry at NASA/Langley and in the second entry at NASA/Ames.
The status of the control (§ # 0) data is given in the table
below. An "X" means that the data have been obtained.

Required Control Fin Data Base (8§ # 0)

M Angle-of- [«——— NASA/ARC ————»|«— NASA/LRC —>
attack
FIN range 0.8 1.2 2.0 3.0 4.5
42 low X X
MR=1
A=1/2 high
51 low X X X X X
AR=2
2=0 high X X
52 low X X X X X

high X X

Y




The next section presents some representative data from
the first entries at NASA/ARC and NASA/LRC. In the third sec-

tion an analysis is presented of some of the high Mach number

control effectiveness data. The analysis leads to some impor-
tant conclusions regarding the rational modeling to be used in
the data-base prediction program (MISSILE 3). 1In section 4 a
discussion of some of the data processing methodology is pre-
sented including changes which are required as a result of the
findings of section 3. 1In section 5 an extensive analysis of
the proposed body alone methodology is presented. Concluding

remarks are given in section 6.
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2. REVIEW OF THE DATA

2.1 Control-Effectiveness for Transonic Flow

Some sample transonic results from the first entry at NASA/
ARC are given in figure 1. The sign conventions are given in
figure 2. The data are for the aspect ratio 2 control fins at
{ s = 20° with taper ratios equal to 0, 1/2 and 1. Only the nor-
' mal-force coefficient for the one deflected fin is shown. Im-
portant things to note are (1) the change in taper ratio effects ]
with Mach number and (2) the significantly smaller control ef- #
fectiveness for 6§ = 40° compared to § = -40°.

2.2 Control-Effectiveness for Supersonic Flow

Typical normal-force coefficient data from both of the 3
entries are presented as a function of bank angle in figure 3
for the deflected fin for a body incidence angle of 20°. The
reference area is the fin planform area. There are two fea-
tures which should be noted. First, the shape of the §; = 0
curves is familiar from previous work {(e.g., ref. 5). The max-
imum value of the normal-force coefficient is displaced toward
the windward side from the horizontal symmetry position of
¢ = 0 to roughly ¢ = 25° in accordance with slender-body theory,
and the peak values of CNF (B) decrease with M_ as would be ex-

pected. Note also that the negative values of CNF(B) for the
8o = 0 cases are much smaller for M_ = 3.0 and 4.5 indicating a
change in vortical flow properties.

The second feature of note is the changing control effec-
tiveness with increasing Mach number. 1In particular, compare

the normal-force coefficients at ¢ = -90° (leeward plane)

and ¢ = +90° (windward plane). For 8§, = 0, at

CNF (8)
¢ = +90° is zero; hence, the values shown for 6§, # 0 repre-
sent control effectiveness only. For M_ = 2.00, the control

effectiveness for ¢ = 90° is slightly greater than for ¢ = -90°.
As M_ is increased the control effectiveness at ¢ = -90° decreases
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snarply to negligible values while the effectiveness at ¢ = 90°

increases. Note also that, for certain values of ¢ on the wind-
ward side, CNF(B) is greater than the maximum value of 1.7 gi-
ven by Hoerner (ref. 6) for a flat plate normal to the free
stream! An additional set of data for the same fin but with

o, = 35° and M_ = 3.0 is given in figure 4. Note the similarity
of the curves of figure 4 with those of figure 3(c) which have

roughly the same cross flow Mach number.

An interesting perspective on the phenomenon described
above can be gained by plotting the fin normal-force coefficient
for the ¢ = t90° positions as a function of cross flow Mach num-
ber, M, = Mwsinac. This is done for M_ = 2.0, 3.0 and 4.5 and
fin deflection angles of 120o in figure 5. The fin normal-force
coefficient for a given o is normalized by its value at a, = 0
to give the curves a common value at Mc = 0. Figure 5 shows

that the data correlate fairly well with cross flow Mach number.

It is obvious from figure 5 that a yaw command in the plus
configuration for a high cross flow Mach number will lead to an
induced rolling moment which will have to be answered by the
horizontal fins. However, when a high performance missile is
pulling a high-g maneuver, much of the available horizontal fin
deflection capability will be used to trim the vehicle in the
pitch plane. Hence, little will be left to counter any induced
rolling moment due to a yaw command. Clearly, this would put a
limit on the O which the vehicle could safely reach for high
cross flow Mach numbers.
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3. ANALYSIS OF THE CONTROL-EFFECTIVENESS DATA
FOR SUPERSONIC FLOW

3.1 Correlation of the Data

The large variation in CNF(B) with fin bank angle and the
correlation of figure 5 prompts us to consider the local flow
field property variation around the body alone. To do this we
used the SWINT marching Euler solver (ref. 7) which has the

capability of shedding and convecting vorticity at prescribed
separation lines on the body. The separation line locations
were determined from a correlation by Nielsen (ref. 8) made from
Landrum's oil-flow data (ref. 9). A series of runs were made

on a 3-caliber cone-cylinder for various Mach numbers and angles
of attack. After the runs were made a postprocessor was used

to compute the local dynamic pressure, Qg and Mach number, Mﬂ'

For the purposes of the present work, we will use values
of dp and MZ which have been averaged over the exposed span of

the fin,* i.e.

Sm
O S |
q£ - Sm_a ) q£(¢lr)dr (l)
a
s
m
- 1 X |
M, = s j M, (¢,r)dr (2) |
a

Hence, for the data presented here the integration interval was
from a to 2a. The computed results for 53 and M£ at 10 diameters
aft of the nose tip for a body incidence angle of 20° are given

in figure 6.

It is immediately apparent from the results shown in figure
6 that the variations of both the local Mach number and dynamic

*The averaging was applied along the radial line defined by the
exposed fin span for § = 0 as if the fin were immersed in the
body alone flow field.
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pressure contribute to the behavior displayed in figures 3 - 5.
At M_ = 1.60, for example, both éf and ﬁ( vary only slightly
with ¢ from their free stream values. However, as M_ increases,
the variation with ¢ of both quantities increases. At M_ = 4.63
and ¢ = 90°, for instance, az/qw = 2.07 and ﬁﬁ = 3.5. Both of
these flow field values would contribute to higher-than-expected
values of CNF(B) when the fin is deflected, the lower Mach num-

ber giving a higher wing-alone, normal-force coefficient slope.

Given the above results, it seems reasonable to conjecture
that the wide variation in CNF(B) seen in figures 3 - 5 is due
to local flow field property variations caused by the presence
of the body alone. This conjecture can be checked by using the
equivalent angle~of-attack concept of Appendix A of the first
year's report (ref. 3) and the local flow field property values
of figure 6. Since only fin 2 of the model was deflected we

can write eguation (A-10) of reference 3 as

a = a + A, .8

eq, eqg, 22 (3)

(3]

/‘-22 = (O-eqz - aeqz)/(Sz (4)

If the conjecture is correct, it should be possible to use
equation (4) to collapse the § and ¢ dependence of the data

in figures 3 and 4.

The steps which were used to check the conjecture for a
given body angle of attack and free stream Mach number are as

follows:

1. For particular values of ¢, M, and a., determine CNF(B)
from the data for §, = 0, +20°, +40°,

2. Multiply the results of step 1 by qw/ag for the same
values of ¢, M, and ac to obtain CNF(B) referenced to

the (computed) local dynamic pressure.

3. Interpolate in the wing-alone data of reference 10
for wings with the same planform at the (computed)
local Mach number to obtain values of aggq




: corresponding to the results of step 2. Ignore those
: data points which would require extrapolation of the
! wing-alone curves beyond a = 60°, The wing-alone
curves (ref. 10) are given in figure 7.

4. Apply equation (2) to the results of step 3.

The results for the procedure above applied to the data
of figures 3 and 4 are given in figqures 8 and 9. It is clear

that the correlation succeeds in taking out the ¢ dependence

of the control effectiveness very well except for the bank angle
region approximately _+_-35O from the leeward plane. The discrep-
ancy near the leeward plane increases with M_ from hardly notice-
able at M, = 2.0 to more than a factor of 2 at M, = 4.5. Hence,

it seems safe to conclude that the Euler solver of reference 7 H
as implemented for the solution of figure 6 gives incorrect local
flow field properties near the leeward plane for cross flow Mach
numbers greater than one. However, because the loads under those
conditions are relatively small for the a/sp ratio tested (0.5),
the error would not be particularly important. For smaller

values of a/sm, the error may be more important.

3.2 Implications for the Equivalent Angle-of-attack
Concept and MISSILE 3

From the discussion in the subsection above, it is clear
that the Ceog concept as outlined in Appendix A of reference 3 and
in reference 5 will not accurately predict control effectiveness
for cross flow Mach numbers greater than 0.5 because it is im-
plied in the concept that §£ and ﬁz do not deviate from the free-
stream conditions. However, with a reasonable amount of effort,
the method can be extended so that it can still be used in the
MISSILE 3 code to be developed under the present contract. To
extend the Qeq concept to cross flow Mach numbers greater than
0.5 a table of gp/q_  and My as functions of M_, a., ¢, a/sy and
x/D must be provided. For conditions under which the velocity
parallel to the body axis is supersonic everywhere, such a table
can be obtained relatively inexpensively using a marching Euler

code with body vortex separation (e.g., ref. 7).

10




The region in which a marching code can be used is given

in figure 10. As part of the work for the present effort, an
extensive series of SWINT (ref. 7) runs were made to give the
necessary body vortex properties for a body alone. These same
runs will be used to make the needed MISSILE 3 table for c-jz/qoo
and MZ' For the region bounded by M, = 0.5 and the shock-

] detachment boundary, an unsteady Navier-Stokes code will be
needed. For the M, < 0.5 region simple point-vortex "cloud"
theory will be used to obtain the body vortex properties needed ;
for MISSILE 3 since 53 and ﬁl do not vary significantly from

the free stream values.

The actual steps required to extrapolate from the fin-on-
body data base of MISSILE to different values of a/sm, X/D and/

or (Aa)y; are as follows:

l. For the M_, ac, ¢, & combination of interest, deter- ‘
mine CNF(B) from data base. f

2. Determine qp/q_ and My for the ¢ location of interest i
for the a/spm and x/D of the fin in the data base. !

1

|

3. Divide the Cnp(p) of step 1 by the gp/q_ from step 2
to normalize i% properly for use in the Yeg method.

4. For the wing-alone curve corresponding to the My of
step 2, obtain aggy for the normal-force coefficient
resulting from stép 3.

5. Using equations A(9) and A(10) of reference 3, deter-
mine the new ogq for the conditions of interest.

6. Determine gp/q, and My for the ¢ location of interest
for the a/sp and x/D of interest.

7. For the aeq of step 5 determine the Cny corresponding to
the My o? step 6.

8. Multiply the Cyy of step 7 by the gqy/q. of step 6 to get
the CNF (B) of interest referenced to free stream con-
ditions.

The steps above are illustrated in figure 11.

11
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4. DATA PROCESSING

The portion of the data processing program which handles

§ = 0 cases without vortex asymmetry has been checked out using
the data for fin 42 from the first entry at NASA/LRC. An example
of the tabular output for fin normal-force coefficient is given
in table 1. Results from the graphics routine which is used to
check the normal-force coefficient tables (see subsection 3.4 of
reference 4) are given in figure 12. Note the more "peaky" dis-
tribution for the higher Mach numbers.

Another task of the data processing program is the corre-
lation of fin center-of-pressure location with fin normal-force
coefficient. The algorithm used is a piecewise linear curve fit
to the windward fin data (to minimize vortex effects) with smoothing
based on minimization of the second derivatives. Typical results
are given in figure 13. Note that the standard deviation is also
given. It can be used in the new version of MISSILE to estimate
the hinge- and bending-moment errors due to spread in the cor-
relation. It was found that the amount of smoothing did not
siynificantly change the standard deviations of the correlations.
The quantity "GAMMA" is the relative amount of smoothing used.

For the correlations of figure 13, it was assumed that the
measured normal-force coefficients are the appropriate values to
use and that the Mach number seen by the fins is essentially M_.
In the previous section it is demonstrated that the above as-
sumptions do not hold for high cross-flow Mach numbers.
Consequently, it is expected that the correlation procedure used
above will have to be altered so that nonlinear flow field ef-
fects can be taken into account. Preliminary work indicates that
the correlations will change significantly and that the standard
deviations of the correlations will be reduced.

12
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5. ANALYSIS OF PROPOSED BODY ALONE NORMAL-FORCE AND
PITCHING-MOMENT METHODOLOGY

In the following we extensively check two different formu-
lations of the simplest crossflow drag method for predicting the
normal force and location of the center-of-pressure for commonly
encountered missile bodies alone using empirical input for CNQ and
the center-of-pressure location for small a. The ranges of the

parameters for pointed tangent-ogive noses in combination with

right-circular-cylindrical bodies for which the formulations

were checked are as follows:

+

/

b—» X I'a

fe——— ZN >t ZA »
0.5 < £y/D < 4 0.6 <M_<5
0 < £,/D < 20 0° < o < 45°

5.1 Candidate Formulations - Normal Force Coefficient
The common starting point for the formulations considered
is*
A

= sin2a + ncy P sinza (5)
c Aref

N

N qooAref

Cc

*The possible advantage of using an axial variation of the cross
flow drag coefficient has not been considered in the present

study.

13
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where N is the resultant normal force on the body, Cdc is

the steady-state crossflow drag coefficient for an infinite
circular cylinder, n is a correction factor for finite cylinder
length, and Ap is the planform area of the body. The ref-
erence area used is the cross sectional area of the cylindrical
portion of the body. This relation is a straightforward com-
bination of slender-body theory (sin2a) and a term representing
the integrated force on the configuration due to viscous cross-
flow separation. In practice, the slender-body term has often
been modified by the factor cos(a/2), following Ward (ref. 11).
With this modification, the above relation is that used in Ref-
erence 12. Note that at o = 90°,

Cy = neq, Ap/Aref (6)

In the present work, one of our candidate formulations
(Method A) is obtained from equation (5) as

Cn A

a0 o]
CN = —E_ sin2a cos 5 + cg

sinza (7)

C Aref

Inclusion of the additional factor CNa/Z in the slender-body
term allows for empirical input of the slope of the normal-force
curve at a = 0°, instead of relying on the slender-body value
(CNOL = 2). Additionally, we have set n = 1 to be used in con-
junction with the modified curve for Cdc discussed below.

The second candidate formulation is derived from Equation
(5) as follows. The slender-body contribution to Cy is impor-
tant only at small o, for which

c a

N
—& sin2a cos = = Cy _sina 8
> > Ng (8)

To maintain the result of equation (5) while using the approxi-

mation of equation (8), we must write




Qe &

Q) L] [ fosy 1

A
C. = C, sina + |c B _ C sinza (9)
N N d A N
a c Aref o

Equation (9) will be called Method B.

5.2 Candidate Formulations - Center of Pressure

Both of the methods to be presented for calculating the
location of the center of pressure (xcp) are based on the as-
sumption that the contribution to Cy from the CNa term (Cyngp»
the term linear in sin a) acts for all o at the center-of-
pressure location of the configuration at zero angle of at-
tack (xcp ), and the contrlbutlon from the cross~flow drag
(CNv' the term involving sin a) acts at the centroid of the
planform area (x.). Thus,

Xep x
© ¢ + < C
Xep _ D Ngg = D N

D Cn

{10)

For convenience, the alternative formulations are sum-~
marized in the table below.

CANDIDATE METHODS

N Ngg Ny
X
CPO xC
x b “n.. t D Cn
cp - SB \Y
D Cy
15




Method SB Ny

C

Na Qa A 2
A - sin2a cos 3 Cq —P_ sin‘a
c Aref
. Ap 2
B CN sino cd A - CN sin o
o ¢ “‘ref o

For the comparisons with data the methods will use a common
data base for CNa and Xepo (described next) and the same rela-
tion for 4. (Figure 14). Figure 14 is adapted from Reference 13,
with the irregular behavior of Cac in the region of M, = 1 re-
placed with the faired curve shown. For the comparisons to be
shown, the branch of the curve for turbulent flow for Mc < .5
has been used.

5.3 Data Base for CNa and xcpo

A literature survey was made to identify existing data for
these quantities. The search was limited to data for bodies with
pointed tangent-ogive noses. The table below summarizes the results
for CNg * The situation for Xepo is very similar. Examination of
this table reveals that the data base of Reference 14 very nearly
covers the ranges of interest of £y/D, £,/D and M_, and that
none of the other data bases extend the coverage in any signifi-
cant way. The data base of Reference 14 was therefore selected
for use in this study. To assess the level of agreement among
the data bases where there is overlap, a series of comparisons
were made. Figures 15 and 16 are samples of those comparisons
for CNa and Xepo! respectively, for the data of References 13
and 14. On the basis of these and the other comparisons not
shown, it appears that the data from the different sources are
generally within a band of about 10% for Cy, and 0.25 for xcpo/D.




These discrepancies obviously limit the ultimate accuracy
achievable by any of the methods being considered.

DATA BASES FOR CNQ FOR BODIES WITH POINTED
TANGENT-OGIVE NOSES

Ranges of Parameters Covered

i References 2N/D 2A/D M.
13 1.5,2.5,3.5 6-18* 0.8-1.2
2.5,3.0,3.5,4.0 4-10 1.5-3.0
14 0.5,1.5,2.5,3.5 6-18 0.8-4.0
15 3,5,7 0-10 3-6.28
16** 2,3,4 0 2-4.5
/ 17 2.84 0-11 1.36-4
18 1,2.4 4,8 0.6-1.5

5.4 Comparisons with Data

To evaluate which of the two methods previously outlined
is most accurate, pred:ctions were made for various combinations
of parameters for bodies with pointed tangent-ogive noses for which
there are experimental data. These predictions are compared to the
data in Figures 17-29. Each of these figures is for a particu-
lar combination of £y/D, £p/D and M_; part (a) of each presents

the comparison for Cy, part (b) for xcp/D. The following con-

figurations are investigated:

*For KN/D = 1.5, data exist for 6 < ZA/D < 20.

**Calculated using 3-D Method of Characteristics.




ZN/D ZA/D M Figure No.
1.5 13 0.8 17
1.2 18
2.0 19 jJ
2.5 7 1.2 20 ‘
l 2.0 21 1
13 0.8 22
1.2 23 .
v 2.0 24
3.0 3.667 1.6 25 -
/ l 4.63 26
3.5 7 0.9 27 '
» 1.2 28 }i
2.0 29

Examination of the comparisons for Cy in these figures
reveals that the data are best predicted by Method B, and that
the discrepancy between that method and the data is generally
less than 10%. The only exception to this observation is for
the high-a end of the data for M_ = 0.8 in Figure 17(a). For
this case, there is the possibility that the data contain the

effects of asymmetric vortex shedding, an effect clearly not
accounted for in the simple methods considered here. Note that

even in this case, Method B is closer to the data than Method A.

With respect to the location of the center of pressure,
the agreement with data of the predictions is considerably more
variable. There is no clear advantage for any of the methods !
over the others, so for consistency, Method B is selected for

18 i
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use here as well as for Cy. Figures 17 through 29 show that
the prediction of Method B for Xcp is within 0.6D of the meas-
ured location for nearly all of the cases considered, but the
discrepancy is up to two to three times that level in the cases
of Figures 17 and 18. As for Cy, however, in these cases of

lowest accuracy, Method B is still superior to Method A.

5.5 Conclusions

The following formulations (used with the data base of
Reference 14 and the Cq., curve of Figure 14) yield predictions
of CN and xcp/D that are generally within 10% and 0.6, respec-
tively, of measurements over the ranges of parameters shown:

A
. .2

C,.. = C,, sina + |C —EB_ _c sin“a (11)

N N, [ d_ Ares N,

xcpO xc Ap

(C,, sina) + — |c - C sin“a
XCE _ D NG D dc Aref Na (12)
D
Cn

=)
A
[
»

~
o
A
[
[oe]

0.8 <M < 4.0

0 < a < 45°

These ranges are set by the data base of Reference 14. It is
estimated that the small extrapolations necessary to cover the
complete parameter space of interest can probably be made with-

out appreciable loss of accuracy.
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6. CONCLUDING REMARKS

At the end of the third-year's work, the following remarks
can be made:

l. For M, = 1.2, CNF(B) appears to be a fairly strong
function of A for 0 < X < 1/2, but it is only a weak function
of A for 1/2 < X < 1.

2. For cross flow Mach numbers greater than 0.5, the local
properties of the flow field about a body have a very strong in-
fluence on Cyp (B) resulting in the possibility of large control
cross-coupling effects.

3. The variation of gy and My around a body alone for
M. > .5 will have to be taken into account for correlation of

center-of-pressure data for the data base and for extrapolating
from the data base to other configurations using the deq concept.

4. The simplest version of the cross flow drag method
appears to be capable of predicting body-alone normal force and
center-of-pressure location to within 10% and 0.6 diameters
respectively provided the vortex shedding is symmetric.

20




i
|
i
|

-

-

——

[92]

10.

11.

REFERENCES

Nielsen, J.N., Hemsch, M.J., and Smith, C.A.: A Preliminary
Method for Calculating the Aerodynamic Characteristics of
Cruciform Missiles to High Angles of Attack Including Effects
of Roll Angle and Control Deflections. NEAR TR 152, Nov.,
1977.

Smith, C.A., and Nielsen, J.N.: Prediction of Aerodynamic
Characteristics of Cruciform Missiles to High Angles of
Attack Utilizing a Distributed Vortex Wake. NEAR TR 208,
Jan., 1980.

Hemsch, M.J., and Nielsen, J.N.: Triservice Program for
Extending Missile Aerodynamic Data Base and Prediction Pro-
gram Using Rational Modeling. Interim Report for Period
June 16, 1980 to June 15, 1981. NEAR TR 249, Sept., 1981.

Hemsch, M.J., and Nielsen, J.N.: Triservice Program for
Extending Missile Aerodynamic Data Base and Prediction Pro-
gram Using Rational Modeling. Interim Report for Period
June 16, 1981 to June 15, 1982. NEAR TR 282, Aug., 1982.

Hemsch, M.J., and Nielsen, J.N.: The Equivalent Angle-of-
attack Method for Estimating the Nonlinear Aerodynamic Char-
acteristics of Missile Wings and Control Surfaces. AIAA
Paper 82-1338, Aug., 1982,

Hoerner, S.F.: Fluid-Dynamic Drag. Published by the author.
1965.

Wardlaw, A.B., Baltakis, J.P., Solomon, J.M., and Hackerman,
L.B.: An Inviscid Computational Method for Tactical Missile
Configurations. NSWC TR 81-457.

Klopfer, G.H., Kuhn, G.D., and Nielsen, J.N.: Euler Solu-
tions of Supersonic Wing-Body Interference at High Incidence
Including Vortex Effects. AIAA Paper 83-0460. Jan., 1983.

Landrum, E.J., and Babb, C.D.: Wind-Tunnel Force and Flow-
Visualization Data at Mach Numbers From 1.6 to 4.63 for a
Series of Bodies of Revolution at Angles of Attack From -4°
to 60©, NASA TM 78813. March, 1979.

Nielsen, J.N. and Goodwin, F.K.: Preliminary Method for
Estimating Hinge Moments of All-Movable Controls. NEAR TR
268, March, 1982,

Ward, G.N.: Supersonic Flow Past Slender Pointed Bodies.
Quar. J. Mech. & Appl. Math., Vol. 2, Pt. I, Mar., 1949,
pp. 75-97.




12.

13.

14.

l6.

17.

18.

19.

20.

21.

———— -

REFERENCES (CONTINUED)

Jorgensen, L.H.: Prediction of Static Aerodynamic Charac-
teristics for Slender Bodies Alone and With Lifting Surfaces
to Very High Angles of Attack. NASA TR-474, Sept., 1977.

Aiello, G.F. and Bateman, M.C.: Aerodynamic Stability
Technology for Maneuverable Missiles. Vol. I - Configura-
tion Aerodynamic Characteristics. AFFDL-TR-76-55, Vol I,
March, 1979.

Barth, H.: Die Normalkraft-, Druckpunkt- und Tangentialkraft-
charakteristiken schlanker Bug-Zylinder-Konfigurationen im
Machzahlbereich 0,8 bis 4,0. BMVg-FBWT 73-32, 1973.

Syvertson, C.A. and Dennis, D.H.: A Second-Order Shock-
Expansion Method Applicable to Bodies of Revolution Near Zero
Lift. NACA Report 1328, 1957.

Richardson, R.L. and Jenkins, B.Z.: Theoretical Analysis
of the Flow Field Over a Family of Ogive Bodies - Vol. II -
USAMICOM Report T-CR-77-5, Aug., 1979,

Buford, W.E.: The Effects of Afterbody Length and Mach
Number on the Normal Force and Center of Pressure of Conical
and Ogival Nose Bodies. JAS, Vol. 25, 1958, pp. 103-108.

Anderson, C.F. and Henson, J.R.: Aerodynamic Character-
istics of Several Bluff Bodies of Revolution at Mach Numbers )
from 0.6 to 1.5. AEDC-TR-71-130, AFATL-TR~71-82, July, 1971. g

Kruse, R.L., Keener, E.R., Chapman, G.T., and Claser, G.:
Investigation of the Asymmetric Aerodynamic Characteristics
of Cylindrical Bodies of Revolution with Variations in Nose
Geometry and Rotational Orientation at Angles of Attack to
580 and Mach Number to 2. NASA TM 78533, Sept., 1979.

Jorgensen, L.H. and Nelson, E.R.: Experimental Aerodynamic
Characteristics for a Cylindrical Body of Revolution with

Various Noses at Angles of Attack from 0° to 58C© and Mach :
Numbers from 0.6 to 2.0, NASA TM X-3128, Dec., 1974. !

Landrum, E.J. and Babb, C.D.: Wind Tunnel Force and Flow
Visualization Data at Mach Numbers from 1.6 to 4.63 for a
series of Bodies of Revolution at Angles of Attack from -4°
to 60°. NASA TM 78813, March, 1979.

22




000°0 000°0 000°0 000°0 000'0 000°0 000°0 0000 000°0 0600°'0 06

0.€°0 %0€°0 692°0 961°0 610 9110 880" 0 650°0 €200 000°'0 08
9LL" 0 0£9'0 916°0 1140 61€°0 UDIAR) 181°0 710 860" 0 0000 0L
%01 1 6680 1€L°0 %850 964° 0 £6€°0 £92°0 8L1°0 980°0 000°0 09
S9€' T 611°1 $16'0 1€L°0 0860 944" 0 9€£°0 0£2°0 601°0 000°0 0S
S0S° T 9971 9¢0° 1 7€8'0 ¥99° 0 y16°0 06€°0 L' o 0€1°0 000°0 oY ,
L1 1 61¢°1 €60 1 SLR'0 669°0 £6$°0 6I9°0 10€° 0 9910 000°0 o€ 4
869" 1 90€" 1 060°T 648°0 L0L°0 7950 1990 91€°0 651°0 0000 0z H
10%°1 122°1 z60° 1 g%8° 0 £89°0 VUL 61%°0 90€°0 191°0 000'0 o1 x
VISAR S60° 1 6260 9L 0 $£9°0 €050 £8€°0 S87°0 Z91°0 0000 0 E
790" 1 9€6°0 £08°0 789°0 $55* 0 LA 69¢° 0 092'0 %610 000°0 ot1- ¥
168°0 LSL°0 %99°0 865'0 0S%' 0 0$¢°0 6920 122°0 o 000" 0 0z- - :
L%9°0 $86°0 %160 €90 1%¢°0 €520 €81°0 €L1°0 €210 000°0 0¢- ~
05%°0 S0%°0 06€°0 782°0 2120 6£1°0 %600 S01°'0 001°0 000°0 0Yy- §
00€° 0 09Z°0 L12°0 191°0 L60°0 o 020°0 £%0°0 R.0°0 000°0 0s-
891°0 HET°0 960'0 7v0°0 500°0 0£0°0-  SH0°0-  %Z0'0-  €50°0 0000 09-
190°0 6€0°0 010°0 €10°0-  %%0°0- %80'0- S11°0- Z.0'0- 0€0°0 0000 0L~
800°0 %000 800° 0~ 120°0- 760" 0~ 080° 0~ 260°'0- €0 0- %100 0000 08-
000°0 000°0 000°0 000°0 000°0 0000 000°0 000°0 0000 000°0 06-
Y oY GE (1] ¥4 (14 ¢l 01 S 0 934° 11d
(530) = DVH4TY HOA (8)4ND w
930 0 = za §'7 = NOVH G0 = Wl 00'T = ¥V W

-

-zp ur3j xo3 weaboad Burssoooad ejzep woxj ndino Ieyngel jo ajdwexy -1 d[gel

N

.I..l-lq.l..-.l.'llm_




N YA Dy Je Apoq o aoput pio-ant
UO SUT) z oTjed 3oudse Jo) ssouoal oo} 0 1ol juo, = catarl | I *
80 = W (v)
mQC\WCLT ‘o
06 0L 04y 0y 01 Ol1- e - 0 - 0/~ (e, —
L ' T T T T T T G-

Povapua PALMIO]




06

TPONUIIUODY -1 ddubd

2L - TWo(d)

suadbaop

0¢ 0¢ Ol Jil- 0t~ 05— 0L- 06~

T T T =T T T
pAeMpU LM TTV PAEMOOT ,

e LA gAY

25




SpopnouUG) - oduiig

07 - W ()

s094bop '

06 0L 04 0t 01 01~ 0t - - 0= Dy, -
A T T T T T T T I._I
[ 00F—=> plemputm PATMO |

UT ] =dae
Ul ]ome—
(U g Q—

1




Vo osin
: c

in 2 is the deflecting fin. 18
s¢ as to preduce a positive Oy in
the direction showr.

Frgure 2.- Fin sian convent.ons.

.




*(zs utd) z/1 =+ ‘7 = dv JO urg
PO3IDATIop I0) JUSID1}JO0D BDIGI-JBWION -"¢ 3INbl4

0°C = "W (®©)

sooabap ‘¢
oL 0s 0¢ 0T 0l- ot - 06~

oL-

06-

L [ S N R B A T

007 = °v

28




06 0L 0s
el ST —

‘panuIjuo) -°¢ dInbtg

0°¢ = "W (9)

saaabap ‘¢
0¢ 0T 01- 0t - 06- 0L~ 06-

2 Sl (el AR S S E— I T

29

() dy

— = — [ o ] ] ] ]

- e e o e

P e

&
© Lt

- -




‘popniou0d -'f aInbty
' = W (D)

soaaboap ‘¢

06 oL 0s 0t 0T 0T~ 0g¢ - 06— 0L- 06~
T T A I A R | T
A.
D
- O -1
O
O
D
C O —
0 O
[ O
(] O
] s O O
(] O o O
(J (]} Q .l”“’“..“)
O U—CO—"—(0—0 un““ﬂl|IMI“N«mmﬂﬁhﬂﬂ
O O Y
O O— O N
7 N
v, N
N .
N
pS 1 = W
002 = 7
N PO U 1

() dy




S0SED LG = 2 Y0t¢ - W f(zg uld)g/1 - - ‘7 - WV

JO UTJ PoIDSTIOP I0J JUITOIIISOD 9DI0J-1PWION - 2aInbrtg

soaabap ‘1

06 0L 06 0t 01 01- 0¢- 06- 0L- 06-
T T o T T T T ) I v T o o o ey b
PIEMPUTMe——]——s pPIEMIIT] “

31

(G)JND

i




‘suot3rsod uTjy paempurm pue
PIBMOST 10 SSausAT3O8IJ2 T[OI3UOD JO UOTIBTDII0) ~°G 2aInbiy

SLutst
8°¢ 14 0°7 9°1 T 8- v- 0
T T Q) T e It s T 0
D> D oa
B o
7o
° p B L T
B8at
o o mw
@ b}
w
0] ~ o~
1z = ”
0 3
o =
v © 1¢F &
pebbe1jy jou sie sjoquis ‘o06=! 104 =
e pobbe13 aae syoquAs ‘_ pgg-=! 104 e
O 00%-0 Sy O i
102 O 00z = (%1 Lov-0 't g v
202-0 0°Z ©
abuex °, "W *dxd
! A —— b vy ] S




3]
.

/.

S
PR

9.,
1%
\
GG[‘.. :
I‘C,'
‘\L‘ |
. o !
e ey |
G C‘hb
(C rQ’
I\\
S0

(a) Averaue local dynamic pressure.

—— — e~ —

Fiaure 6.- Computed flow field properites 10 diameters
aft of the nose tip of a 3-caliber-cone cyvlinder
at 20° angle of attack; a’s, = 5

0.5.




*pOpPNIoUO) -°9 2anbr4g
Iaqunu yoerl Ted01 aberaaay (q)

soaabap ‘¢

06 oL 05 o€ 0T 0T- 0f- G- oL- 06-
T T I T T T 1 T
mumzv:ﬂBA\‘*"V paemasT
- —d
o
© 0o © 0 0 0 0o 0 O © o o
g 0 o
o N
S0 0 o o D 8 0 g g o 0O o
© O
O O O O
VV 9y © &
_ v _
Vo g
v AV
€9y V \V/ % v \ L.V
— 96z Q =
ocz O 00z = v v
02°T O
hz I 1 | 1 i 1 |

e e s ma b A LAt A S+ e A 1L o it

34

aliubintiiing ook




Modified Double-Wedge
Airfoils

0 1 1 1 1 |
0 10 20 30 40 50 60
Angle of attack, deg.

Figure 7.- Normal-force coefficient for
AR = 2, + = 1/2 clipped delta wing.
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(a) Cy vs.

Figure 18.- Comparison of predictions and data.
«n/D = 1.5, f4/D = 13, M, = 1.2
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NOMENCLATURE

Body Radius

i
i
¥
I
|
|
]

Ap Planform area

AR Aspect ratio of wing alone

Aref Reference area

Cde Cross flow drag coefficient

Cr Fin root chord

CN Normal-force coefficient

CNF(B)i Normal-force coefficient of fin i in the presence

of a circular body

! CNsp Linear portion of the normal force acting on a
i body
Crny Nonlinear portion of the normal force acting on
1 a body
' CNy Normal-force coefficient of wing alone
' CNa Derivative of the normal-force coefficient with
. respect to a
D Diameter of the cylindrical portion of a body
! N Lerngth of the cylindrical portion of a body
'
£y Nose length
Mo Cross flow Mach number
Mp Mach number at a point in a body-alone flow field
ﬁg Local Mach number in presence of body alone aver-
aged over exposed span of fin (eguation (2))
M Free-stream Mach number
{ N Normal force acting on the body
dy Dynamic pressure at a point in a body-alone flow
field
§£ Local dynamic pressure in presence of body alone

averaged over exposed span of fin (equation (1))
a, Dynamic pressure of the free stream

r Radial distance from body axis

Radius of curvature of tangent-ogive nose
Exposed semispan of a fin

S Semispan of fin

Free-stream velocity
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B

NOMENCLATURE (CONTINUED)

Distance aft of nosetip

Axial location of the centroid of the planform
area of a body

Axial location of the center of pressure

Axial location of the center of pressure for the
linear portion of the normal force

Lateral location of the center of pressure of a
fin

Angle of attack
Angle between body axis and wind velocity vector

Equivalent angle of attack of fin i; i.e., angle
of attack of wing alone which gives same normal-
force coefficient as that of fin i

Equivalent angle of attack of fin i if all fins
are undeflected

Deflection of fin i, positive when the leading
edge is rotated toward the leeward side of the
body

Average angle of attack induced on fin 1 by
vortices

Increment in agq

Length factor in cross flow drag theory
Fin taper ratio

Fin deflection factor

Roll angle of fin i




