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SECTION I
INTRODUCTION

This report documents the work of Systems Research Laboratories, Inc.
(S3RL) conducted as part of the development of a preliminary design aero-
dynamic prediction methodology for missiles. This project is part of a con-
tinuing effort by the Air Force Flight Dynamics Laboratory, Control Dynamics
Branch (AFFDL/FGC). The objective of this effort was to extend the semi-
empirical methodology of Reference 1 to incorporate the effects of spherical
nose bluntness in the prediction of the axial and normal force coefficients
and the center of pressure for missiles, The methodology is applicable over
the transonic and supersonic Mach number regime, and the 0- to 180-degree angle
of attack range. The effects of spherical nose bluntness were obtained from

analysis of the wind tumnel test data contained in Reference 2.

The approach used for the extended methodology was to identify the
empirical parameters used in Reference 1 for aerodynamic prediction. Next,
the data of Reference 2 were analyzed to determine the effects of spherical
nose bluntness on these empirical parameters. Where nose bluntness effects
were identified, tables or equations were developed for computing the incre-

nental effect due to nose bluntness.

This report supplements the methodology presented in Reference 1. 1In
addition, an analysis of a finned body configuration was conducted to give

some insight into the sensitivity of the methodology of Reference 1,



SECTION II
WIND TUNNEL DATA BASE

The extended methodology was developed using the data contained in

Reference 2 for the three families of nose shapes shown in Figure 1.

These data were obtained over a range in angle of attack from 0 to
14 degrees and Mach numbersof 0.6, 0.8, 1.0, 1.2, 1.5, 2.0, 3.0, and 4.0.
The geometric properties varied during this test program were nose and after-
body fineness ratio, iy/d and ip/d, respectively; and nose bluntness ratio,

RN/RB,and are summarized as follows:

Ry

— =0, 0.25, 0.50, 0.75
Ry

L

N _

T =2, 3,4

9

A

q - 6, 8, 10

Plots of these data are presented in the Appendix, including procedures

used for analysis,
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SECTION III
NOSE BLUNTRESS EFFECTS

AXTAL FORCE COEFFICIENT
The methodology developed in Reference 1 for predicting CA at transonic
Mach numbers agreed extremely well with experimental data. However, at

supersonic Mach numbers, the variation of C, with angle of attack was not

predicted well. As a matter of fact, Cp foi angles of attack between 30 and
60 degrees at the higher Mach numbers was severely underpredicted. Furthermore,
analysis of the data contained in Reference 2 indicated that the changes in
CA due to nose bluntness were limited to the supersonic Mach regime., Hence,

an extended methodology was developed for predicting C, at supersonic Mach

A
numbers {1.5 < M < 4.0) and angles of attack from 0 to 180 degrees, including

the effects of nose bluntness.

Zero Angle of Attack

Using the pointed-ogive nose as the base configuration, the change,ACAO,
in the axial force coefficient at zero angle of attack, CAO’ due to nose
bluntness was determined. ACAO was found to be independent of &p/d. These
results are summarized in Figure 2 as functions of Mach number, RN/RB, and
2y/d. A regression analysis of these data indicated that the change in axial
force coefficient at zero angle of attack, ACAO,due to nose bluntness could be

represented by the following relationship:

1/2 2.5

ACy, = 01;15 (M2 - 1)1/2 (?) (% &y

for 1.5 <M < 4.0 and 0 < Ry/Rg < 0.75, where f%y/d is the fineness ratio of
the pointed-ogive nose to which spherical nose bluntness, RN/RB,is added.
Table 1 gives a comparison of ACAO determined from Equation (1) with the

wind tunnel data of Reference 3.

The percent differences indicate good agreement for a preliminary design

method. It should be noted that Equation (1) has been extended beyond the
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TABLE 1, COMPARISON OF PREDICTION METHODOLOGY
DUE TO ACAO WITH WIND TUNNEL DATA

EE ACAO &CAO Percent
M RB Fq. (1) Ref. 3 Difference
1.50 0.45 0.078 0.065 20
1.50 0.70 0.237 0.200 18
1.50 1.0 0.578 0.540 7
2.86 0.45 0.097 0.086 13
2.86 0.70 0.283 0.280 1
2.86 1.0 0.705 0.672 5

original limit of RN/RB = 0,75, the maximum nose bluntness ratio of the data
in Reference 2, to Ry/Rg = 1 (hemispherical nose) and represents the limiting
case for Equation (1). Comparison of ACAG calculated from Equation (1) with

wind tunnel data for a hemispherical body (Reference 4) is given in Table 2.

TABLE 2. COMPARISON OF PREDICTION METHODCLOGY DUE TO
ACAD WITH WIND TUNNEL DATA FOR A HEMISPHERICAL BODY

ACA0 ACAD Percent
M {£f

Eq. (1) Ref. 4 Difference
1.5 0.527 0.561 9
2.0 0.612 0.636 4
3.0 0.667 0.674 1
4,0 0.684 0.691 1

These comparisons indicate that Equation (1) gives the best results for the

larger Mach numbers and nose bluntness ratios.



Angle of Attack Variation

Analysis of the data in References 3 and 7 indicated that CA(a) for
supersonic Mach numbers follows the basic trends shown In Figure 3. With
increasing angle of attack, Cp(a) increases from CAD, reaching a maximum
value between 60 and 80 degrees. Cp(a) then decreases to 105 degrees angle
of attack where Chi(a) = 0. From 105 to 160 degrees CA(a) decreases monotoni-
cally, and from 160- to 180-degrees angle of attack Cp(a) is a constant. Using
the mathematical approach presented in Reference 1, the functional dependence
of C4 with angle of attack, @, for a body-alone configuration was found to be

expressible as a second order polynomial in angle of attack as follows:
CA(a) = by + bja + bya? (2)

The following conditions are defined:

at o = 0,
BCA = CAu and CA = CAD
3G o+ 0
and at
CA = 0,
S

By studying the wind tunnel data in Reference 5 for body-alone configurations

at supersonic Mach numbers, @ values remained constant at

z = 105°

Employing the above conditions to Equation (2), Cp(a) was derived as follows:
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Cp )

= 2 2

S=cy, (L 9‘—-)-i-cAOL (a- %?—) (0° to 105°

0 a2 angle of attack

range) (3a)

Calo)

_ 2
2.792 _ <, |1- (2.792 - a) (105° to 160°
& T (2.792 - )2 angle of

attack range) {(3b)

m

]

Cp(a) -C,  (160° to 180° angle of attack range)

2,792 " (3e)

where

o is in radians

@ = 1.83 radians (105 degrees)

C, was determined from the analysis of the wind tumnel data contained
o
in Reference 2, These results are presented in Figure 4A. This analysis
indicated that C, 1is independent of f&y/d, %24/d, and Ry/Rg, and dependent
o

only on the Mach number,

Figure 4B alsc charts the axial force coefficient at 180-degrees angle
of attack. These data are taken from page 84, Reference 1, and are presented
to complete the methodology.

By summing Cag {pointed-ogive nose) and ACAO, that is

CAO = CAO (pointed-ogive nose) + ACAO, 4)
the effective C, value for axial force coefficient at O-degree angle of

attack is developed. CAO for pointed ogive-nose configurations is determined

from Reference 6; and ACAO is determined from Equation (1),
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CA(a) can now be determined. Using Equation (4), Equation (3a) is solved.
Using Figure 4B, Equations (3b) and 3{c) are solved. A sample calculation is

presented in the following numerical example.

Numerical Example

Problem:
Calculate the axial force coefficient between 0~ and 180-degrees
angle of attack for a missile body having a 2.5 callber tangent
ogive nose and a 7.5 caliber cylindrical body. The Mach number
is 2.5 and the Reynolds number is 4.17 x 10%,

Solution:

(1) From the method of Reference 6, CAO = (0.342
(2) From Figure 44, CAu = 0,560/radian
1.710/radian
105° (1.833 radian)

{5) Use Equation (3) to calculate Cj{a) from 0- to 180-degrees
angle of attack

(a) Cp(a) from O to & (105°) is shown in Table 3
(b) Cp(a) from § to (105° to 160°) is shown in Table 4
(c) Cpa) from 160° to 180° is Cp(a) = _CAv = 1.710

{3) From Figure 4B, CATT

(4) TFor the body alone @

Cpla) for pointed-ogive nose cylinder configurations computed from
Equation (3) is compared with wind tunnel data and other semi-empirical
methodologies, and is presented in Figure 3. For the 0~ to 60-degree angle
of attack range, as these results show, the present method yields significant
improvement over the methods of References 1 and 6. These previous methods
did not predict the increase in axial force coefficient occurring between 30-
and 60-degrees angle of attack. This increase, as shown in the figures, can

be as high as CAO itself.

11



TABLE 3. SAMPLE CALCULATION OF Cp(a), 0 < o < @
2 2 2 2
o 1 - -;£—2 a - ;— CAO (1 - %) CAu (oc - g—) Cp ()
0 1.000 0. 000 0.342 0.000 0.342
10 0.991 0.158 0.339 0.088 0.427
20 0.968 0.283 0.331 0.158 0.489
30 0.918 0.374 0.314 0.209 0.523
40 0.855 0.432 0.292 0.242 0.534
50 0.773 0.457 0.264 0.256 0.520
60 0.673 0.449 0.230 0.251 0.481
70 0.555 0.407 0.190 0.228 0.418
80 0.420 0.332 0.144 0.186 0.330
90 0.265 0.224 0.091 0.125 0.216
100 0.093 0.083 0.032 0.046 0.078
105 0.000 0.000 0.000 0.000 0.000
TABLE 4. SAMPLE CALCULATION OF C,(a), & £ @ < 160°
a p - (160 - @)? -Cy F_— ﬁlﬁg—liﬂf] Cp ()
(160 - )2 T (160 - 3)2
105 0.000 0.000 0.000
110 0.174 -0.298 -0.298
120 0.471 -0.805 -0.805
130 0.702 ~1.200 ~1.200
140 0.868 -1.484 ~1.484
150 0.967 -1.654 -1.654
160 1.000 -1.710 ~1.710

12




NORMAL FORCE COEFFICIENT

The methodology developed in Reference 1 for predicting the variation of
Cy for peinted-ogive nose configurations with angle of attack and Mach number
agrees well with experimental data. Hence, a semi-empirical approach is
presented in the following section for incorporating the effect of nose
bluntness in the computation of Cy(a). The methodology of Reference 1 utilizes
a polynominal expansion in angle of attack to predict Cy(a) with two free
variables, CNa-and CNTT 2,whtare e, is the slope of the normal force coefficient

as the angle of attack approaches (¢ degrees

and CNﬁ/Z is the wviscous crossflow drag coefficient at 90-degrees angle of

attack.

To incorporate the effect of spherical nose bluntness into the methodology

of Reference 1, it is assumed that:

1. CNBa = CNBa (pointed ogive nose) + ACNBa (5)

where

CNB (pointed-ogive nose) is the variation of the normal
o

force coefficient obtained from pages 51 through 55 of

Reference 1, and ACBN is the change in CBN due to spherical
a o

nose bluntness as Indicated in Reference 2;

2, The viscous crossflow drag coefficient at 90-degrees angle

of attack is independent of nose bluntness effects.

The following section presents the method developed for determining

ACyp from the data of Reference 2.
o

13



Change Due to Spherical Nose Bluntness

Analysis of the data contalned in Reference 2 indicated that Cy was
independent of nose bluntness effects for Mach numbers of 0.6 to 1.5. Only at
the higher Mach numbers did the effect of nose bluntness become apparent. The
slope of the normal force coefficient curve, CNBu’ as a function of Mach number
and nose bluntness ratio is presented in Figures 5 through 7. The CNBa values
presented in the figures Indicate significant changes due to nose bluntness
occurred at Mach nunbers of 3.0 and 4.0. For example, a nose fineness ratio
of 4, afterbody fineness ratio of 10, and a Mach number of 3.0 indicates CNBu
is decreased by 16 percent with 0.75 nose bluntness, For the same configura-

tions at a Mach number of 4.0, 22 percent decrease occurs.

Analysis of the data of Reference 2 indicated that the change in CNBu at
Mach numbers of 2 and above was independent of afterbody fineness ratio.
Furthermore, it was found that the change in CNBG with respect to nose
bluntness, ACNBG, is linear, and can be represented as a second derivative,

CNB . The effect of nose bluntness for the body alone added to CNg » as
N o
determined in Reference 1, is computed as follows:

ACN., = ICR =
Ba BG'N RB (6)
B
for
R
0<-N<0.75
Rp
and

2.0 s M < 4.0

CNB as a function of Mach number is presented in Figure 8. From the
ON
B
test data of References 2 and 3, it was found that the change in normal force

coefficient due to nose bluntness was influenced by the presence of the fins,
as shown in this figure. Additional data are required to substantiate these
findings., An average value of CNBa was determined for prediction purposes.

A sample calculation is presented in the following numerical example.

14
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Numerical Example

Problem:
Calculate ACNB for a 2,25 caliber pointed-ogive nose with
o
Ry/Rg = 0.575 and 6-caliber afterbody at Mach 3.5. Compare the
calculated value with the wind tunnel data.
Solution:

1. Using Figure 8 for a Mach number of 3.5,

2. Using Equation (6)

(-1.57) (.575)
= -.90

ﬂCNBa

The comparison of the predicted ACNB change in normal force coefficient
¢}
with wind tunnel data is presented in Tables 5 and 6; Table 5 compares Mach

number changes while Table 6 compares nose bluntness.

TABLE 5. COMPARISON OF ACNB PREDICTION METHODOLOGY WITH
o
WIND TUNNEL DATA FOR A 2.25 CALIBER, RN/RB = 0.575
POINTED~OGIVE NOSE, 6-CALIBER AFTERBODY MODEL

M;gh ACNBOC ACwg, Percent
. Ref. 2 Eq. 6 Difference
3.0 -0.65 -0.67 3
3.5 -0.80 -0.90 12
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TABLE 6. COMPARISON OF ACNB PREDICTION METHODOLOGY WITH
(63
WIND TUNNEL DATA FOR VARYING NOSE BLUNTNESSES

AC AC
By
RB Ref. 3 Eq. 6 Difference
0.45 -0.57 -0.46 19
0.70 -0.75 -0.71 5
1.00 -1.15 -1.01 12

CENTER OF PRESSURE
The methodology developed in Reference 1 for predicting the variation

of the center of pressure, for pointed-ogive nose configurations with

Xep»
angle of attack and Mach number agrees well with experimental data. Hence,
a semi-empirical approach 1s presented in the following section for incorpora-
ting the effect of nose bluntness in the computation of XCP(G). The methodology
of Reference 1 utilizes a polynomial expansion in angle of attack to predict
XCP(u) with several "free-variables."

Since the data of Reference 2 was limited to a maximum l4-degree angle
of attack, it was assumed that only the zero angle of attack value of the center

of pressure, X;, was affected by nose shape. Therefore, using the methodology

of Reference 1, the spherical nose bluntness effects become;

Xg = ¥Xp (pointed-ogive nose) + AXp (7)
where Xg (pointed-ogive nose) is the zero angle of attack value of the center of
pressure for the pointed-ogive nose, obtained from pages 70 and 71 of Reference 1,
and AXp Is the change due to spherical nose bluntness. It should be noted that

Xg and AXp are measured from the nose of the pointed ogive.

Change Due to Spherical Nose Bluntness

Xy obtained from the data of Reference 2 is presented as a function of
Mach number, nose and afterbody fineness ratio,and nose bluntness ratio in

Figures 9 through 11,

20
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Analysis of these data indicated that the change in Xp due to nose
bluntness is independent of nose and afterbody fineness ratios. These results
are summarized in Figure 12, which presents A¥y as a function of Mach number

and nose bluntness ratio.

Table 7 gives a compatrison of AXy for a 2.25-caliber pointed-ogive nose
with RN/RB = 0,575 and 6-caliber afterbody determined from Figure 12 with the

wind tunnel data of Reference 2,

TABLE 7. COMPARISON OF AX, PREDICTION METHODOLOGY WITH WIND
TUNNEL DATA FOR 2.25 CALIBER, Ry/Rg = 0.575 POINTED-
OGIVE NOSE, 6-CALIBER AFTERBODY MODEL

Mach AXy AXp Percent
Number Ref. 2 Fig. 13 Difference
3.0 .41 0.38 6

3.5 0.31 0.32 3

The data for this configuration were net included in the development of

Figure 12. As seen here, good agreement is achieved,

Table 8 gives a comparison of AX, determined from Figure 12 with the

wind tunnel data of Reference 3, for M = 2.36.

TABLE 8. COMPARISON OF AXy PREDICTION METHODOLOGY WITH
WIND TUNNEL DATA FOR VARYING NOSE BLUNTNESS

Eﬂ AXq AXy Percent
RB Ref. 3 Fig, 12 Difference
0.45 0.11 0.13 18
0.70 0.37 0.39

1.0 0.53 0.51

The percent difference shown above indicates that the extended method-
ology will yield good results for preliminary design.
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SECTION IV
FINNED BODY

Reference 1 deals exclusively with the prediction of Cy and Xcp for
finned and wing-tail bodies, and omits entirely any consideration of Cp. In
the following section, a methodology is presented for predicting Cpla} at
supersonic speeds for finned bodies. Also, Cy and Xpp determined by the
methodology of Reference 1 are compared with wind tunnel data to give some

insight into the sensitivity of these calculations for finned bodies,

AXTAL FORCE COEFFICIENT

Analysis of the data in Reference 7 showed that C, displayed the same
variation with angle of attack for a finned body at supersonic Mach numbers
as did the body-alone configuration discussed in Section III of this report.
Initial compilations of CA(a) using Equation (3) yielded poor agreement with
the wind tunnel data for angles of attack from 20 to 100 degrees. However,
from 110 to 130 degrees, Equation (3} gave excellent correlation with the
wind tunnel test data. Close examination of these data showed that o, the
value of a at which CA = 0, was weakly dependent on Mach number. Furthermore,
it was discovered that CA(u) in the angle of attack range from 0 to @ would
correlate better with the wind tunnel data if it were expressed as a cubic

rather than a quadratic function of w. That is
Cple) = by + bya + bya? + bzad (8)

for a finned body for the angle of attack range from 0 to @&. TFor the angle
of attack range from o to 180°, the applicable portions of Equatiom (3) were
used. Analysis of the data of References 5 and 7 indicated that the Cp (o)
trends for the body-with-fin configuration is identical to the trends for the
body—~alone configuration except that &, angle of attack when CA(a) = 0, is

dependent upon Mach number as

& = 0.096M +%
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Therefore, the following boundary conditions were established:

at o = 0 BCA
CA:CADandWG+O=CAﬂ
and at
CA—'O,(I=§
where
. B BCA
A " 3 ala > &

Applying the above conditions te Equation (8), CA(a) for low aspect ratio

finned bodies with 0- to 180-degree angles of attack was determined to be:

= 2 3 _
CA(a) ® - Cap (1 - 29—-+ 2&_) {(0° to o angle of
=2 =3
0 o a attack range)
202 o3
+C -
o (% a az)
3 2
- 1.84 (EL~ - 95—) (9a)
o a
a2 _

Calo) 2.792 N (2.792 - a) (o to 160° angle

3 ™ (2.792 - a)2 of attack range) (9b)

T
Cal®d 2,702 = ~Caq (160° to 180°

angle of attack
range) (9c)
where

- T
o = 0.096M + = (10)
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at

1.5 <M <3.0; ¢, =1.84 (vadians )

Az

The procedure of computing Cy(a) for a finned boedy is:

1.

Determine CAD for the pointed-ogive nose, body alone,

using the methods of Reference 6.

Determine ACAD from Equation (1), if spherical necse

bluntness is present.

Determine CAO for the fin alone, using the methods of

Reference 8.
Sum the CA0 values obtained from 1, 2, and 3 above.

Determine Cp(e) from Equation (9) using CAO from Step 4
and CAu and CAﬂ from Figure 3.

A sample calculation is presented in the following numerical example.

Numerical Example

Problem:

Calculate the axial force coefficient between 0- and 180-degrees
angle of attack for a missile having a 2.5-caliber tangent ogive
nose, a 7.5-caliber cylindrical body, and fins of AR = 1.0. The
Mach number is 3.0, the Reynolds number is 4.17 x 10°%, and

RN/RB = 0.0, The fin geometry 1s shown in Figure 13,
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Figure 13, TFin Geometry for a Slender Body Model

Solution:
Steps 1-4. From the method of Reference 6 for the body alone,

and method of Reference 8 for the fin alone, CAO = 3.000.

(0.580/radian
1.750
106.5° (1.859 radian)

From Figure 34, CAa

From Figure 3B, CA1T

From Figure 11, &

Step 5. Equation (9) to calculate CA(G) from 0- to 180-degrees

angle of attack.

(a) CA(a) from 0 to & (106.5°) is shown in Table 9

(b) Cp(w) from 0 to @ (106.5° to 160°) is shown in
Table 10.

(c) Cu(a) from 160° to 180° is Cu(a) = "CA“ = -1,750.

Employing the outlined procedure, Cj(w) was determined for the 10-caliber

finned body shown in Figure 14, for a Mach number range from 1.5 to 3.0,

A
7-2.5 - 5 =75

/_"4
< — d=:|.2
N

Figure 14. Ten-Caliber Finned Body

29



noo- 000" ooo” ooo*” 000" 000" noo - § 901
061" -4: 20 £00° £Q0” 001" 900" 110" 00T
144 6LE " Zeo” 020" 0% " - 80" s90° 06
LLG” oge* 060" LPO” 19z - 980" GeT” 08
€LY 906" ¥eo- Z80° GLT - PPT” aLe” 0L
TTIL" vLY 9TT" ZeT” 86" - opz- 90" 09
90L” 66E° v A2 LIE - ape” 9vs- 0%
S99° AV 8ST~ €pe- 2K W eLe- £89° o¥
¥6s” S6T° LST™ v 90T - oLe” L08" 0g
£0s°" 860" EET" zLe” €S0 - oee- LO6" oz
¥o¥% - ggo0” £80° £E62° STO - £¥T” cLé- 0T
00e” goo- 000- 00¢g " 000- 000" 000°T n
0 B n o] o D D ol ) Q A 0 o

JS°09T 5 ® 5 0 “(®)V9 40 NOIIVINOTV) TIWVS *6 FTEVI

30




=4

TABLE 10. SAMPLE CALCULATION OF CA(u), < a < 160°

o [1 - 1199—14125] ~Ca, [} - 13@9—1—913] € (a)
(160 - )2 (160 - a)?

106.5 0.000 0.000 0.000
110 0.127 -0.222 -0.222
120 0.441 -0.772 ~0.772
130 0.686 -1.200 -1.200
140 0.860 -1.505 ~1.505
150 0.965 -1.689 -1.689
160 1.000 -1.750 -1.750

Figure 15 presents a comparision of the predicted values with the wind tunnel
data, and clearly shows that C4 as a cubic function of a, Equation {8), vields

better correlation than a quadratic.

NORMAL FORCE COEFFICIENT
The basic assumption in the semi-empirical method used by Reference 1 is
that the total aerodynamic force acting on a missile configuration can be

represented by the sum of each individual element and interference effect.

For example, the normal force coefficient for a fin-bedy configuration, CNB
T
would be the sum of the body alone plus tail and interference effects. (T
Therefore,
Cy = Cy_ + 2Cg. Ry oy T
B - N T "4(B) =+ 1 (11)
T B
(T) Sy BTy

Fach term is derived by using a power series expansion and establishing
boundary conditions based upon wind tunnel test data. Validity of the pre-
diction methods, i.e., Equation (1l1), was confirmed by comparisons with wind

tunnel experiments.

To gain some insight into the prediction methodology developed in

Reference 1, comparisons were made with the body buildup wind tunnel data of
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the Alr Slew Flight Demonstration Missile, References 7 and 9. As previously
shown in Figure 14, this configuration is a 10-caliber finned body. The normal
force coefficient, Cy, and the center of pressure were evaluated as a function

of angle of attack at a Mach number of 2.0.

Effects on Tail Only

Figure 16(a) compares wind tunnel data to the Reference 1 prediction
method of the tail-only normal force coefficient, CNT’ at Mach 2.0. In crder
to isolate the fin/tail contribution from the total body effects, a reflection
plane technique was used in wind tunnel tests, This reflection plane caused
the air flow ahead of the fin to separate between 65- and 125-degrees angle
of attack., This air flow separation caused a net reduction in measured CNT
values, thus creating the drop in the CNT wind tunnel curve hetween 65 and

125 degrees [see Reference 7 and Figure 16(a)].

The normal force coefficient prediction method aligned itself closely
with the wind tunnel data. The divergence in data between 65~ and 125-degrees
angle of attack, discussed above, prevents precise determination of the
maximum normal force coefficient value and angle of attack. However, the
smooth curve trend of the prediction method indicates a high accuracy

probability.

Tail with Body Effects

There are three variables which affect the overall normal force on the
tail of a body-tail configuration (Reference 1): load carrying carryover
effaects due to external lifting surfaces (CNT); normal force acting on the
"undeflected" tail configuration (IB(T)); and interference due to body-

indirect upwash and lee-side vortex downwash with tail flow field (RT(B))'

Using the Reference 1 prediction technique, the normal force relatiop-

ship becomes:

1
ONp gy = O ¥ RTm) * 2 TB() (12)
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From Equation (12}, CNT 5 is predicted and compared to the wind tunnel
results found in Reference 9. TFigure 16(b) shows the comparision of wind
tunnel data and the prediction method of Equation (12) for the 10-caliber body
in Figure 14 at Mach 2. There is good agreement up to 50-degrees angle of
attack, At angles greater than 50 degrees, the prediction method and the
experimental data start to diverge. Equation (12) and the wind tunnel data
showed poor correlation between 120 and 140 degrees. Fvaluating each term

in Equation (12), the following conclusions were made:

1. CNT term 15 probably a representative value throughout the 0~ to
180~degree angle of attack range. The CNT prediction method has
shown consistently good comparisons with wind tunnel results. Pages
120 and 121 in Reference 1 plus Figure 16 are examples of the CNT

prediction and wind tunnel results.

2. The CNT % R(p) term whose results are presented in Figure 17 seems
to replicate wind tunnel results. Though no CNT X RT(B) wind tunnel
data for the Figure 14 configuratlon were available, similar configu~
rations tested in the supersonic Mach ranges were found in Reference 1,

pages 156-159, These data showed close resemblance to the predicted

values.

3. There are limited data on IB(T)' Reference 1 divides the IB(T)
function into three regions: they are angles of attack 0 to 90
degrees, 90 to 115 degrees, and 115 to 180 degrees. The greatest
variance between experimental and predicted CNT(B) occurs between
110 and 140 degrees. Also, the overall CNT 5 differences seem to
increase as the angles of attack increase through the IB(T) regions.
Therefore, it is believed that further analysis of wind tunnel data
would develop better IB(T) results, thus leading to a better

predictability of CNT( ).
B
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Body with Tail Effect

Figure 16 shows the Reference 1 prediction and wind tunnel data comparison
for normal force coefiicient for the total body tail configuration, CNB .

(T)

The wind tunnel data were taken from Reference 9.

The Reference 1 prediction method shows good correlation with the wind
tunnel results for the l0-caliber configuration shown in Figure 13 at Mach 2.
For 0- to 100~degree angles of attack, the two sets of data were in agreement.
For angles greater than 100 degrees, the Reference 1 prediction showed higher
CNB(T) values than the wind tunnel results. The higher CNB(T) values for the
prediction method was felt to be caused by the IB(T) geffects, thus suggesting

that the IB(T) term should be considered for future wind tunnel investigations.

Summary

A complete evaluation of the technique developed in Reference 1 is beyond
the scope of this report; however, the importance of the Reference 1 method
warrants some comments. The method developed by Reference 1 1is good for

making Cy and Xpp predictions and correlates well with wind tunnel results.
B(r) B

Examining the data in Figure 16, there are slight differences between
wind tunnel and the Reference 1 prediction method at the higher angle of
attack region, It is believed that the differences are affected by the
interference and carry-over effects parameters used in the methodology (see
subsection Tail with Body Effects). As previously stated, adequate data
were not available for in-depth analysis and further testing on the inter-

ference/carry-over effects should be carried out.

CENTER OF PRESSURE

Like the normal force coefficient, the center of pressure methodology
was also studied by comparing the wind tunnel data to the Reference 1
prediction technique. This section discusses the results from this analysis.

Again the wind tunnel data of Reference 7 and 9 were used.
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Figure 18 shows the center of pressure comparison between the predicted
method and wind tunnel results. TFigure 19 shows the same comparison but for
the fin-only configuration--no body effects were present. The conclusions
were that the tail-only center of pressure, XCPT: prediction methods were
identical to the wind tunnel data; and the centers of pressure prediction method
for the total configuration, i.e., overall fin body configuration, XCPB(T)’ and
the tail configuration including body effects, XCPT 5 , were also very represen-

tative of the wind tumnel results.
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SECTION V
CONCLUSTIONS

The semi-empirical methodoclogy of Reference 1 for predicting the axial
and normal force coefficients and the center of pressure for missile has been
extended to include the effects of nose bluntness. The extended methodology
was developed using the wind tunnel data contained in Reference 2. 1In additionm,
a method was developed for predicting the axial force coefficient for finned
bodies at supersonic speeds, These methods correlated well with wind tunnel

test data over the 0- to 180-degree angle of attack range.

For a l0-caliber finned body, calculation of the normal force coefficient
and the center of pressure were determined from Reference 1. This analysis
showed that overall, good agreement was obtained. However, the prediction of
the fin normal force in the presence of the body showed a peculiar digression
at high angles of attack. This digression was attributed to the effects of

the body-fin interference and carry-over terms.

Based on the analysis of the methodology of Reference 1, with the exten-
slons contained in this study, preliminary design aerodynamic prediction
techniques have been developed for finned missiles with varying nose bluntness.
Initial evaluations of these techniques indicate that good agreement is
obtained; however, more analysis 1s required to thoroughly evaluate the
applicability of the methodology. It is recommended that a detailed sensi-
tivity analysis be conducted to identify the most influential parameters of
the methodology. Further analysis of the prediction methodology compared to
wind tunnel test data of missiles such as the Sidewinder and Sparrow would

identify the critical areas needing improvement.
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APPENDIX

WIND TUNNEL DATA USED FOR NOSE
BLUNTNESS METHODOLOGY DEVELOPMENT

Plots of the tabulated data contained in Reference 2 are presented in the
following pages. It is felt that these data furnish a valuable base for
missile aerodynamic analyses. The axial and normal force coefficients and
center of pressure were obtained for a 0- to l4-degree range in angle of
attack, Mach numbers from 0.6 to 4.0, nose calibers of 2, 3, and 4, nose
bluntness raties of 0.0, 0.25, 0.50, and 0.75, and afterbody fineness ratios
of 6 and 10. For the afterbody fineness ratioc of 8, the aercdynamic data
were obtained for the same nose shapes and angles of attack, but the Mach

number range was limited to only the supersonic regime, 1.5 to 4.0.

Axial Force Coefficients

Figures A-1 through A-19 present Cp as a function of angle of attack and
Mach number for the range in configurational parameters previously stated.
For Mach Numbers of 0.6, 0.8, and 1.0, nose bluntness is seen to have little
or no effect on the axial force coefficient. However, significant variations
in Cp are apparent for the Mach numbers from 1.2 to 4.0. It is noted for the
latter Mach numbers that the change in Cj with angle of attack is approximately

the same for all nose bluntness ratios.

CAO is presented in Figures A~20 through A-22 as a function of Ry/Rp for
the Mach numbers and the various nose and afterbody fineness ratics of the
test program. These data indicate that the change in CAO with RN/RB increases
with increasing Mach number. As would be expected, these data show CAO
increasing with decreased QN/d and increased EA/d for a given Mach number

and nose bluntness ratio.

Normal Force Coefficient

Figures A-23 through A-79 present CNB as a function of angle of attack
and Mach number for the range in configurational parameters previously stated.
Most figures contain only the 0.0 and 0.75 nose bluntness ratio data point to
indicate the variations. These data indicate that at small angles of attack and
Mach numbers from 0.6 to 1.5 Cyp is insensitive to nose bluntness effect. Only
at the higher angles of attack and Mach numbers does the effect of nose bluntness

become apparent.
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Center of Pressure
Figures A-80 through A-136 present the nondimensional center of pressure,

Xcp, as a function of angle of attack and Mach number for the various configu-
rations tested. In some instances, only those nose bluntness data which

best represent the trends are presented. All values of Xgp are measured from
the tip of the pointed ogive configurations, thus using the same reference
point for each of the three families of nose configurations shown in Figure 1.
Xcp was obtained over a positive and negative range in angle of attack, as
shown in Figure A-80. The large variation in Xcp shown here was typical in
the transonic region, with both transonic and supersonic data showing a wide

range of scatter for the angles of attack near zero.

In order to extend the methodology of Reference 1 to include the effects
of nose bluntness, it was necessary to obtain the zero angle of attack center
of pressure, Xgy. To determine X;, a second order polynomial was fitted to the
results contained in Figures A-80 through A-136 using a least squares fitting
routine available of the CDC-6600. All these data,contained in the Appendix,
were used with the exception of Mach 0.6, since it was not included in the

methodology of Reference 1.

To successfully fit the transonic data, only the positive angle of attack
information could be used, excluding the points from 0 to 2 degrees.
Figures A-86 through A-103 present the data points used in the fits, and the
resultant Xy is indicated by a flagged symbol. For the supersonic Mach
numbers, the positive and negative angle of attack data were used excluding
the points from -2 to +2 degrees. Figures A-104 through A-136 show the data
used in the least squares fits, and the flagged symbols indicate the

resultant X values,
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Attack for f2p/d = 10, M = 1.5
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Attack for fp/d = 10, M = 2.0
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Attack for Lp/d = 10, M = 4.0
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Figure A-23. Normal Force Coefficient Versus Angle of
Attack for fy/d = 2, fa/d = 6, M = 0.6
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Figure A-24., Normal Force Coefficient Versus Angle of
Attack for &y/d = 3, 25 = 6, M =10.6
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Figure A~25. ©Normal Force Coefficient Versus Angle of
Attack for ix/d = 4, fp/d = 6, M = 0.6
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Figure A-26, Normal Force Coefficient Versus Angle of
Attack for y/d = 2, fp/d = 10, M = 0.6
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Figure A-27. Normal Force Coefficient Versus Angle of
Attack for &n/d = 3, fp/d = 10, M = 0.6
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Figure A-28. Normal Force Coefficient Versus Angle of
Attack for y/d = 4, &x/d = 10, M = 0.6
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Figure A-29. Normal Force Coefficient Versus Angle of
Attack for &4y/d = 2, 2a/d = 6, M = 0.8
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Figure 30. ©Normal Force Coefficient Versus Angle of Attack
for &y/d = 3, 2a/d = 6, M = 0.8
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Figure A-31. WNormal Force Coefficient Versus Angle of
Attack for iy/d = 4, Lp/d = 6, M = 0.8
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Figure A-32. Normal Force Coefficient Versus Angle
of Attack for &y/d = 2, Lp/d = 10,
M =0.8
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Figure A-33. Normal Force Coefficient Versus Angle
of Attack for f&y/d = 3, La/d = 10, M = 0.8
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Figure A-34. Normal Force Coefficient Versus Angle
of Attack for in/d = 4, /4 = 10,
M =20.8
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Figure A-35, Normal Force Coefficient Versus Angle of
Attack for in/d = 2, p/d = 6, M = 1.0
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Figure A~36. Normal Force Coefficient Versus Angle
of Attack for n/d = 3, Lp/d = 6,
M=1.0
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Figure A-37. Normal Force Coefficient Versus Angle
of Attack for inx/d = 4, p/d = 6,
M=1.0
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Figure A-~38. Normal Force Coefficient Versus Angle
of Attack for y/d = 2, /4 = 10,
M=1.0

82



2.0 T T T 1 T ] T
Py
1.8 | Rg i
0. O
25 [
16 r 50 O ’
75 4O
|4k E
12 b i
ey 8
B 1o} i
.8 F N
6 I 8 -
4t ]
=Y
a o §
2 ‘b1®
[n}
O | } } 1 | 1 §

6 2 4 6 8 1O 12 4 16
o4 —ANGLE OF ATTACK (DEG.)

Figure A-39. Normal Force Coefficient Versus Angle of
Attack for y/d = 3, fap/d = 10, M = 1.0
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Figure A-40. Normal Force Coefficient Versus Angle of
Attack for fy/d = 4, 23/d = 10, M = 1.0
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Figure A-41. Normal Force Coefficient Versus Angle of
Attack for iy/d = 2, %,/d = 6, M = 1.2
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Figure A-42. Normal Force Coefficient Versus Angle of
Attack for y/ = 3, 2a/d = 6, M = 1,2
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Figure A-43. Normal Force Coefficient Versus Angle of
Attack for &4n/d = 4, Lp/d = 6, M = 1.2
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Figure A-44. Normal Force Coefficient Versus Angle of
Attack for fy/d = 2, 2a/d = 10, M = 1.2
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Figure A-45. Normal Force Coefficient Versus Angle of
Attack for 4x/d = 3, RA/d =10, M = 1.2
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Figure A-49, ©Normal Force Coefficient Versus Angle of
Attack for &y/d = 4, fpa/d = 6, M = 1.5
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Figure A-50. Normal Force Coefficient Versus Angle of
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Figure A~51. Normal Force Coefficient Versus Angle of
Attack for fy/d = 2, Lp/d = 8, M = 1.5
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Figure A-52. Normal Force Coefficient Versus Angle
of Attack for 2pn/d = 4, Rp/d = 8, M = 1.5
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Figure A-54. Normal Force Coefficient Versus Angle of
Attack for iy/d = 3, f/d = 10, M = 1.5
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Figure A-57. Normal Force Coefficient Versus Angle of
Attack for &y/d = 3, &p/d = 6, M= 2.0
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Attack for fLy/d = 4, 2p/d = 6, M = 2.0
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Figure A-59. Normal Force Coefficient Versus Angle of
Attack for &n/d = 2, &p/d = 8, M = 2.0
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Figure A-60. Normal Force Coefficient Versus Angle of
Attack for 2y/d = 3, fp/d =8, M= 2.0
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Figure A-61. Normal Force Coefficient Versus Angle
of Attack for &y/d = 4, 5/d = 8, M = 2.0
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Figure A-62, Normal Force Coefficient Versus Angle of
Attack for in/d = 2, /4 = 10,M = 2.0
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Figure A-63. Normal Force Coefficient Versus Angle of
Attack for y/d = 3, 1p/d = 10, M = 2.0
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Figure A-64. Normal Force Coefficient Versus Angle of
Attack for 4N/d = 4, &p/d = 10, M = 2.0
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Figure A-65. Normal Force Coefficient Versus Angle of
Attack for &y/d = 2, 2pa/d = 6, M = 3.0
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Figure A-66. Normal Force Coefficient Versus Angle of
Attack for in/d = 3, fp/d = 6, M = 3.0
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Figure A-67, Normal Force Coefficient Versus Angle of
Attack for ipn/@ = 4, Lp/d = 6, M = 3.0
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Figure A-69. Normal Force Coefficient Versus Angle of
Attack for &n/d = 3, 2p/d = 8, M = 3.0
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Figure A-~70. Normal Force Coefficient Versus Angle of
Attack for iy/d = 4, &p/d = 8, M = 3.0
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Figure A-71. Normal Force Coefficient Versus Angle of
Attack for y/d = 2, 2p/d =10, M = 3.0
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Figure A-72, Normal Force Coefficient Versus Angle of
Attack for /4 = 3, Lp/d = 10, M = 3.0
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Figure A-73. Normal Force Coefficient Versus Angle of
Attack for 2y/d = 4, 2/d = 10, M = 3.0
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Figyre A-~-74. Normal Force Coefficient Versus Angle of
Attack for y/d = 2, p/d = 8, M = 4.0
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Figure A-75. WNormal Force Coefficient Versus Angle of
Attack for in/d = 3, %p/d = 8, M = 4.0
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Figure A-76. Normal Force Coefficient Versus Angle of
Attack for y/d = 4, fp/d = 8, M = 4.0
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Figure A-77. Normal Force Coefficient Versus Angle of
Attack for y/d = 2, fp/d = 10, M = 4.0
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Figure A-78. Normal Force Coefficient Versus Angle of
Attack for fiyn/d = 3, ip/d = 10, M = 4.0

122



20 -
N
Rg
181~ O -0 A
0 -.25 o
16 = O -50
A =75
= A
12 ©
CNB 1.O}- A
8 O
AN
sF
K
4}
©
2| 2 A
0 @ | | | | | | |

X— ANGLE OF ATTACK (DEG)

Figure A-79. Normal Force Coefficient Versus Angle of
Attack for fiy/d = 4, ip/a = 10, M = 4.0
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Figure A-80. Center of Pressure Versus Angle of Attack
for n/d = 2, a/d = 6, M = 0,6
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Figure A-81. Center of Pressure Versus Angle of Attack
for &4n/d = 3, Lp/d = 6, M = 0.6
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Figure A-82. Center of Pressure Versus Angle of Attack

for Ly/d = 4, 2p/d = 6, M = 0.6
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Figure A-83. Center of Pressure Versus Angle of Attack
for &y/d = 2, Rp/d = 10, M = 0.6
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Figure A-84. Center of Pressure Versus Angle of Attack
for &n/d = 3, 2p/d = 10, M = 0.6
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Figure A-85. Center of Pressure Versus Angle of Athack
for iy/d = 4, Lp/d = 10, M = 0.6
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Figure A-86. Center of Pressure Versus Angle of Attack

for &y/d = 2, 2,/d = 6, M = 0.8
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Figure A-87. Center of Pressure Versus Angle of Attack
for in/d = 3, p/d = 6, M= 0.8
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Figure A-88. Center of Pressure Versus Angle of Attack

for in/d = 4, Lp/d = 6, M = 0.8
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Figure A-89. Center of Pressure Versus Angle of Attack
for n/d = 2, fp/d = 10, M = 0.8
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Figure A-90.
for i4n/d = 3, 2a/d = 10, M = 0.8
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Figure A-91. Center of Pressure Versus Angle of Attack
for fy/d = 4, Lp/d = 10, M = 0.8
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Figure A-92. Center of Pressure Versus Angle of Attack

for n/d = 2, EA/d = 6, M= 1.0
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Figure A-93. Center of Pressure Versus Angle of Attack

for fy/d = 3, La/d =6, M= 1.0
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Figure A-94. Center of Pressure Versus Angle of Attack

for in/d = 4, f3/d = 6, M = 1.0
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Figure A~95. Center of Presure Versus Angle of Attack for
in/d = 2, a/d =10, M = 1.0
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Figure A-96. Center of Pressure Versus Angle of Attack

for &n/d = 3, a/d = 10, M = 1.0
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Figure A-97. Center of Pressure Versus Angle of Attack
for &n/d = 4, &p/d = 10, M = 1.0
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Figure A-98. Center of Pressure Versus Angle of Attack
for fy/d = 2, ip/d = 6, M = 1.2
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Figure A-99. Center of Pressure Versus Angle of Attack
for 4n/d = 3, Rp/d = 6, M = 1.2
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Figure A-100. Center of Pressure Versus Angle of Attack
for &y/d = 4, Rp/d =6, M = 1.2
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Figure A-101. Center of Pressure Versus Angle of Attack

for &y/d = 2, %p/d = 10, M = 1.2
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Figure A-102. Center of Pressure Versus Angle of Attack
for 4y/d = 3, a/d = 10, M = 1,2

146



>
o
Y
Pa¥ o
AVAS
= &

RN
Rp
2 I -+ O -0
O-25
$-50
N5
I T
(9] 1 ] | ] 1 | ] ]
-6 -4 -2 0 2 4 8 8 i0 12

S~ ANGLE OF ATTACK (DEG)

Figure A-103. Center of Pressure Versus Angle of Attack

for &y/d = 4, 2a/d = 10, M = 1.2
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Center of Pressure Versus Angle of Attack
for ty/d =2, p/d = 6, M = 1.5
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Figure A-105. Center of Pressure Versus Angle of Attack
for tny/d = 3, p/d = 6, M = 1.5
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Figure A-106.
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Center of Pressure Versus Angle of Attack
for 4y/d = 4, p/d = 6, M = 1.5
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Figure A-107. Center of Pressure Versus Angle of
Attack for inx/d = 2, %p/d =8, M = 1.5
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Figure A-108. Center of Pressure Versus Angle of Attack

for EN/d = 3, Lp/d = 8, M
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Figure A-109.
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Center of Pressure Versus Angle of Attack
for iN/d = 4, fp/d =8, M= 1.5
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Figure A-110.
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Center of Pressure Versus Angle of Attack
for in/d = 2, 2p/d = 10, M = 1.5
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Center of Pressure Versus Angle of Attack
for 4n/d = 3, #p/d = 10, M = 1.5
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Figure A-112.
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Center of Pressure Versus Angle of Attack
for &yn/d = 4, fp/d = 10, M = 1.5
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Figure A-~113.
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Center of Pressure Versus Angle of Attack
for An/d = 2, Lp/d =6, M = 2.0

157



6 | 1
5 |- 4
4 - -T- &&
5 88€
%@
I R
8o o
B8Boe ;08
R
0 -0
-25
O -50
I T A =75
0 i | | ] | i | |
-6 -4 -2 0 2 4 6 8 @] 12

Figure A-114,

A~ ANGLE OF ATTACK (DEG)

Center of Pressure Versus Angle of
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Figure A-115.
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Center of Pressure Versus Angle of Attack
for &n/d = 4, 2a/d 6, M = 2.0
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Figure A-116.
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Center of Pressure Versus Angle of Attack

for ny/d = 2,
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Center of Pressure Versus Angle of Attack
for QN/d = 3, R.A/d = 8, M=2.0
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Figure A-118. Center of Pressure Versus Angle of Attack
for Q;N/d = 4, Q.A/d =8, M= 2.0
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Center of Pressure Versus Angle of Attack
for RN/d = 2, RA/d = 10, M = 2.0
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Center of Pressure Versus Angle cof Attack
for &x/d = 3, &p/d = 10, M = 2.0
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Figure A-121.
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Center of Pressure Versus Angle of Attack

for &n/d = 4, Lp/d = 10, M =

2.0
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Figure A-122.

oC-ANGLE OF AT TACK (DEG)

Center cof Pressure Versus Angle of Attack
for &y/d = 2, 4p/d = 6, M = 3.0
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Figure A-123.

Center of Pressure Versus Angle of Attack
for Q.N/d = 3,

ta/d = 6, M = 3.0
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Figure A-124.
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Center of Pressure Versus Angle of Attack
for 4n/d = 4, Rp/d = 6, M = 3.0
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Center of Pressure Versus Angle of Attack
for QN/d = 2, JLA/d =8, M= 3.0
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Figure A-126. Center of Pressure Versus Angle of Attack
for &y/d = 3, fp/d = 8, M = 3.0
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Figure A-127.

o<~ ANGLE OF ATTACK (DEG)

Center of Pressure Versus Angle of Attack
for in/d = 4, %p/d = 8, M = 3.0
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Figure A-129. Center of Pressure Versus Angle of Attack for
fg/d = 3, 2a/d = 10, M = 3.0
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Figure A-130.

<X —ANGLE OF ATTACK (DEG)

Center of Pressure Versus Angle of Attack
for &n/d = 4, RA/d = 10, M = 3.0
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Figure A-131. Center of Pressure Versus Angle of Attack

for RN/d = 2, %p/d = 8, M= 4.0
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Figure A-132.

o<—ANGLE OF ATTACK (DEG)

Center of Pressure Versus Angle of Attack
for Q’N/d = 3, ErA/d = 8, M= 4.0
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Figure A-133. Center of Pressure Versus Angle of Attack
for tn/d = 4, lA/d =8, M= 4.0
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Figure A-134. Center of Pressure Versus Angle of Attack for

in/d = 2, 2,/d = 10, M = 4.0
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Figure A-135. Center of Pressure Versus Angle of Attack for
in/d = 3, &p/d = 10, M = 4.0
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Figure A-136.
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Center of Pressure Versus Angle of Attack
for y/d = 4, Lp/d = 10, M = 4.0
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