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Substituting,

B = —(mg + mg; — f,) (9-24)
and C = —(m, + f,mg) (9-25)
we get A2+ BAi+C)=0 (9-26)
or by =2 ”;Bz —4¢ (9-27)
and | =0 (9-28)

The roots 2, and 2,, which are the only roots of interest in this analysis,
may be expressed in the complex form

)"1,2 == _51 ‘_l: 7:7;1’2 (9'29)

The period P and time to damp to half amplitude 7', (see Fig. 9-3)
may be calculated by the following equations:

)
P = aldd sec (9-30)
n
:)
T, = %—_- sec (9-31)

It is apparent from Eq. (9-31) that the time to damp to half ampli-
tude is dependent upon the value of £ or B in Eq. (9-24). Since the
value of B is primarily a function
of the damping characteristics of

6 A % ?he. airframe. (i.e., ll[é. and M),
7 < s m—s it is appropriate to discuss here
k = 1 the source and magnitude of

l : ' \9\ these damping terms before going
' into the three-degree-of-freedom
analysis.

M;. Thisisadamping moment
which arises from the pitching
velocity 6 of the missile and is commonly known as the damping in
pitch. From Fig. 9-4, it is seen that, as a result of missile rotation
about the center of gravity, an angle of attack is induced at the tail (or
any other aerodynamic component, i.e.; nose, canard, or wing). The
resultant force and hence moment is in a direction which opposes the
rotation of the missile; hence the term damping arises and has a nega-
tive sign. In most missile configurations, the tail surfaces contribute

/(Mg)r

= Xe-1

Fic. 9-4. Tail contribution to damp-
ing in pitch.
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the largest portion to the complete modeldamping. Themagnitude
of this damping in pitch may be determined as follows:

AMy = —Ngegp = —(Cx)rlKrm + Kpn] BerdSrrr (9-32)

where K ;5 and Kp(r, are the body-tail interference factors discussed
in Chap. 5.

Tt has been assumed in Eq. (9-32) that the damping due to the tail
surfaces includes the body-carry-over normal force, i.e., (Cx)rEpr)
and that the center of pressure of this part of the normal force is the
same as that on the tail surfaces. For preliminary-design purposes,
this assumption appears to be adequate, particularly for configurations
with tail surfaces located near or at the end of the body (i.e., little or no
afterbody). This assumption is used throughout the entire derivation
of the complete model damping in piteh. In this derivation a canard-
control designisused. The error introduced by the above assumption
is negligible since the canard contribution to damping is of secondary
importance. :

Dividing Eq. (9-32) by ¢S.d. we get

AC'mT = —(Cy Vol Krm T Ky A’-T )&@) (9-33)
« S, \d/r

The induced angle of attack due to pitching velocity 6 is

Aoy = tan™? Yep (9-34)

/

or, for small values of Aug,

Nog I (9-35)
V
Substituting Eq. (9-35) into (9-33), we get
: - . 6 S, xn?
AC,, = —(Cx)rlBrm + Kpm) 7 -S—T —5— (9-36)
Defining i
C
Cm' = ___a__m___ (9-37)
o 9(0d/2T)
we get
- 7T > lgT x‘ 2
Cong = —2(Cy B rm + Kyl \5 (9-38)
° S d T

T

It is apparent from Eq. (9-38) that the tail contribution to damping in
pitch varies directly with the tail area and as the square of the tail
length. Hence it is much more effective to increase the length of the
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tail than to increase the tail area to obtain increased damping. More-
over, tail area has the disadvantage of increased weight and drag.

The complete model damping in pitch is the sum of the contributions

from the nose, canard, and tail surfaces and may be expressed as

. . .
(Crglom = —{2(01\',)3(3) + 2(Cn )oK om) + KB(C)] —"(‘)

B S, \d/¢

2
+ 2(C0x )7l K 7 + Kpim)] —T(g}‘) ; (9-39)
S_\d/r

T

M

«- Thisdamping term arises because of the time lag in the canard
downwash getting to the tail surfaces (in the case of a wing- or tail-
control design, the lag in the wing downwash getting to the tail surfaces
is used). Since ap = « — e and € = (de/da)a,

de(a LY ) (9-40)
do dt

where At is the time it takes the air to go from the canard to the tail,
ie., At = zo_p/V. Hence the damping moment due to this down-
wash lag is

Mp = —(Cn)rlKrm T KEpr)lergSpzr (9-41)
Substituting Eq. (9-40) into Eq. (9-41), we get
d do 2o
Mp = —(Cx)plEpp + KB(T)]|:°C - —€<°ﬁ — == T)JQSTxT (9-42)
@ do. dt 'V

Dividing Eq. (9-42) by ¢S,d, we get
- . o p) |Spx
Cmg = ——(C./\"a)T[KT(B) + AB(T)][“ (0‘ -« CV ):I ‘f ET (9-43)
o,

Defining ' Cp. = ——2— (9-43a)
* 0(ad/2V)

Spxp  Zor

9-44
5. 4% d4 (9-44)

we get Cmy = —2(Cx )7l E 75 + Kpir] ==
Equation (9-44) is applicable for a canard-control design. For a wing-
control design (see Fig. 2-2) where the wing is located at or near the
center of gravity of the missile, the following simplification may be
made since the length z,_, is approximately equal to .

; S, (x\?
Omy = —2(Cn )7l K 1) + Kpi1)] —T(—) € (9-45)
~ S_\d/r

T




Y O RSO

DYNAMIC STABILITY 139

It is apparent that C,,; is of secondary importance since the value of
e isgenerallylow. Thisis particularly true for the case of the canard-
control design. ’

Another damping which is similar in nature to C,; is C,; The
latter is generally negligible because of the very low value of e;as shown
in Eq. (9-46) below for the canard-control design.

—2(Op )l K rm + Kpim) Sp2r ey 2= (9-46)
¢ S, d d

A note of caution is injected here that, in most airplane applications,
these dynamic rotary derivatives are expressed as 9( )/0(6¢[2V ) where
¢ is the aerodynamic chord of the wing. However, in most missile
analysis, these derivations are expressed as 9( )/9(6d/2V) and hence
the added factor of (d/2V) must appear in all the damping coefficients
such as those shown in Eq. (5-1) and subsequent equations where these
damping coefficients occur.

The values of these aerodynamic damping or rotary derivatives C,;,
C,.; and O, ;may be readily determined from the staticderivatives,i.e.,
C s Cmas €tC., Obtained from wind-tunnel-test results. The method of
calculation is presented in Appendix G. A summary of the pitch-
damping derivatives of complete airplane and missile configurations as
measured in flight at transonic and supersonic speeds is presented in
ref. 7.

2. Three Degrees of Freedom. Inthe analysis of longitudinal
dynamics with three degrees of freedom, the equation relating the
change in missile forward speed, i.e., ZF, = m(U) from Eq. (9-10), is
used in addition to Egs. (9-17)and (9-18). The characteristicequation
for this case may be solved by the same procedure used previously for
the two-degree-of-freedom analysis. The resultant characteristic
equation is the familiar quartic as shown below.

C

mg =

AM + BB+ Ci+ DA+ E=0 (9-47)
The coefficients 4, B, . .. are a function of the aerodynamic deriva-

tives, mass, and moment of inertia of the missile. Ifall the coefficients
of 2 are positive, no positive real roots exist and hence no pure diver-
gence will be exhibited in the dynamic motion of the missile. When
the combination of coefficients (BCD — AD* — B%E), known as
Routh’s discriminant,® is positive, the motion is stable. A zero value
for Routh’s discriminant indicates neutral stability whereas a nega-
tive value indicates a divergent (undamped) oscillation for one of the
modes. If any of the coefficients is negative, a pure divergent or
increasing oscillatory motion in one of the modes is present.
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In general it is of interest to determine the roots of the characteris--

tic equation in order that the periods of the motion and the damping
characteristics may be determined. Of the many available methods
of solution for the roots, the method by Lin? appears to be the easiest,.
In this method the form of one of the quadratics is assumed and the
second quadratic is determined by division as indicated below.

ML BBLORLDA+E =0 (9-48)
where B’ = B[4,C’" = C/A, etc. The first trial quadratic is assumed
to be 7

, D' . E!
A+ o A+ o
and is used as a divisor as shown below:
A2 4 a; A + by
2P g)z‘l + BB+ O+ DA+ E
' ] x X X
X X D'2
X x x
R, R, E
X x X
X x (remainder)

In the division process shown above, if there is a remainder, the first
trial quadratic assumed, A2 4+ (D'/C")A + (E'[C’),is not a factor of the
quartic. In this case, a second trial quadratic must be assumed. It
is of the following form: . R, z
A=A 4 =

R, 1
and isderived from theresult of the first division previously shown. If
the frequencies of the two oscillatory modes are considerably different
(such is the case in the longitudinal dynamic motions) this method will
converge on the second or third try. This is illustrated by a sample
calculation shown in Table 9-1 for the following quartic:

A% L 3.052% 4+ 5.124% + 0.04122 - 0.0205 = 0

Before proceeding with Lin’s method of determining the roots of the
quartic, a quick check should be performed to determine qualitatively
the nature of the dynamic motion. Since all the coefficients are posi-
tive, no divergent motion is present. The value of Routh’s discrimi-
nant is calculated to be

(3.05)(5.12)(0.0412) — (1)(0.0412)2 — (3.05)%(0.0205) > 0

N - )
. ,ﬁs‘&mue
-
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TaBLE 9-1. SAMPLE QUARTIC SOLUTION BY Lin’s METHOD?

Sample quartic: 24 + 3.05A3 + 5.1242 + 0.04122 + 0.0205 =0

0.0412 0.0205

First trial quadratic: A2 + ———— _ 72 4 0.008054 -+ 0.00401
irst trial quadratic + 512 512 + +

22 4+ 3.044 + 5.10

2 + 0.008052 + 0.00401 Vit + 3.0543 + 5.124%2 + 0. 04121 + 0.0205
32 + 0.0143 + 0.0022

3.0473 + 5.1222 + 0.04124
3.0473 + 0.0242 + 0.01224

5.1072 + 0.02904 + 0.0205
5.1022 + 0.04104 + 0.0205

— 0.01204 + 0

)

0.02904  0.0205 -
Second trial quadratic: A% + + = 2 4+ 0.005691 + 0.00402

5.10 5.10
- 72 + 3.044 + 5.10
4 0.005691 + 0.00402 © A% - 3.054% + 5. 1242 -+ 0.041224 + 0.0205
A4 4 0.0143 4 0.004%
3.0443 + 5.1242 + 0.04122
3.0443 + 0.0222 + 0.01224
5.1042 + 0.02904 + 0.0205
5.1042 - 0.02904 + 0.0205

0 0
. (A2 + 0.005694 + 0.00402)(32 + 3.044 + 5.10) =0
—0.00569 + V/(0.00569)% — 4(0.00402
Ly = 569 = v ( ,20 ) ( ) — —0.00285 = 0.063j
D7 0.693
Py = = ——— = 243 sec
2 = 0.063 2 7 0.00285
—3.04 + V(3.04)2 — 4(5.10
haa = = VI : )P — 4610 159 2167
2 . 0.693 _
Py, = T67 = 3.76 sec, (T14)3,4 = 153 = 0.456 sec

Since the value of Routh’s discriminant is positive and greater than

zero, a stable motion is anticipated.
The results derived from Table 9-1 indicate the roots for the two

mode :
odes 7y = —0.00285 L 0.063]

fyq= —152 + 167

where j = v/ —1, an imaginary number. - The period and time to
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- damp to half amplitude for the two modes [using Eqgs. (9-30) and (9-31)]
are 2

P p—
1277 0.063

(T); 0 = 693 = 243 sec

0.00285

2
P, , = —— = 3.76 sec
347 167

’

= 99.6 sec

0.693
T, = —— = (0.456 sec
(T'15)3,4 152

From the above results, it is seen that the longitudinal dynamic motion
in three degrees of freedom consists of two distinct and separate modes:
a long-period oscillation which is lightly damped and a very-short-
period heavily damped oscillation. The former mode, called the
phugoid, is of interest on cruise-type missiles whereas the short-period
motion is usually more important on short-range missiles such as an
AAM.

9-4. CLASSICAL SOLUTION—LATERAL DYNAMICS

The dynamic motions of a monowing missile about its lateral and
directional (x and z) axes may be conveniently analyzed by assuming a
three-degree-of-freedom study. The equations involved are [from

Eq. (9-10 .
q ] 2F,=m(V + UR) 2 side force
*M,=I1,R—-1I,P 3 yawing moment (9-49)
SM,=IP—1I,R % rolling moment

In the above analysis, constant forward speed and no pitching motions
are assumed. It is emphasized, however, that in most dynamic
analysis of this kind, careful considerations must be given to the inertia
cross-coupling effects whenever pitching motions are present. These
cross-coupling effects arise from the fact that the roll moment of inertia
of a missile is generally small relative to the pitch or yaw moments of

inertia, i.e., (I, — I,) and (I, — I,) in Eq. (9-10) are large. In such

cases, a more complete analysis involving five or six degrees of freedom
must be conducted on automatic computing equipment.

Substituting g~ V/U, V = UB, R = v, and P = ¢ (see Fig. 9-5),
Eq. (9-49) becomes - SF. = mUGp + f)

M, =Lj— L& (9-50)
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Equation (9-50) may be solved by the method previously described for
the longitudinal case. _ )

In the analysis of the flight dynamics of the missile, the dynamics of
the missile airframe alone are only part of the over-all system. The
response of the control and autopilot
systems must be included in order to
determine the response of the ‘over-all
missile system. The study of the com-
plete missile dynamics is most conven-
iently made with the Laplace-transform
and transfer-function technique dis-
cussed in the next section.

X

9.5. TRANSFER FUNCTION

1. Derivation. A transfer function
is the ratio of output to input of a
linear system and is expressed in the
Laplace transform variable s. The La-
place transform is a mathematical tech-
nique involving the use of the transform
variable s, which is a complex variable
of the form ¢ + jw, where ¢ is the real __
part and jo is the imaginary part (j = 4/ —1). For example,
suppose the angle 6 varies as a function of time and is expressed as
6(t), The Laplace transform of this functionis 6(s)or 8(s) = £ 6(¢),
where % denotes application of the transform integral. The Laplace
transform of a function of the time Zf(f) is of the following form:

Fic. 9-5. Nomenclature for
lateral-directional dynamic
analysis.

3’f(t}) = F(s) =Jwe's‘f(t) dt.
0

where F(s) is a function of the transform variable s.
The transfer functions of the missile airframe without control and
autopilot are usually expressed as the ratio of the rate of change of angle

~ of attack, flight-path angle, etc., as an output to control-surface

deflection 6. For example,
Ve K
6 %4 2lws + w?

is the aerodynamic transfer function of the second order which relates
the rate of change of flight-path angle to control-surface deflection.

(9-51)
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In most preliminary-design studies, a two-degree-of-freedom analysis
is adequate in the evaluation of the response characteristics of the air-
frame in conjunction with those of the autopilot and control system
for pitch and/or yaw motions for the cruciform design. For the
Jateral-directional motions of a monowing design, a three-degree-of-
freedom analysis involving Eq. (9-50) may be used. In each case, a
constant forward speed is assumed regardless of the actual velocity

profile of the missile. Linear aerodynamics are also assumed in these

analyses.
In the development of the transfer functions for the longitudinal

motions, the gravity term W cos 6 may be conveniently omitted since
it represents an initial input or condition which can be biased (i.e., by
fixed control-surface deflection). Since only the disturbed or pertur-
bation motions are of interest, the initial conditions may be assumed
to be zero. However, where flight kinematics (i.e., missile displace-
ment relative to the inertial axes) are involved, the gravity terms must
be accounted for. The equations of motion involved in the derivation
of the transfer functions for the longitudinal case are

1§ =3SM,= Mo + M6 + M + Mo + M5 (9-52)
mVy = LF = N,a + N6 (9-53)
=0ty (9-54)

where V is used in lieu of U to denote missile forward velocity, and m
is the mass of the missile and is assumed to be a constant or

1 =0, »qSd+ oméang +0,,0 q—f—l‘fz + 0,0 ‘*’;‘fz + 0,50 9%2 (9-55)
mVy = Cy g8 + Cn,098 (9-56)

Dividing Eq. (9-52) by I, and Eq. (9-53) by mV,
6 = myo + myd + méé + mya + m‘;é (9-5"7)
7= far + f50 | (9-58)

where m, = M,/I,, . ... etc.
fo =N /mV, ... ete.

Rearranging and letting s = d/dt and s? = d*/d¢?, Egs. (9-57), (9-58),
and (9-54) become

Wa+  (—Do+ "(My=0 (9-59)
(m, + smya + (smy — %0+ (0)y = —(ms + mgs)d  (9-60)
(fadx + (000 + (—9)y = (=15)0. (9-61)
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Solving Egs. (9-59) through (9-61) by determinants, we get

1 —1 0
m, + sm, s(msg — §) —(ms + m;s)0
Ja 0 —f0
1 —1 1
m, + sm; s(ms — §) 0
fa 0 —s

_ [—sfs(mg — ) + falms + mys) — fs(my + $m3)10 (9«62‘)
—s¥my — ) — $fy(my — 8) — s(my + sm,)

The transfer function y/0 is thus

Defining

7 =
0

e

f552 + (f,mz — fsms — fsm;)s + (foms — Fsmq)

8[82 - (mo - fa + m&)s - (ma —L—famé)]

A = [s2 — (mg — fo + m3)s — (mg = fumy)]

_ fasz + (fgms — fsmg — fsma)s + (f,ms — fsm,)

sA

Since y = sy, the transfer function /6 becomes

Similarly,

or

Qs 2.

6 =

18 (Lms — fyma — Syma)s + (fumg = Jymo)

A
1 0 1
(my, + smg)  —(mg 1 M;8) 0
fa —f59 —s
A

s(mg +mzs) — fs(m, + smy) + fo(ms + mgs)

sA

Q : ms® + (my — fsm; + foms)s + (fams “fa’m;)

0

sA

(9-66)

(9-67)

(9-68)
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and
_6_ més + f&m +fam6 § + fam6 fama) (9-69)
) A :
0 —1 1
(ms + mgs) s(mg—s) O
o = —f350 0 . [s(mg 4 mss) + fss(ms — $)]0
sA sA
(9-70)
or *_ — f5)s + (ms + fsmg) (9-71)
) A
and & _ (ms — Jo)s" + (ms & Jyma)s (9-72)
%) A
Other transfer functions may be derived as follows:
s _ « % é — [(ms _fé)s + (m; +f6mé)]s (9_73)
d Y f682 -+ (famii -fbme —fém&)s + (famé —féma)
_x 9 — fo)s + (ms + fymi)ls (974)
6 6 mys+ (m f(,m + fams)s + (fams — fsmy,)
—_ _'}f % é :fész + (fam5 —fém0 _fém&)s + (famé —fémtz) (9_75)
(3 -:0 mész + (mé _—f&ma' + famé)s + (fa'm'é . féma)

For a highly maneuverable missile wheren > 1, the following approxi-
mate transfer function of n/é may be expressed as

ISP

Let

gé g A

@ =[5
b = fymg + fomy, — fom;

c :famé _'féma

d = fsmy + ms

e = m; — f, + m4

h = m, + myf,

P = fsmy, — my — f,ms
l = my

(b — 1) =m, + fsmi
(0 —a)=ms;—[s

_Th Pl s S — fnio + Ums =] o7

(9-77)

R

N e PA s aa
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The above transfer functions become

as? — bs + ¢

Y
L = : -7
& s(s®—es—h) (9-78)
Y a_s_z_:ﬁi_c_ (9-79)
0 (s2—es—h)
Q___ Is2 —is +c¢ (9-80)
8 s(s® — es —h)
0 Is"—is+c (9-81)
5 (s2—es—h)
o _(1—a)s + (b= i) 0.8
é (s* — es — h)
& _ (1= a)s® -+ (b — 1)s (9-83)
d (s2 — es — h)
@ __ & w é — s{d — a)s + (b — )] (9-84)
y 6 y as® — bs + ¢
6 o 6 Is® — s+ ¢

2
y_v 0 _as —bsre (9-86)
8 &6 6 If—is+c
n_ ¥y _ Z[M] ' (9-87)
5§ gb gL(s®—es—h)

The aerodynamic transfer function is usually expressed 1= the fol-
lowing general form, i.e.,
K

Z = 0-88
5 s+ 2la)s.—i— w? ( )

where K/w? is the aerodynamic static “gain” of the system and (s* +
2ws + ?) is the characteristic equation. In this case, w = vV —h
and is defined as the undamped natural frequency of the missile. The
term { equal to (—e/2w) is the damping constant of the (airframe)
system and is defined as the ratio of the actual damping of the airframe
to critical damping. The value of the critical damping for a second-
order linear.system, such as that expressed by Eq. (9-88),isone. By -
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solving for the roots in the characteristic equation, the period and time
to damp to half amplitude of the dynamic motion are determined as
shown below.

— 2w + V4lw? — 40?

510 = 5 (9-89)
or 819 =—Lw 4+ =¥l — ¥) = (£ + in) (9-90)
[see Eq. (9-29)] |
P,=2T— T e (9-91)
1 el @
(Ty)yp=Imo=228 (9-92)

£ lo

The transfer function for rolling motion in a single degree of freedom
is readily derived as follows: ' ‘

I.p =L p+ Lsd

=0, pT= 1+ 0, 8¢5d (9-93)
p=1p+10 (9-94) i
' (
where [ = Zs and ;= "_?ié
I 7
z ?’
Let . S = (i.
dt
then ’ sp — 1,p =10 1(9-95)
or P _ b (9-96)
0 s—1

2. Application. The transfer functions derived above may be
used to determine the dynamic-response characteristics of the air-
frame (i.e., open loop) together with those associated .with the auto-
~ pilot and control system. Several methods which are available and Pooenr
used by the servomechanical engineers include the Nyquist technique NS
and the root-locus method. These methods are extensively discussed o1
in many published works (i.e., refs. 10 to 1 4). For the purpose of this

WWW.ASEC.ir 1
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volume, a simple example is worked up to illustrate the usefulness of
the transfer function in a frequency-response study.

The illustrative problem involves the determination of the proper
time lag of the control system in order to prevent the missile from
attaining an excessively high dynamic overshoot whenever the
frequency of the sinusoidal input approaches the undamped natural
frequency (denoted as w, in lieu of w used previously) of the missile.
In this example, a typical canard configuration is used in order to
simplify the calculation. Since the values of Cy,, C,.;, and C,; for
this type of design are relatively low, they are assumed to be zero.
The resultant transfer function of «/d is simply

Mg

*_ - . (9-97)
d § (mG - fa)s - (ma - méfa)
Tor the condition investigated,
z 500 (9-98)

5 & 1 8.00s -+ 1,600

Substituting jo = s where j = v/ —1, an imaginary number, this
transfer function can be rewritten as

® 300 _ (9-99)
0 (—w?+ 1,600 + 8.00jw)
or o« _ 300 (—w?* + 1,600) — 8.00jo
0 (——w2 4+ 1,600 + 8.00jw) (—w2 + 1,600) — 8.00jw
(real part) (imaginary part)
— 2 480, — 2 j
_ (—300w* 4 480,000) ,400)w (9-994)

(—w? + 1,600)% & (8.000)"

Since the amplitude is equal to the squareroot of the sum of the squares
of the real and imaginary parts, i.e., 4 = Vr? + 12, we get

(280002 1+ 480,000)2 + (2,4000)°

A=
(—w? + 1,600)% + (8.00m)?

(9-100)

Substituting various values of the input frequency o, we get the
following amplitude or dynamic overshoot ratio A4, where 4 is the
amplitude at w; = 0 radians/sec. -
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w; w;/w, , A A|A, = overshoot ratio
0 0 1 0.183 = 4, 1.00
10 0.250 0.200 1.09
20 : 0.500 0.248 , 1.32
30 0.750 0.405 2.15
37 0.925 0.802 4.27
38 0.950 . 0.878 4.67
39 0.975 0.932 . 4.96
40 1.000 0.938 4.99
41 '1.005 0.888 : 4.72
42 1.050 - 0.802 4.27
45: 1.125 0.539 2.87
50 1.25 0.305 1.62

In the above example, the value of a/d (i.e., trim angle of attack_
per degree of control deflection) for the static condition is 0.183 and
is obtained from w, = 0 condition.
This value is often referred to as the
static gain of the system. The above
results, plotted in Fig. 9-6, indicate
that, as the frequency of the input
approaches the undamped natural
ANy frequency of the missile, the dynamic
gain or overshoot ratio 4/4, increases
considerably since the damping con-
stant { for the sample configuration

Fic. 9-6. Frequency-response g oy [je.,'{ = 0.09 from Egs. (9-88)
characteristics of airframe and .
control svstern. and (9-98)). Since the above results
’ ) do not include the time lag in the
servo-control system, the above values of the amplitude ratio are
valid for the air-frame loop only.

The effect of the servo loop on the combined airframe-control-sys-
tem (see Fig. 9-6) response characteristics must be taken into account.
This may be done conveniently by assuming that the servo has the
response characteristics of a first-order linear system whose transfer
function of §,/8; may be expressed as follows: ' ‘

T
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where T is a time constant (i.e., time required for &, to reach 63 per
cent of its final value). Substituting s = jw, Eq. (9-101) becomes

b 1 1 ’X’l—Ts .
5, 1+4+Ts 14+Ts 1-—-Ts

' )

' 1 1 —jTw 1 —jTw

= — X = . (9-102)
144Ts 1 —jTow 1+ T?0°

The value of the amplitude ratio for the control system 4, may be cal-
culated by the same method used previously.

- 1+ (To)} 1+ T 1
g AT E YA TR V1Tt 1 g
A 1+ T?w? 1+ T*0® 1+ T%0?
\ i
| | A, i A, (Aldg)A4) (A]A)4,)
w, w;lw,: for ' for - for | for
| (T ='0.04) | (T = 0.06) (T =0.04) (T = 0.06)
| | '

0'0 1 1 _ 1.000 | 1.000
10 1 0.250 0.929 0.857 - 1.014 : 0.936
20+ 0.500 0.780 .  0.640 1.029 ‘ 0.845
30 { 0.750 0640 ' 0.486 | = 1.375 ; 1.045
37 0.925‘ 0.565 ? 0.4‘13 2.410 : 1.762
381 0.950  0.555 0.404 | 2.590 1.885
39 1 0.975 0.545 | 0.397 2.705 1.970
40 . 1.000 0.530 . 0.384 2.640 1.915
4111005 0526 = 0378 2.480 1.783
42 | 1.050 . 0.517 | 0.369° 2.208 1.575
45 1.125 0.488 |  0.348 1.400 0.999
50 | 1.250 0.448 | 0.316 0.725 | 0.512

The transfer function of «/d for the combined servo-airframe open
loop may expressed as ‘
« _ O % 1 s (9-104)
6, 0, by. 1+ Tss®— (my—fJ)s— (my—myf,)

o

Hence it is apparent that the servo lag T' attenuates the dynamic over-
shoot by the factor 4,. These effects are shown in Fig. 9-6. From
Fig. 9-6, the time lag of the servo may be selected to prevent the mis-
sile from exceeding the designed dynamic overshoot under the most

_»'Mz_ 1
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severe input condition.
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I PSSRy

Assume that the structural design overshoot

ratio is 2.0; it is apparent from Fig. 9-6 that the desired time lag of the .
control system must.be approximately 0.06 sec. 3_

SYMBOLS

KB(C)’ ‘KB(T) :

KC(B)= ‘AT(B)

&
Zf(t)
M

N

P

P,Q. R

amplitude

amplitude ratio for the control system

amplitude at w; = 0

overshoot ratio

general constants in Egs. (9-1),(9-2), and (9-47)
constants in Eqgs. (9-24) and (9-25)

general constants in Eq. (9-48)

rolling-moment coefficient

pitching-moment coefficient

normal-force coefficient

force )

function of the transform variable s

moment of inertia
see Symbols in Chap.
see Symbols in Chap.
rolling moment

v Ot

- Laplace transform of a function of time F(s)

moment

normal force

period of oscillation

angular velocities about the X, Y, Z axes (see
Fig. 9-2)

reference area ‘

time constant of first-order control system [see Eq.
(9-101)] |

time to damp to half amplitude

velocities along the X, Y, Z axes (see Fig. 9-2)
weight of missile ,

constants defined in Eq. (9-77), also in Fig. 9-3
constants defined in Eq. (9-4)

body diameter

N/mV [see Eq. (9-58)]

moments of momentum

jmaginary number in the complex form

an imaginary number, V. —1

WWw ASEC.ir L
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imaginary part of a complex variable
Z /1, [see Eq. (9-94)]

mass, also M/I, [see Eq. (9-57)]

load factor

rolling velocity, also operator to denote
differentiation with respect to time ,
roots of the characteristic equation [see Eq. (9-3)]
dynamic pressure

Laplace operator

time

time it takes the air to go from the canard to the
tail [see Eq. (9-40)]

moment arm .

distance between canard and tail surfaces (see
Fig. 9-4) '
angle of attack

angle of sideslip

flight-path angle

denominator as defined in Eq. (9-64)
control-surface deflection

downwash angle

damping constant defined as the ratio of the ac ual
damping of the airframe to critical dampi g |sce
Eq. (9-88)]

term used in Egs. (9-29), (9-30), and (9-91)
missile attitude (¢ + )

roots of the characteristic equation [see Eq. (9-27)]
term used in Egs. (9-29), (9-31), and (9-92)

real part of a complex variable (see Sec. 9-5)

roll (or bank) angle

yvaw angle

undamped natural frequency of missile

input frequency

body

canard

tail

about the X, Y, Z axes
body frontal area (i.e., S,)
initial condition
conditions other than zero
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CHAPTER 10

AIR LOADS

10-1. INTRODUCTION

In most preliminary analyses, one is required to estimate the air
loads on the missile and its components in order for the structural and
stress engineers to ‘‘rough out’’ the detailed design of the various ex-
ternal components such as skin gauge on the nose and body or wing
thickness. Since detailed design criteria are generally not specified at

- this stage of design, one must examine several conditions of flight

which include both trim and dynamic flight conditions. These missile

flight conditions may be examined by the methods discussed previ-

ously, particularly in Chap. 5and 9. In addition to the air loads, the

aerodynamic hinge moments are of interest for the determination of
the type and capacity of the servo system for actuating the aerody-

namic movable surfaces. Finally, thermal loading or aerodynamic
heating must be estimated in order to determine the optimum type of
material and construction for the airframe. This chapter is devoted

to a discussion of some of the approaches and methods of analysis

associated with the general aerodynamic sir loads, load distribution,

and heating problems. '

10-2. DESIGN CRITERIA

A missile is often designed to operate over a wide range of speed,
altitude, and dynamic pressure ¢ conditions. Heance care must be ex-
ercised in selecting the correct or critical design loading condition or
conditions for stress analyses. Since the aerodynamic loading on the
missile is expressed as .

N = Cy 0qS = Cy_atsyp S (10-1)

it is necessary to examine not only the individual terms C' Ny O M, etc.,
155
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in Eq. (10-1) but also the product of these terms. Each of these terms
is discussed below. :

1. '_C’Na.' As discussed in Chap. 3, the normal-force-curve slope is a
function of Mach number. In the supersonic case Cy_varies approxi-
mately inversely as v/M? — 1. Henceitisevident thatthe maximum
value of Oy _ encountered in flight does not necessarily result in maxi-
mum aerodynamic loading.

2. «. In general, the maximum value of angle of attack including
dynamic overshoot, gusts, etc., will result in the critical loading condi-
tion provided the product of Cy_g is a maximum.

3. p. Theeffect of decreasing static pressure or increasing altitude
to decrease the aerodynamic loading on a missile. However, for
‘ medium- or long-range ballistic mis-

i o
[¢2]

A siles, the effect of increasing altitude
§ V/E':Q_C'_T,Y\ -is generally overcompensated by
2 : the Mach-number increase such that
" the ¢ is a maximum at the higher
S altitude (see Fig. 10-1) and hence
= results in maximum loading at
< t— ' altitude. For other types of mis-
Fre. 10-1. Altitude, velocity, and  siles, the lowest operating altitude
dynamic pressure vs. time. generally results in the maximum
| loading. :

4. M. The effect of the Mach number is twofold: it decreases the
value of C I‘;a as previously mentioned and increases the dynamic pres-
sure. Since the latter effect is more pronounced in that ¢ varies as the
Mach number squared, the general net effect of the Mach number is to
increase the aerodynamic loading on the missile. An exception to
this case may be one in which the control system is inadequate in over-
coming the aerodynamic hinge moment of the control surfaces. In
such a case, the restricted control deflection results in a lower trim or
dynamic overshoot « and hence may result in a lower loading condi-
tion at the higher operating Mach numbers. The typeof servo used in
this case is commonly called the “‘proportional-torque’ servo which
“proportions” the loading of the missile as a function of the aerody-
namic hinge moments on the control surfaces. ‘ )

5. Dynamic pressure g. In the majority of the cases, maximum ¢
results in the maximum air loads. In a very few cases, maximum
loading may occur at somewhat lower values of g. One such may be
the case in which the maximum speed of the missile is slightly super-
sonic,where Cy may be significantly reduced. In sucha case the high

iy

e
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subsonic speed with its attendant rise in Cy_may result in maximum
loading even though maximum ¢ is not yet attained.

From the abave discussion, it is apparent that careful analys1s must
be made of the various factors involved before the maximum aero-
dynamic loading condition can be determined. Now that the effects-
of Mach number, altitude, ¢, etc., have been discussed the various
missile flight attitudes (i.e., trim and out-of-trim conditions) must be

examined next. These flight attitudes are described below for two

common types of design: (1) forward canard or wing control and (2)
rear or tail control.

1. Forward Control. The flight attitudes for this type of
design are shown in Fig. 10-2 and
are discussed below.

A. This is the condition which
exists immediately after the for-
ward movable control surfaces
are-deflected hard over onto their
stops. Actually this condition
rarely exists since it takes a finite
time to reach maximum deflec-
tion, at which time some nominal
angle of attack would have
been developed. However, assum-
ing o =0, maximum positive g, 10.-2. Flight conditions for air-
pitching acceleration occurs at loads analysis—forward control.
point 4.

B. This is the trimmed condition of the missile, since C,
Generally, this condition does not result in maximum design loads

C. This is the maximum dynamic overshoot condition which re-
sultsin maximum aerodynamicloads on the body and control (movable
wings or canards) surfaces.” The amount of overshoot depends pri-
marily on the amount of aerodynamic damping and control-surface
response characteristics as discussed in Chap.9. Forlowaerodynamic
damping and very fast control-surface (rates) responses, this overshoot
can be many times that of the trimmed value B. In a given design,
the response and overshoot loading must often be compromised.

D. Thisis a transient condition in which the forward movable con-
trol surfaces are returned to neutral at the peak of the dynamic over-
shoot condition. This condition may often result in maximum tail-
loads since the angle of the tail is at a maximum because of the absence
of downwash. ‘
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E. Again thisis a transient condition similar to A,C,and D. This
condition obviouslyresults in maximum negative pitching acceleration.

2. Rear Control. The flight attitudes for a rear-control design
are shown in Fig. 10-3 and are similar to those shown in Fig. 10-2 for
the forward-control design. However, because of the negative value
of C,,, as pointed out in Sec. 5-8 the corresponding points 41, BY, C1,
etc., on the Cy vs. « curves are located differently from those of Fig.
10-2.

A. Same as for the forward-control design.

B. Same as for the forward-control design.
C. This is the maximum

¢  dynamic overshoot condition

* which results in maximum loads

£ on the body and forward fixed
(wing) aerodynamic surfaces.

D. This is a transient con-

dition in which the movable tail-

control surfaces are returned to

+ n " neutral at the peak of the over-

Cy Cm shoot condition. Large tail

/ load is generally associated with

B this condition.

E. This transient condition
is similar to that for the forward-
control case. Maximum tail

load (i.e., ap = oy — € + d7) as well as maximum negative pitching
acceleration are encountered in this condition.

The above conditions are generally more severe than the actual con-
ditions the missile experiences since it requires a finite time for the con-
trol surfaces to deflect from one position to the next, during which time
the angle of attack is changing in a direction so as to alleviate the
loading problem. Hence, if a more refined definition of the dynamic
conditions is desired, a simplified transient response study should be

-conducted.

Although maximum air loads on the various components seldom
occur during any one flight attitude or condition, these components
must be designed to withstand their respective maximum loads. Itis
very important, then, to investigate all these five (and possibly other)
flight conditions and evaluate the loads and angular accelerations.
The previously described conditions (i.e., 4, B, C, etc.) should also be
made for the range of center-of-gravity locations of the missile. The

‘/‘/Oo
:\,Oo

o
© S

F1c. 10-3. Flight conditions for air-
loads analysis—rear control.

gﬁ“
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effect of gust should be factored in the loads analysis. This may be
done by increasing the angle of attack by an incremental value defined
below : :

Axa 4

- (10-2)

IR

g

where Ax, = angle of attack due to gust
V, = gust velocity
The methods of evaluating the aerodynamic loads, loading distribu-
tions, and hinge moments are discussed next. Inertia loading will be
discussed in Chap 14..

10-3. COMPONENT AIR LOADS

1. Body. Asdiscussedin Chap. 3, the majority of the body load
for the body-alone configuration is concentrated at the forebody or
nose section. Therefore, the total load on the forebody may be
approximated as

Ny = (Cx ) p2peS, (10-3)

Owing to wing and/or tail-body interference effects, additional loads
are incurred on the body because of the presence of these aerodynamic
surfaces. For a forward-control design (i.e., a canard control) the
“carry-over” load from the canards on the body [from Eqs. {5-8) and
(5-9)] is '

Npioy = (Cx )clKpieryre + kpeydclaSe (10-4)

The load on the body caused by the tail surfaces is
Npiry = (On ) rKpir) (2 — €)gSr (10-5)

For a rear-control (i.e., tail-control) design, the interference loads
due to the forward fixed wing and movable tail surfaces may be
written [see Egs. (5-30) and (5-31)] as

Ny = (Cx JwKparargSy- (10-6)
Npip) = (Cx )l Epiry(a — €) + kpr)0710S 7 (10-7)

2. Aerodynamic Surfaces. The normal force on the aerody-
namic surfaces may also be calculated with the aid of Egs. (5-8), (5-9),
(5-30), (and 5-31) for the forward- and rear-control design. For the
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former type of design, the forward (i.e., canard) control-surface load is

Now = (Cxn)olKome + kemdcliSe (10-8)
For the aft (tail) surfaces, the load is
Ny = (Cn)rKrm(@ — €4St (10-9)

For an aft (tail) control design, the load on the forward fixed wing
surfaces is -

Nypw = Cn)wEwmtwiSw (10-10)
The load on the movable tail surfaces is ‘
Ny = (Cx)rlK (e — € + krp)0r)dSt (10-11)

The load on small movable control surfaces such as flaps and ailerons
isgenerally obtained from test data. However, for prelimindry design
analysis, the load on these surfaces may be estimated by first analyzing
the nature and magnitude of its pressure distribution, which is dis-
cussed in the following section.

10-4. COMPONENT LOAD DISTRIBUTION

1. Body. The theoretical pressure distribution and hence.
loading characteristics of a body of revolution at zero angle of attack
may be predicted by many different methods.1=5:13%  Comparison of
the results .obtained by the different theoretical methods indicates
excellent agreement with those obtained experimentally.6-8 Figure
10-4 shows the typically close agreement between the theoretical and
experimental results for a common body of revolution of I/d =10
with a three-caliber tangent ogive forebody.

For inclined bodies of revolution, many theoretical methods®~?3 are
also available for the determination of the pressure’distribution over
theirentire length. However, since these methods are based primarily
on potential-flow theories, viscous and cross-flow compressibility

_effects were neglected. Hence these theoretical results could not be
expected to agree exactly with those obtained from experiments which
include these viscous effects. Figure 10-5 shows a typical comparison
of the theoretical and experimental results. It can be seen that, as the
angle of attack increases, flow separation due to viscous effects is a
major cause of the discrepancy between the theoretical and experi-
mental results.

* Superscript numbers indicate references listed at the end of the chapter.
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F16. 10-5. Comparison of theoretical and experimental circumferential
distribution of lifting pressure at o = 8°. (NACA Tech. Note 3715.)

Once the peripheral pressure distribution is determined for the vari-
ous stations along the body (such as those shown in Fig. 10-5), the local
normal-force coefficient per inch may be determined as follows:

C, = Z’f C, cos 6 d6 (10-12,
S, Jo

where 7 = radius of the body
8, = reference area °

Co = (p — po)go” : |
The value of C,, is next plotted vs. body station as shown in Fig. 10-6,
Integration of the area under this curve yields the total normal-force

-

>”.w~.-.. N
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coefficient Cy on the complete-body configuration. The center of
pressure is determined by taking the summation of the moments of
area and dividing by the summation of the area of Fig. 10-6.

w ;
© |
T . i
O |
[V .—, i
2 :
S0 :
[+ 8
S ;
z‘:_‘: ?.
= BODY ‘;
s L= — |
10

DISTANCE FROM NOSE~x/d J
Fic. 10-6. Variation of local normal- Fic. 10-7. Definition of regions
force coefficient with body station. for air-loads analysis.

2. Aerodynamic Surfaces. For preliminary analysis, the load
on the aerodynamic surfaces may be assumed to be concentrated at
the quarter chord at subsonic speeds and close to the mid-chord at
supersonic speeds, as pointed out in Chap. 3. For detailed analysis,
however, actual loading distribution is needed. This need may be
fulfilled by either (1) using pressure-distribution data on a similar
or identical configuration or (2) estimating the loading distribution
by theoretical means. The latter approach for the determination of
load distribution at supersonic speeds is presented below.

Figure 10-7 shows a typical wing planform with its Mach lines to
represent a given flight Mach-number condition. In the application
of the linear theory the following four important assumptions are
made: (1) attached shock (i.e.,; sharp leading edge), (2) relatively low
angles of attack (a < 10°), (3) relatively thin airfoil, and (4) supersonic
Jeading edge (i.e., u > A). The relationships for the local pressure

' coefficient C, defined as (Pypper — Plower) /g, for the different areas 4, B,
etc., are

A= (10-13)

Cﬁu) - \/ﬂz 52

8a T R P
Cmm = —_— l:—; — S 1 J 12:\ ‘(10-14:)

Cmc') = Mtan‘l"/ ——20'/3?/2 (10-15)
N (1 @)z + Byo)
and C”(D) = Cmm + me — Yo (10-16)

WWWASEC.ir L
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where « is the local angle of attack and must be corrected for body up-
wash effects.  The local angle of attack at any spanwise wing location
r may be related to the body radius R and the free-stream angle of

attack o, as!® -

o =
B =M —1
k = tan A
k
n=—
B
tl'"-—---]—c-‘Til
. 51
(See Fig. 10-8.) A
P e
g —k

1+ (%]

(10-17)

(10-18a)
(10-18b)

(10-18¢)

(10-18d)

(10-18e)

Using the above relationships, the chordwise pressure distribution
may be readily calculated for several spanwise wing stations such as

)

s
o2 SPANWISE
Yz PR L \STAT]ON
‘fl; 0 1
UCI
ANV & LZ—J
/ \\ c }/ O 0 2
p o
VA N S
/ B w
e / x 0 3
L _1’ 2 CHORDWISE STATION
X, WOLE TE.
Lo_® % J g oLe
Fic. 10-8. Definition of coordinate Fic. 10-9. Typical chordwise pres-

systems for air-loads analysis.

those shown in Fig. 10-9.
load may be calculated as follows:

sure distribution.

1. Integrate the area under the curves in Fig. 10-9:

N'(lbfin.) = FC,cq

The spanwise loading distribution and total

(10-19)
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where F is a scale factor (i.e., if 1in. = oneunitof C,and 1in. = 2in.
span, then F =1 x 2 = 2).

2. Plot N’ vs. spanwise stations (see Fig. 10-10) to get the spanwise
distribution. .

3. Integrate the area under Fig. 10-10 to obtain the total normal
force N.

A comprehensive treatment of the spanwise load distributions for
a variety of wing planforms at supersonic speeds may be found in
refs. 15 to 17. For subsonic speeds,
refs. 18 and 19 should be consulted.

Quite frequently, after the com-
ponent loads and their locations
have been determined, the sum-
mation of forces may not agree with
the total load (or load factor), or the
2 ROOT WING SPAN~INCHES  TIP summation of moments about the
Fr1c. 10-10. Typical spanwise loads center of gravity is not zero (for
distribution. trimmed-flight condition), or the

predetermined angular acceleration

(out-of-trim condition) does not result. Hence it will be necessary
to adjust either the individual component loads and/or locations to
satisfy these predetermined values. Which component load or load
location to be modified or adjusted to satisfy these predetermined
values depends upon the magnitude or accuracy of these loadings.
Hence, if the load of a particular component (say the wing, for
instance) is much larger than that on other comporents, only slight
modification of its magnitude and/or its location is required. Or, if
the accuracy of the load or its location on a particular component
is questionable, then modification should be made on that particular
load or location.

NNING LOAD,N'#/IN.

10-5. AERODYNAMIC HINGE MOMENTS

Since the size and capacity of the servomechanism is dependent
directly upon the magnitude of the hinge moments associated with the
aerodynamic surfaces to which it is linked, it is important to be able to
predict the approximate magnitude of the hinge moments for the
critical flight conditions. Several flight conditions of Mach number,
control-surface deflection, angle of attack, and dynamic pressure must
be investigated since these parameters affect both the magnitude
of the normal force and its center-of-pressure location. When only

i M::;.v_-e- [N




AIR LoADs 165

supersonic speeds are concerned, maximum hinge moments generally
occur at the highest supersonic Mach number, ¢, «, and é condition.
Several methods may be used to estimate the magnitude of the hinge
moment for preliminary analysis. These are (1) estimation of the load
and center-of-pressure location, (2) integration of pressure-distribution
data, and (3) use of hinge-moment data of similar configuration. The
first method mentioned may be expressed mathematically (for a mov-

able wing) as
(HM), = (Cx)w-K iy zan — £)a5y (10-20)

a'nd (HM)5 = (O.\*a)ufkn'(B)(xHL —_ j&)qSI/V (10-21)

where (HM), = hinge moment due to «, etc.
2y = hinge-line location
Z, = center of pressure due to «
.&s = center of pressure due to ¢
The values of 7, and Z, for the wing-alone configuration (see Chap. 3)
may be used since the body effect on the wing center of pressure appears
to be negligible. »

Another method of determining hinge moment is by integrating the
theoretical pressure distribution as previously described to determine
theload and chordwise center-of-pressure location. Sincethis method
is rather tedious, it is generally not recommended for the sole purpose
of hinge-moment determination. However, in the process of getting
the loading distribution. the hinge moment may be also determined by
this method. Perhaps the most direct method is to use experimental
hinge-moment data of similar configurations. Theoretical values of
hinge moments for trailing-edge-type controls for supersonic flights
may be obtained frem ref. 21. However, since theoretical values are
subject to errors becaase of flow separation, viscous effects, ete., ex-
perimental wind-tunmel hinge-moment data when obtained under con-
ditions reasonably close to these actually experienced in flight should
be obtained for design purposes. Most of the experimental data on
hinge-moment characteristics of various practical designs are classified
for sccurity reasons.

10-6. AERODYNAMIC HEATING

Thermal loading or aerodvimmic heating niay constitute a major
problem in the design of a high-speed missile. Hence, during the
preliminary-design phase of the niissile project, it is important to esti-
mate the heat-transfer rate and temperature on the critical portions

.- "—.-———-6-:‘&”" - :
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(i.e., nose, leading edge of aerodynamic surfaces, etc.) of the missile.
Aerodynamic heating results from the airflow about the surface of the
missile: friction of the air along the surface of the missile and compres-
sion at and near the stagnation regions of the missile external compo-
nents. In these processes, a portion of the kinetic energy of the air is
converted into thermal energy within the boundary layer of the
missile.

The temperature rise for bringing the air to rest AT is expressed as

AT = % M 2T, (10-22)

where y = ratio of specific heats at constant pressure C, to specific
heat at constant volume C,. ‘
M, = free-stream Mach number-
T, = free-stream temperature, ° Rankine
The final or stagnation temperature T,is

Ty = T®<1 + ——;-i Mj) (10-23)

Equation (10-23) 1s applicable for a compressible non-heat-conducting
gas. Since thereisa small amount of heat transfer within the bound-
ary layer, the “recovery’’ temperature T, differs from the stagnation
temperature by the temperature-recovery factor r and is expressed as

T =T, (1 4+ rL ; 1 sz) (10-24)

The temperaturg-recovery factor r can thus be expressed as

T, — T,

gt (10-25)
TO - Tuo

The value of r varies from approximately 0.85 for laminar flow to
approximately 0.88 for turbulent low. Hence it can be seen that the
recovery temperature is relatively independent of the type of flow ex-
cept at very high Mach numbers. For an insulated wall (i.e., no heat
transfer through the skin of the missile) the recovery temperature T,
is identical to the adiabatic wall temperature i/

T =T,=T, (1 + rf/_%—l sz) (10-26)

aw
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In most practical applications, heat transfer through the skin or wall
of the missile occurs. The heat-transfer rate through the wall ¢, is
governed by the following classical relationship:

o = MT, — T,) (10-27)

where A = heat-transfer coefficient

T, = wall temperature
It is more convenient to use a nondimensional coefficient called the
Stanton number C,, which is defined as

h
puC,

C, = (10-28)

where p = fluid density
u = coefficient of fluid viscosity
The Stanton number is related to the skin-friction coefficient C, as

_ LG

C
» s 2

(10-29)
where s is the Reynolds analogy factor and has a value of approxi-
mately 0.8.

Hence the heat-transfer rate may be expressed as

1C
Qe = _'_,)'f p/Lth(TT - Tw)
S o

=2 pﬂcp[:/'w(l + H’T‘“l M?) — Tw} (10-30)
It is seen from Eq. (10-30) that the heat-transfer rate varies directly as
the friction coefficient C,. Since C, for turbulent flow can be many
times C, for laminar flow, it is essential that laminar low be maintained
over as great a portion of the missile as possible.

In the calculation of aerodynamic heating of the missile, the follow-
ing fundamental heat-balance equation is used:

Heat input = heat stored + heat radiated (10-31)

where Heat stored = (weight)(specific heat)(temp. rise)
= (W)CNTy — T) "~ (10-31a)
and Heat radiated — cAdeT,* (10-31b)

The term ¢ in Eq. (10-31b) is the Stefan-Boltzmann constant and has a
value of 0.48 x 10712 Btu/(ft?)(sec)(°R)¢. The term A is the surface
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- area being checked for heating effects. The term e is the emissivity
factor of the surface material, which depends upon the surface temper-
ature, degree of surface roughness, etc. Since the temperature of a
body exposed to transient heating conditions at any instant depends
upon the previous thermal hlstory of the body, a time-step solution of
the heat-balance equation is required.

Many methods and procedures exist for the determination of aero-
dynamic heating of the missile. Some of these methods are limited to
the determination of heat transfer to a specified location on the missile
" (i.e., stagnation point only), flight condition (i.e., hypersonic speeds
only),etc. Hence an extensive study on the subject of heat transfer is
required before the proper method or methods are selected for a partic-
ular design condition. References 22 through 44 constitute a partlal
list of the many reports written on thls subject.

SYMBOLS

~

z
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N O

HM

KB(C)’ KB(W)’ KB(T)
KC(B)’ KW(B)’ KT(B)
Ly

M

N

g
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surface area being checked for heating effects

specific heat [see Eq. (10-31a)]

skin-friction coefficient

Stanton number

normal-force coefficient

local normal-force coefficient

specific heat at constant pressure, or pressure
coefficient

specific heat at constant volume

scale factor as used in Eq. (10-19)

hinge moment

see Symbols in Chap. 5

see Symbols in Chap. 5

nose length (see Fig. 10-4)

Mach number

normal force

spanwise loading distribution

reference area

temperature

adiabatic wall temperature

recovery temperature

wall temperature

stagnation pressure

free-stream temperature
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forward velocity

gust velocity

weight

atermin Eq. (10-15)and defined by Eq. (10-18e)

local chord ’

body diameter

heat-transfer coefficient

a term in Egs. (10-13) and (10-14) and defined
by Eq. (10-18b)

see Symbols in Chap. 5

see Symbols in Chap. 5

aterm in Eq. (10-14)and defined by Eq. (10-18¢)

static pressure

dynamic pressure

heat-transfer rate through the wall

radius of body, spanwise wing location, tem-
perature-recovery factor

Reynolds analogy factor [see Eqg. (10-29)]

a term in Eq. (10-14) and defined by Eq.
(10-18d)

coordinates as shown in Fig. 10-8

center of pressure due to « and 6, respectively

angle of attack

incremental angle of attack due to gust velocity

vV M?® — 1 [see Eq. (10-18a)]

specific heat ratio of air

control-surface deflection

downwash angle, emissivity factor

circumferential angle (see Fig. 10-5)

Jeading-edge sweep angle

Mach angle [see Eq. (3-35)], coefficient of fluid
viscosity

air or fluid density

Stefan-Boltzmann constant [see Eq. (10-310)]

1. Allen, H. J.: Pressure Distribution and Some Effects of Viscosity on
Slender Inclined Bodies of Revolution, NACA Tech. Note 2044, 1950.

2. Allen, H. J.: Estimation of the Forces and Moments Acting on Inclined
Bodies of Revolution of High Fineness Ratio, NACA Research Mem. A9126,

1949.



170 MISSILE CONFIGURATION DESIGN

3. Von Kdrmén, T., and N. B. Moore: Resistance of Slender Bodies Moving
with Supersonic Velocities with Special Reference to Projectiles, Trans. ASME
vol. 54, no. 23, pp. 303-310, Dec. 15, 1932.

4. Van Dyke, M. D.: A Study of Second-order Supersonic-flow Theory,
NACA Rept. 1081, 1952 (formerly NACA Tech. Note 2200).

5. Ehret, D. M., V. J. Rossow, and V. I. Stevens, Jr.: An Analysis of the
Applicability of the Hypersonic Similarity Law to the Study of Flow about

Bodies of Revolution at Zero Angle of Attack, NACA Tech. Note 2250, 1950..

6. Perkins, E. W., and D. M. Kuehn: Comparison of the Experimental and
Theoretical Distribution of Lift on a Slender Inclined Body of Revolution at
M = 2, NACA Tech. Note 3715, May, 1956.

7. Perkins, E. W., and L. H. Jorgensen: Comparison of Experimental and
Theoretical Normal-force Distributions (Including Reynolds Number Effects)
on an Ogive-cylinder Body at Mach Number 1.98, NACA Tech. Note 3716,
May, 1956.

8. Perkins, E. W., F. E. Gowen, and L. H. Jorgensen: Aerodynamic
Characteristics of the NACA RM-10 Research Missile in the Ames 1- by 3-foot
Supersonic Wind Tunnel No. 2—Pressure and Force Measurements at Mach
Numbers of 1.52 and 1.98, NACA Research Mem. A51G13, 1951.

9. Allen, H. J., and E. W. Perkins: Characteristics of Flow over Inclined
Bodies of Revolution, N ACA Research Mem. A50L07, 1951.

10. Rossow, V. J.: Applicability of the Hypersonic Similarity Rule to
Pressure Distribution Which Include the Effects of Rotation for Bodies of
Revolution at Zero Angle of Attack, NACA Tech. Note 2399, 1951 (extensmn
of NACA Tech. Note 2250).

11. Bolton-Shaw, B. W., and H. K. Zienkiewicz: The Rapid, Accurate
Prediction of Pressure on Non-lifting Ogival Heads of Arbitrary Shape at
Supersonic Speeds, English Electric Company, Navigational Project Division,
no. L.A.t. 034 (British), June 23, 1952. )

12. Van Dyke, M. D.: Practical Calculation of Second-order Supersonic
Flow Past Nonlifting Bodies of Revolution, NACA Tech. Note 2744, 1952.

13. Savin, R. C.: Application of the Generalized Shock-expansion Method to
Inclined Bodies of Revolution Traveling at High Supersonic Airspeeds, N.4ACA
Tech. Note 3349, April, 1955.

, 14. Beskin, L.: Determination of Upwash around a Body of Revolution at
Supersonic Velocities, CM-251, Applied Physics Laboratory, Johns Hopkins
University, May 27, 1946.

15. Martin, J. C., and I. Jeffreys: Span Load Distributions Resulting from
Angle of Attack, Ro]lmg and Pitching for Tapered Sweptback Wings with
" Streamwise Tips, Supersomc Leading and Trailing Edges, NACA Tech. Note
2643, July, 1952. )

16. Hannah, M. E., and K. M'argolis: Span Load Distributions Resulting
from Constant Angle of Attack, Steady Rolling Velocity, Steady Pitching
Velocity, and Constant Vertical Acceleration for Tapered Sweptback Wings
with Streamwise Tips, Subsonic Leading Edgee and Supersonic Trailing Edges,
NACA Tech. Note 2831, December, 1952.

17. Margolis, Kenneth Windors L. Sherman, and M. E. Hannah: Theo-
retical Calculation of the Pressure Distribution, Span Loading, and Rolling
Moment Due to Sideslip at Supersonic Speeds for Thin Swept-back Tapered

,,’,w




A4

3 cr W

o ke

at
18

th
ite

g
1g
gs

\S’

ng
ed

AIR LOADS 171

| Wings with Supersonic Trailing Edges and Wing Tips Parallel to the Axis of

Wing Symmetry, NACA Tech. Note 2898, February, 1953.

18. Schrenk, O.: A Simple Approximation Method for Obtaining the Span-
wise Lift Distribution, NACA Tech. Mem. 948, August; 1940. : ’

19. DeYoung, J., and-C. W. Harper: Theoretical Symmetric Span Loading
at Subsonic Speeds for Wings Having Arbltra,ry Plan Form, NACA Rept. 921,
1948.

20. Czarnecki, K. R., and D. R. Lord Load Dlstrxbutlons Assocmted with
Controls at Supersonic Speeds NACA Research Mem. L53D15a, May 29, 1953.

21. Goin, K. L.: Equations and Charts for the Rapid Estimation of Hinge-
moment and Effectiveness Parameters for Trailing-edge Controls Having
Leading and Trailing-edges Swept Ahead of the Mach Lines, NACA Rept.
1041, 1951. '

29. Van Driest, E. R.: The Problem of Aerodynamic Heating, IAS Preprint
645, June, 1956 (also in Aero. Eng. Rev., vol. 15, no. 10, pp. 26-41, October,
1956).

23. Kemp, N. H., and F. R. Riddell: Heat Transfer to Satellite Vehicles
Re-entering the Atmosphere Jet Propulsion, vol. 27, pp. 132-137, February,’
1957 (addendum in Jet Propulsion, vol. 27, no. 12, pp. 1256- 1257, December,
1957).

24. Romig, M. H.: Stagnation Point Heat Transfer for Hypersonic Flow,
Jet Propulsion, vol. 26, no. 12, pp. 1098-1101, December, 1956 (addendum in
Jet Propulsion, vol. 27, no. 12, p. 1255, December, 1957).

25. Van Driest, E. R.: Turbulent Boundary Layer in Compressible Fluids,
J. deronaut. Sci., vol. 18, no. 3, March, 1951.

26. Van Driest, E. R.: Turbulent Boundary Layer on a Cone in Supersonic
Flovs at Zero Angle of Attack, J. Aeronaut. Sci., vol. 19, no. 1, January, 1952.

. Slote, L., and W. D. Murray: A Method of Predicting Skin, Compart-
ment, and Equipment Temperatures for Aircraft, WADC AD 19722, July,
1953.

98. Seiff, A.: Examination of the Existing Data on the Heat Transfer of
Turbulent Boundary Layers at Supersonic Speeds from the Point of View of
Reynolds Analogy, NACA Tech. Note 3284, August, 1954.

29. Reshotko, E., and 1. E. Beckwith: Compressible Laminary Boundary
Layer over a Yawed Infinite Cylinder with Heat Transfer and Arbitrary
Prandtl Number, NACA Tech. Note 3986, June, 1957. '

30. Englert, G. W.: Estimation of Compressible Boundary-layer Growth
over Insulated Surfaces with Pressure Gradient, NACA Tech. Note 4022, June,
1957.

31. Czarnecki, K. R., and A. R. Sinclair: A Note on the Effect of Heat
Transfer on Peak Pressure Rise Associated with Separation of Turbulent
Boundary Layer on a Body of Revolution (NACA RM-10) at a Mach Number

of 1.61, NACA Tech. Note 3997, April, 1957.

39. Reshotko, E., and C. B. Cohen: Heat Transfer at the Forvs ard Stagna-
tion Point of Blunt Bodies,,NACA Tech. Note 3513, July, 1955.
33. Brinich, P. F., and N. Sands: Effect of Bluntness on Transition for a

‘Cone and a Hollow Cylinder at Mach 3.1, NACA Tech. Note 3979, May, 1957.

34. Stine, H. A., and K. Wanlass: Theoretical and Experimental Investiga-
tion of Aerodynamic- heatmg and Isothermal Heat-transfer Parameters on a



_"»M

172 MISSILE CONFIGURATION DESIGN

Hemispherical Nose with Laminar Boundary Layer at Supersonic Mach
Number, NACA Tech. Note 3344, December, 1954.

35. Rubesin, M. W.: A Theoretical Study of the Effect of Upstream Trans-
piration Cooling on the Heat Transfer and Skin-friction Characteristics of a
Compressible, Laminar Boundary Layer, NACA Tech. Note 3969, May, 1957.

36. Eber, G. R.: Recent Investigation of Temperature Recovery and Heat
Transmission on Cones and Cylinders in Axial Flow in the N. O. L. Aero-
ballistics Wind Tunnel, J. Aeronaut. Sci., vol. 19, no. 1, pp. 1-6, 14, January,
1952.

37. Von Kéarmén, T.: The Analogy between Fluid Friction and Heat
Transfer, Trans. ASME, vol. 61, no. 11, November, 1939.

38. des Clers, B., and J. Sternberg: On Boundary-layer Temperature
Recovery Factors, J. Aeronaut. Sci., vol. 19, no. 9, pp. 645, 646, September,
1952.

39. Eckert, E. R. G.: “Introduction to the Transfer of Heat and Mass,”
McGraw-Hill Book Company, Inc., New York, 1950.

40. Kemp, N. H., P. H. Rose, and R. W. Detra: Laminar Heat Transfer
Around Blunt Bodies in Dissociated Air, J. Aero/Space Sci., vol. 26, no. 7, pp.
421-430, July, 1959.

41. Biot, M. A.: Further Developments of New Methods in Heat-flow
Analysis, J. Adero/Space Sci., vol. 26, no. 6, pp. 367-381, June, 1959.

42. Lees, L.: Laminar Heat Transfer over Blunt-nosed Bodies at Hyper-
sonic Flight Speeds, Jet Propulsion, vol. 26, no. 4, p. 259, 1956.

43. Allen, H. J., and A. J. Eggers, Jr.: A Study of the Motion and Aero-
dynamic Heating of Missiles Entering the Earth’s Atmosphere at High Super-
sonic Speeds, NACA Tech. Note 4047, October, 1957.

44. Allen, H. J.: Motion of a Ballistic Missile Angularly Misaligned with the
Flight Path upon Entering the Atmosphere and its Effects upon Aerodynamie
Heating, Aerodynamic Loads, and Miss Distance, NACA Tech. Note 4048,
October, 1957.

T




-
:

it

Vs

it

r,

Y PO

CHAPTER 11

AERODYNAMIC LAUNCHING PROBLEMS

11-1, INTRODUCTION

The aerodynamic problem of launching missiles from ground
launchers, shipboard, and particularly from high-speed parent aircraft
is indeed a difficult and challengingone. Careful design practice must
be exercised in order to assure that the missile realizes clean and
safe separation as well as minimum deviation from the intended flight
path. “Beam-riding” missiles have occasionally lost “beam lock-on™
during their boost or launching phase as the result of excessive flight-
path excursion, resulting in abortegi flights. Hence detailed analyses
must be made of the sources and magnitudes of both internal and
external forces acting on the missile during its launching phase.
Should these forces cause undesirable launching dispersion proper
design modifications must be incorporated to assure a satisfactory
launch. In the case of an air-launched missile, aircraft-missile com-
patibility must berealized. Hence the requirement of over-all system
performance and accuracy as well as safety of launch must be satisfied.
Thus the designer must ¢onsider carefully all the numerous factors
which may cause undesirable and detrimental launching charac-
teristics. It is the purpose of this chapter to point out and discuss
some of the more important aspects of missile launching.

11-2. SAFETY OF PARENT AIRCRAFT—AIR LAUNCH

In addition to satisfying the requirement that the dispersion of the
missile during launch must not exceed the limit dictated by guidance
considerations, safety of launch must be assured to the parent aircraft
and its crew. Unfortunately, in the majority of the cases, the air-
plane and missile designers are foreign to each other and often make
undue design compromises when the over-all missile-aircraft weapon
system is ready to be integrated. One of the chief reasons leading to
the difficulties of integrating the missile to the parent aircraft or vice
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versa is the fact that the air-launched missile is usually designed to be
carried by many different aircraft which are either operational or fairly
well finalized in design. Hence the missile engineer is left with the

problem of “retrofitting” his missile to the parent aircraft, the design

of which is “frozen.”

The problem of safety of launch is particularly severe in the case of
“retrofitting’’ the missile to a particular parent aircraft because of the
following limitations imposed by the design of the parent aircraft: (1)
extreme inboard pylon or external store location, (2) restricted longi-
tudinal center-of-gravity movement, (3) unduly long forebody for the
missile to fly clear of, and (4) limited ground and wing clearance, etc.
The above limitations can be alleviated to a great extent whenever the
parent aircraft and missile are designed as an integrated system at
their earliest design stages. Ineither case, however, detailed analysis

must be conducted on the various factors which may contribute to the -

hazards of launching.

In many modern aircraft, pilots have reported and subsequently
verified that bombs and external stores such as fuel tanks exhibited
extremely erratic separation characteristics upon release or ejection.
Bombs have been shown to pitch violently inside the bombbay prior to
their eventual separation from the carrier aircraft while fuel tanks have
been shown to travel from their wing-tip location inboard to hit the
fuselage of the airplane during their release. Obviously such erratic
release characteristics for a missile are totally unacceptable from the
standpoint of safety to the parent aircraft, not to mention the strong
possibility of a completely inaccurate and consequently ineffective
round.

Although no detailed safety criteria are specified, they should con-
sist of the following as a guide for the missile or airplane designer:

1. The missile should not strike the parent aircraft during boost or
jettison. ‘

2. The missile structure should not fail under any conditions of
flight in the immediate vicinity of the parent aircraft.

3. The jet blast from the rocket of the missile should not adversely
affect the parent-aircraft structures and its operating components
- such as air inlets and control surfaces.

1. Missile-aircraft Collision. Perhaps the two most impor-
tant causes which may result in missile collision with the launch air-
craft are (1) adverse aerodynamic forces on the missile induced by the
flow field about the missile-pylon-wing combination and (2) control-
system failure at launch, which causes the control surfaces to deflect
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fully to their hard-over position in pitch, yaw, or roll. Other contribut-
ing factors are normal manufacturing malalignment of the conttol
surfaces, thrust malalignment, missile center of gravity off center, and
launch-aircraft manuevers. In general, the latter effects are small
relative to those mentioned previously. -

Over the past several years, the NACA (now NASA) and prwa’oe
companies in the aircraft-missile industry have conducted extensive
experimental and theoretical studies on the nature and magnitude of
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Fia. 11-1. Induced flow field in pitch of wing-pylon-missile combination.
(4) Low-speed (high «) condition. (B) High-speed (low «) condition.

the effects of flow field induced by and on the missile-pylon-wing and
missile-fuselage combinations. Numerous configurations have been
investigated to provide the data to evaluate missile-launch dispersion
characteristics. References 1 through 10 are but a partial list of un-
classified reports on the subject of missile-aircraft flow interference.
Many more reports that are available but classified should be consulted
for a satisfactory solution to this launch problem.

A rather crude but informative representation of the nature of the
flow field is shown in Figs. 11-1 and 11-2 for the sources of pitching,
yawing, and rolling moments. As seen in Fig. 11-1, the flow field in
pitch for a low-speed launch condition is typified by the flow about a
wing at arelatively highangle of attack. Inthisattitude the missileis
shown to be experiencing a positive angle of attack at the forebody
section and a negative angle‘of attack at the aft section. Hence.one
would expect the missile to pitch upward upon launch. On the other
hand, for the high-speed launch condition, the missile tends to-pitch
downward at launch. In addition to the pitching moments, adverse
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yawing moments and side force may be of sufficient magnitude to cause
the missile to veer into the parent aircraft at launch. The extremely
long forebody on modern high-speed aircraft often presents a critical
problem from the standpoint of missile-aircraft collision. Rolling
moments also exist even in a rather
simple straight-forward installa-
tion (straight wing, say). As a
result the missile has a tendency to

In the case where the rear fin of the
missile “‘slaps on’’ the side of the
pylon no particular harmful effect
(from the aircraft-safety standpoint) is expected. However, if the
missile rolls sufficiently to cause the leading edge of the tail fins of
the missile to hit -the trailing edge of the pylon, the damage can be
extremely serious.

Another very important aspect of the flow field is its effect on the
aerodynamic hinge moments of the movable surfaces on the missile.
This is particularly critical at high subsonic speeds and above since
local shock waves may be present and can have a strong effect on the
center-of-pressure location and hinge-moment characteristics. Care-
ful analysis should include experimental wind-tunnel tests or flight
testing with the full-scale missile by ‘
utilizing a ‘“‘captive-flight-balance
system’ to measure these induced < = ____
forces and moments to make certain
that the resultant aerodynamic
hinge moments are within the capa-
bility of the servo systemin the mis-
sile. Improper design or failure to -
account for the actual aerodynamic
hinge moments in the ‘“captive
flight”’ or launch attitude could
cause the servo to be overpowered,
with the result that the missile would be launched with its control
surfaces fully deflected,

The most commonly used methodfor determining theinduced loads
and mutual interference effects of the airplane-missile combination is
scaled-model wind-tunnel testing. Separate sting mountings for the
airplane and missile are used to measure the loads on the missile and
. airplane as shown in Fig. 11-3. Using this technique, data on the

Fic. 11-2. Flow field induced by
cross-flow phenomenon. :

AIRPLANE SUPPORT\

_—MISSILE
SUPPORT

TUNNEL WALL

F1g. 11-3. Schema of test instal-
lation for measurement of airplane-
missile mutual-interference effects.

roll'into the pylon upon separation. |
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effect of the missile on the parent aircraft may also be obtained in order
to predict the performance degradation of the parent aircraft with the
missile in the carried position. The effects of missile location in the
immediate vicinity of the parent aircraft can also be determined by
moving the complete missile-sting assembly relative to the airplane
model. ‘ :

Captive balance testing using a full-scale missile is also used to
determine captive-flight loads on the missile as well as the effect of the
missile on the launch aircraft. This particular technique has the ad-
vantage of obtaining full-scale-model test data. However, investiga-
tion of the various parameters such as spanwise and chordwise location
and missile installation attitudeisobviously extremelylimited. Hence
this test technique may be used to check the design installation based
on scaled-model-test results obtained in the wind tunnel.

Control-system malfunction resulting from electrical- or hydraulic-
svstem failure at launch may also cause the missile to be launched with
its control surfaces deflected fully onto their physical stops. From the
standpoint of safety of launch, this condition should be fully investi-
gated. If results of calculations indicate the possibility of missile
collision with the parent aircraft, proper design modification must be
made. Such modification may consist of physically locking the con-
trol surfaces for a finite time after launch until the missile is sufficiently
ahead of the aircraft.

The launch-dispersion cnaracteristics in yaw may be determlned by
manual computation for one or two most adverse launch conditions.
However, for detailed studies of the effects of individual parameters,
such as missile stability margin and thrust malalignments, the compu-
tation procedure should be mechanized on the automatic computing
machine. The basic equations of motion (in yaw) may be written as

IF, = L (11-1)
g

sp, =2 ¥ (11-2)

g «
M, =1I6 | (11-3)
From Fig. 11-4, the right-hand side of Egs. (11-1) and (11-2) may be
expressed as SF,—F, cos — Fysin0 " (11-4)
and SF,= F sin0 + Fycosf (11-5)
where F,=T—CuS (11-6)
F‘V == CNqS (11'7)
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The summation of moments in yaw is
SM, = Mo+ M0+ Mg + My + My + Maowsera  (11-8)

where M ; = moment due to thrust malalignment
M ,, = moment due to aerodynamic-surface malalignment

The flow-field effect should be determined for several points along the
missile trajectory if a reasonably accurate answer is to be obtained.
The values of ', and Cy in Eqgs. (11-6)
and (11-7) should include the flow-field
effect and can be determined from
either wind-tunnel tests or captive-
balance-flight-test results. For pre-
liminary analysis, it is sufficient to
assume a constant forward speed over
the relatively short time interval to

cedures similar to those described in

Chap. 4, the above equations can be

solved to determine the missile launch-
dispersion characteristics.

2. Missile Structural Failure.

: - Another important consideration for

Fig. 11-4. Force diagram for —.,qrent ajrcraft safety is the structural

missile-launch aircraft-collision = . . . . .
studv ' 1 integrity of the missile during its

immediate vicinity of the launch aircraft. The loads imposed by
the flow-field effects must be carefully determined for a particular
installation and speed condition in accordance with specification
requirements. The missile airframe should then be designed to these
captive-flight loads, which may in some cases be critical-design loads.
The missile should also be designed to withstand the critical-flight
loads under both normal and adverse flight conditions. Failure of
the missile structure in flight in the vicinity of the launch aircraft
is extremely hazardous and must be avoided by proper design.

11-3. LAUNCH BOUNDARIES—AIR LAUNCH

In addition to the problems of missile collision with the parent air-
craft and missile structural break-up in front of the launch aircraft just
discussed, additional consideration must be given to the safety of the
Jaunch aircraft. This takes the form of launch-aircraft boundaries

be studied. TUsing the iteration pro-

captive flight and free flight in the

R ,’_-o—--—-—.l..&.‘ 'P:!:r“-»‘
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which would restrict the aircraft’s ““zone of operation” and hence pro-
vide a measure of safety against ground fire, blast effects from, the
missile and its warhead, etc. These launch boundaries are particu-
larly meaningful for an air-to-surface missile weapon system which

. requires that the parent aircraft fly essentially the same path as the

missile. Such a system may be a line-of-sight command guidance or
a particular type of beam-rider system.

1. Launch-aircraft Trajectory. Figure 11 5 shows the perti-
nent parameters governing the
flight path of the parent aircraft LAUNCH POINT
following missile launching. It is T
apparent that, from the kinematic
standpoint, aircraft speed, maneu- -
vering capability, missile flight
time, and terrain clearance are the
major governing factors in the de- o S —
termination of the launch bound- TARGET
aries. Thelaunchboundariesmay  Fre. 11-5. Kinematics of launch
be readily determined by. the boundary.
following procedure.

First, the kinematic or flight trajectory of the launch aircraft must
be determined. The turn radius R, in pitch may be calculated as

V.2
gln — (1 4+ cos v,)/2]

Rp = (11-9)

where V; = launch velocity, fps, assumed to be constant throughout
entire airplane trajectory
n = load-factor capability of airplane
yo = initial Jaunch angle which airplane and missile follow
The altitude required to turn from y, to level attitude, designated as &,
in Fig. 11-5, is shown to be-

hg = Rp — Ry cos yg = Rp(l — cos yy) (11-10)

Hence the distance S, éhown in Fig. 11-5 may be determined as a func-
tion of &, and the terrain-clearance altitude A, as follows:

S, = th (11-11)
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The value of &, may also represent the altitude clearance required from
the standpoint of enemy ground fire, blast effect from the warhead of
the missile, etc. Thus the trajectory of the launch aircraft written in

‘terms of S ;, may be summarized as

Smin = 8o + Vi, + A (11-12) -
Smin = h°,+ h + Vi, + A (11-12a)
sin ?/0
Spn = Tzl — sy Ay Ay (11-125)
sin y,

- where t, = flight time of missile

At = time lag from missile impact t6 commencement of air-
- craft-pull-out maneuver
Assuming a typical aircraft load-factor capability of 3 g’s and a ter-
rain-clearance requirement of 500 ft, values of the pertinent trajectory
parameters Ry, b, Sy, and V,t, have
been calculated from Egs. (11-9) CONDITION:

through (11-11) and presented in Figs. V. 2600 FPS
11-6 through 11-9. The values of ,)f’ 33 g's
Smin for two typical launch angles T hy=500 FT
(30 and 50°) are shown in Figs. 11-10 |, Ar=fsec -
and 11-11for arangeof launch speeds. & | L/MITING RANGEy =
2. Missile Trajectory. Next, & |fFFQNE —=
missile trajectory must be calculated ~“MISSILE DATA
before the launch boundaries of the

parent aircraft can be determined. t4(m) B (14 + At) ~ SECONDS —>=
T}}is,ma'y be done by ca’_lcula't_ing the Fic. 11-12. Determination of
missile trajectory and flight time for |, cn boundary.
three different slant ranges S; at a
given initial lJaunch angle and calculating speed by the methods out-
lined in Chap. 4. The resultant trajectory data may then be plotted
as missile slant range vs. missile flight time¢,,,),as shown in Fig. 11-12,
3. Launch-boundary Determination. The actual launch
boundary of the parent aircraft may be determined by matching the
trajectory data of the parent aircraft and missile previously described.
This may be done readily by superimposing the trajectory information
of the parent aircraft in Fig. 11-12in terms of S, as a function of (¢, +
At) from Eq. (11-12b). The intersection of the two curves establishes
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the limiting range for the given condition of launch speed and dive
angle. This range is defined as the minimum range from which the
parent aircraft can launch the missile; follow the missile toward the
target, pull out at (or very shortly after) missile impact, and clear the
ground by the desired height 2,. Limitingrange for other launch con-
ditions can also be determined by the methods just described. Typical

launch boundaries for two launch speeds are shown in Fig. 11-13.
From the standpoint of guidance accuracy, the missile must also be
designed to fly within a certain boundary during launch. This
boundary represents the maximum launch dispersion permissible
- before the degradation to the deliv-

'RSAON_GSEUCN ES ery accuracy of the missile becomes

: . unacceptable. As previousl en-
LAUNCH % 600 . P Previously me

BOUNDARY FOR tioned, the beam-riding missile

must stay within the beam width
of the guidance system in order to
achieve ‘lock-on’’ for the remain-
30° der of its flight trajectory. For
cdmmand control (particularly in
the case of visual line-of-sight com-
mand), the missile mustnot disperse
out of the pilot’s normal field of

20°

ALTITUDE —>

POINT |h FROM FIG.H—12\\
1

HORIZONTAL RANGE — intended flight path for the missile
Fic. 11-13. Typical launch bound- toreturn Within the flight duration
aries. of the missile. Quite frequently,

_ finite-length rail launchers are used
to ‘‘guide” the missile through the adverse-flow-field region in order

to minimize missile dispersion at launch. These launching rails are -

mostly used in cases where the parent aircraft are “retrofitted” for
missile launching. In cases where the parent aircraft and missile
are designed initially as an integrated weapon system, the require-
ments for finite length rail launchers are minimized.

~ 11-4. CONSIDERATION TO PARENT-AIRCRAFT
PERFORMANCE

Consideration should be given by both the missile and aircraft
designers to minimizing the performance degradation of the parent air-
craft with external missile installation. Since selection of the span-
wise and chordwise locations is generally limited by wing-bending and

view or top far off the normal
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aircraft center-of-gravity considerations, the designer must exercise
extreme care in selecting the most favorable installation within this
limited range. The final selected installation should represent the
best compromise from the standpoint of the effect of the launch air-
craft on the missile and the effect of the missile installation on the air-
craft. The importance of the latter effect is readily apparent when
one considers the fact that severe performance degradation may be
realized with an improper missile installation. The resultant loss in .
range and in high-speed capability of the launch aircraft with its store
of externally carried missiles is obviously undesirable from a tactical
standpoint.

The problem of designing a missile-aircraft system with the least
detrimental mutual effect is a challenging one that requires additional
research and experimental work. Much experimental work has al-
ready been done on the various types of missiles or external-store in-
stallations. Measurements of loads on the missile as well as on the
parent aircraft have been made in the wind tunnel, as previously
mentioned. In the calculation of the performance degradation of the
parent aircraft, the two most important pieces of information required
are (1) basic performance curves of the parent aircraft and (2) a good
correlation of installation drag of the missile. The former information
consists basically of the thrust and drag variation with speed (see Fig.
4-8) and other engine data such as fuel-flow data. The latter may be
obtained only after extensive study of the flow-field problem has been
conducted or data from experimental tests of the &onfiguration are
available. It is emphasized here that item 1 is extremely important
in that one must know exactly in what region of the drag curve the
airplane is operating before any reasonable (let alone accurate) esti-
mates of the performance degradation can be made. Hence it is im-
portant that the airplane and missile engineers work closely in this area
to assure aircraft-missile compatibility. Once the aboverequired data
are made available, the performance degradation of the parent aircraft
can be determined by the methods outlined in Chap. 4.

It should be remembered that, even with a well-designed installation,
the penalty involved in externally carried missiles can be very high.
Often a fairly respectable high-supersonic fighter becomes merely
another. high-subsonic aircraft when carrying several missiles exter-
nally. The present trend is toward internal stowage. Consequently
much work is now in progress to study the aerodynamics of very-low-
aspect-ratio wings for future design considerations, for both internal-
and external-stowage considerations.
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11-5. GROUND LAUNCH

The problem of launching missiles from the ground may be divided
broadly into two general categories: (1) effects of the launching phase
on the missile and (2) effects of the missile on the launcher and sur-
rounding areas. - The former effects are studied from the standpoint of
missile-guidance and missile-component operation, while the latter
effects are concerned primarily with the safety of the launching crew
and surrounding areas. The latter problem is the topic of discussion
inSec. 11-6. This section is primarily concerned with the effects of the
launching environment on the missile and its operation.

From the standpoint of missile guidance, several potential sources
of detrimental effects causing excessive missile dispersion at launch are
present. These include launcher deflection, missile tip-off from the
launcher, thrust and fin malalignments, and atmospheric disturbances
such as tail wind, cross wind, and gusts. Each of these factors affect-
ing missile launch dispersion is discussed below.

1. Launcher Deflection. One of the most common factors
present, particularly with mobile launchers, is the launcher deflection
which results from ignition shock and sudden high thrust build-up
from the booster. This motion can have a detrimental effect on the
missile flight in that the initial heading of the booster configuration is
different from that set previously. The missile will therefore fly a new
flight path as the result of this pitching rate just as the missile leaves
the launcher. This problem can be solved by (1) designing a stiffer
launcher, (2) accounting for this motion in setting the launcher, or (3)
a combination of both. For long-range ballistic missiles, which are
generally launched vertically from rugged launching pads, this prob-
lem is virtually nonexistent. ‘

2. Tip-off. Another commonfactorarisesif the supporting shoes
on the missile do not leave the supporting rail or rails simultaneously.
Such a case may be one in which the two shoes (one forward and
one aft) ride on the same rail. When this happens, the missile will tilt
downward under the force of gravity and cause the missile to fly a new
flight path.  With simultaneous shoe release, the missile would have a
simple translational instead of combined translational and rotational
motion immediately upon leaving the launcher. This translational
motion is not so detrimental to the dispersion as the rotational motion.

3. Thrust and Fin Malalignment. Turning moment due to
thrust and aerodynamic surface malalignments is another important
cause of missile dispersion during launch. The dispersion resulting
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from this source can be very serious for missiles flying on “open loop”
(i.e., without guidance or control) during their early phase of launch.
In this case, a relatively large static stability margin (see Sec. 5-3 or
5-7) is required to minimize the dispersion due to these malalignments.
This may be realized by incorporating relatively large tail surfaces on
the missile (or large fins at the aft section of external droppable
boosters). It will be shown in Chap. 12 that excessive static stability
margin may prove to be undesirable when the missile is launched in a
cross wind. Another method of minimizing missile dispersion at
Jaunch due to thrust and fin malalignment is spinning the missile im-
mediately off the launcher. This technique is commonly used on
uncontrolled and unguided ballistic missiles designed for relatively
shortranges (i.e.,less than 50 miles). Formissiles which are controlled
from the instant of launch, thrust and fin malalignment effects are of
secondary importance.

Intentional thrust misalignment is used on certain tvpes of cruise
missile to counteract the effect of gravity during boost. In this case,
the thrust vector is aligned below the center of gravity of the missile-
booster combination. If the underalignment is too great, the missile
may attained a large angle of attack, possibly resulting in stalling the
missile at the end of its boost phase. On the other hand, insufficient
underalignment may result in an angle of attack which is too low to
sustain missile weight, causing an undesirable loss in flying altitude
before the missile can attain sufficient speed under its own power.

4. Wind. Since it is tactically impractical always to launch into
the wind, one must contend with the problem of wind blowing from any
direction. Depending upon the application, sometimes the tail wind
and sometimes the side wind may result in the critical design point.
One of the main points to remember is that the static stability of the
missile should not be so large that the configuration weathercocks into
the relative wind, resulting in flight-path dispersion under conditions
of uncontrolled flight. For missiles which are being controlled from
the instant ot launch, sufficient aerodynamic control effectivenessmust

- be provided to maintain the missile on the desired flight path during

launch.

Special consideration should be given to the effect of wind on long-
range ballistic missiles, which lift off vertically from their launching
pads. Strong cross winds could cause sufficient force to topple the
missile over its base unless some tie-down provisions are made. In
addition, loads induced by vortex effects at or near the tip of the missile
may be sufficiently critical to cause structural failure of the missile on
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the launch pad. These ground wind-induced loads are particularly
critical for a missile with large length-to-diameter ratio and its attend-
ant low structural strength and natural cantilever mode frequencies.
The latter is conducive to a condition of resonance with the wind-
induced load frequency. Modification of the nose geometry may be
necessary to alleviate or alter the nature of the loads induced by the
forebody vortices. Detail analysis including wind-tunnel tests on
structural or dynamically similar models is required to determine the
severity of this wind-induced loading problem for each missile design.

11-6. RANGE SAFETY

The advent of atomic- and nuclear-warhead-carrying missiles poses
an extremely serious problem of safety not only to the large cities and
their populations in the case of area-defense missiles but also to friendly
troops and installations for the front-line tactical missiles. For the
very-short-range tactical ballistic missiles which fly essentially a zero-
lift trajectory, the problem of safety is not particularly severe since the
missile is aimed and should fly into the general direction of the target.
However, proper warhead arming and fusing must be provided to pre-
vent premature warhead detonation at or near the launch site. For
all other types of missiles which generally fiy a prescribed lifting tra-
jectory (including the long-range ballistic missiles), the flight path and
resultant impact point can be extremely erratic if guidance- and con-
trol system failures occur. Hence reliability of the components as
well as a proper arming system are prime requisites in any missile
weapon system. ' ' T
Since it is practically impossible to attain 100 per cent reliability for
the over-all missile system, the problem of range safety must be
analyzed from a realistic standpoint. . For example, a multiple com-
pound failure of components, which may be an extremely remote possi-
bility, should not be used in the determination of the maximum missile ,
impact area. On the other hand, simple failure or realizable com-
pound failure of certain components should be taken into consideration ‘
to determine the severity of the range safety problem and consequently -
the requirement for a destructive system in the missile. Perhaps one
of the most common failures is one which results in fully deflected con-
trols causing the missile to turn in azimuth, or backward toward the 5
Jaunching area. The maximum area surrounding the launch site
within which the missile can impact (when a component malfunctions)
should be calculated to determine the need of the destructive system.

WwWW.ASEC.ir |
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11-7. SHIPBOARD AND UNDERWATER LAUNCHES

Two veryimportant design aspects in designing missiles for launching
from ships or submarines are (1) space limitation and (2) motions of the
ship during both check-out and launching. In addition to these, pro-
tection to both the ship and personnel from rocket-motor blast effects.
must be provided. For a particular type of missile configuration (air-
plane type where large wings are used to maintain sufficiently higi:
lift-to-drag ratio L/D for long-range flights) extreme care must ' -
exercised to assure a successful launch. The motions (pitch in partic-
ular) of the ship or submarine must be taken into account (if the
launching platform is not stabilized) in order to determine the exact
attitude of the missile at the end of the boost phase. This is particu-
larly critical, since most missiles which fall into this category generally
fly close to their maximum C;. A slight change in attitude as the
result of ship motions could mean an aborted flight.

Experience and test results on launching ballistic missiles from
underwater are presently extremely limited. One of the main prob-
lems associated with underwater launch is to assure that the missile
emerges from the water at an attitude compatible with the capabilities
of the guidance and control system of the missile. In addition, aero-
dynamic stability and control must be provided in order to steer the
missile back to the desired flight path. Extensive systematic tests
must be made with dynamically similar models to determine such
obvious effects as launch speed, attitude, and depth of the launching
submarine on the attitude of the missile when it emerges from the
surface of the water. The effect of sea state (roughness of the sea)
should also be studied since it may be a major factor in determining the
trajectory of the emerging missile. Rocket-motor ignition for an
underwater-launched ballistic missile occurs Wwhen the missile has
attained sufficient clearance from the surface of water to assure that
the rocket motor experiences no adverse back pressure such as would
be the case if the rocket motor were ignited while in the water.
Ignition of the rocket motor in this mode of launch may be achieved
effectively with a timer.

SYMBOLS

C, axial-force coefficient
C, lift coefficient

Cy normal-force coefficient
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F force

M moment

My moment due to aerodynamic surface malalignment
M moment due to thrust

Ry turn radius

S reference area
Sy slant range

Smin minimum slant range for launch boundary
Sy distance used in launch-boundary determination
T thrust

Vi launch velocity

w weight

X distance along X axis shown in Fig. 11-4
Y distance along Y axis shown in Fig. 11-4
hy altitude required to turn

hy terrain-clearance altitude

n load factor '

q dynamic pressure

t;y by missile flight time

At time lag between missile impact and commencement of air-

craft pull-out maneuver

o angle of attack

Yo initial launch angle

6 missile attitude

Subscripts

A axial direction

N normal direction

fs free stream

x,y,z abouttheX,Y,Z axis system
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CHAPTER 12

FREE-FLIGHT DISPERSIONS

12-1. INTRODUCTION

Tn addition to the range safety considerations mentioned in Chap.
11, the dispersion characteristics of the missile during free flight are of
considerable importance from the standpoint of delivery accuracy of
the missile weaponsystem. In the case of the free-flight (uncontrolled)
short-range ballistic missile, the total dispersion results primarily from
the free-flight portion of its trajectory (the other causes are launcher-
aiming error, target-location error, etc.). In the case of a reentry
body of a long-range ballistic missile, the dispersion resulting from its
free-flight or terminal phase must be kept low in order to minimize the
requirements for an extremely accurate and expensive guidance sys-
tem tosteer the missile (and its reentry body) to the prescribed point in
space prior to separation of the reentry body and its warhead. Even
in cases where terminal guidance is employed, the missile may fly a
limited uncontrolled or unguided trajectory just prior to impact.
Such occurrences may take place as a result of loss of guidance due to
component malfunction, ground clutter, enemy countermeasures, etc.
Hence the dispersion characteristics of the missile during free flight
must be carefully analyzed before the effectiveness of the missile
weapon system can be accurately determined.

The following sections in this chapter deal with the problems of dis-
persion of short-range free ballistics during launch or boosting phase.
The problem of drift (dispersion) due to cross wind is treated in detail to
show the pronounced effect of the external-configuration design. In
addition, the dispersion-sensitivity factors for vacuum-flight condi-
tions simulating very-high-altitude reentry are discussed. Finally,
reentry body-design considerations are discussed from the standpoint
of minimizing free-flight dispersion as well as other pertinent design
considerations.

190
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12-2. BOOST PHASE

The primary sources of dispersion during the launch or boost phase
of flight for a free-flight ballistic missile consist of the following:
(1) launcher dynamics (i.e., launcher deflection, tip-off effects, etc.),
(2) launcher setting or aiming error, (3) variation in rocket-motor
performance, (4) thrust and fin malalignments, and (5) cross-
wind effects. Each of these effects will be treated in the following
sections.

1. Launcher Dynamics. AsdiscussedinSec.11-5, the launcher
may deflect under the influence of rocket-motor ignition shock and
sudden thrust build-up. Since the launcher is generally considered by
the dynamics engineers as a complex structural system, particularly
one which is integral with a mobile vehicle, the exact nature and mag-
nitude of the launcher deflection are extremely difficult to calculate.
Hence experimental test data must be obtained by high-speed-camera
coverage of several actual missile launchings to determine the amount
of the launch deflection under operating conditions. This information

P PR

can then be fed back into the analysis of the missile delivery accuracy..

\Should the deflection prove to be intolerable, the launcher must be
modified or “beefed up”’ to reduce the magnitude of the deflection.
Since finite-length rail launchers are commonly used on unguided free-
flight missiles and rockets, missile tip-off off the launcher may occur if
the front shoe leaves the rail prior to the aft shoe. The consequent
rotation under the force of gravity

is undesirable and may be elimi- 22 —— ,

nated by designing equal launchrails = 80 P —

with simultaneous fore- and aft-shoe EE 60 ! )

releases. e ]

2. Launcher Setting. Sinceit §O 0= - %
— 9% 5 10 15 20 25 30 35 40

is physically impossible to set the
launcher precisely at the desired RANGE~10® FT

angle, error in launcher setting is  Fie. 12-1. Typical variation of
alwayspresent. Theseverity ofthe launch attitude with range.
error in launcher setting increases

at launch angles below and above the launch angle for maximum
range. This is readily apparent from Fig. 12-1, which shows the range
variation with launch attitude. For most short-range (i.e., say, less
than 30 miles) applications, the optimum launch attitude y,,, is closer
to 50° than to 45° obtained from drag-free consideration. For some-
what greater range applications where the ratio of total rocket-motor

4
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impulse to burnout weight is in excess of about 100, the angle for maxi-

mum range increases from 50 to
Fig.12-2. Ineither case, however,

240

[g%]

(@]

QO
N

(o))
Q
JX

@
(@]

D
(&)

)]

I
(=)~IMPULSE TO BURNOUT WEIGHT RATIO, SEC
o
(=]
T —]

€

%O 50 60 70 8Q

Yopr, OPTIMUM LAUNCH ATTITUDE, DEG.

Fic. 12-2. Effect of ratio I|/Wg on
Yopt+ '

approximately 65°, as shown in

the (down-range) dispersion sensi-

tivity due to launcher-setting
error, defined as dX/dy;, is zero
at y, for maximum range and
increases (negatively) above and
below this optimum angle, as
shown in Fig. 12-3. The down-
range dispersion AX, due to
launcher-setting is thus
AXy = Z= Ay, (12-1)
%3

where Ay, is the error in Jauncher

‘setting in pitch. - The azimuth

dispersion Ay, (due to azimuth
launch-setting error) is simply

AYy = X Ay, (12-2)
where X is total range and Ay,

.- ’.Mﬁv~.

is the error in launcher setting in

the azimuth plane.

3. Variation in Rocket-motor Performance. ‘Because of the
vtolerances*in rocket-motor design, propellant properties, manufactur-

ing, etc., the total impulse of the
rocket motor may vary over a range
of a fraction of a per cent to several
per cent depending on the operating
environment. Variation of rocket-
motor performance due to tempera-
ture variation in the propellant
(particularly in the case of most
solid-propellant rocket motors) may

be partially accounted for by meas- .

uring the temperature inside the
rocket motor prior to launch. The
uncertainty in temperature meas-
urement constitutes a source of

0)(/0)1
(@]

N

[
k)

\

Fic. 12-3. Typical variation of
range-sensitivity factor with range.

0 10 20 30 40 50 60 70 80 90
Y., LAUNCH ATTITUDE~DEG.

dispersion.

Perhaps the easiest method of determining this dispersion

is to (1) first calculate the effect on range due to variation in total

1
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rocket-pnotor impulse I, (2) determine the range-sensitivity factor 0.X/
91, and (3) evaluate the effect of temperature on total impulse. The.
latter is generally furnished by the rocket-motor manufacturer. With
the above data, the range dispersion due to impulse variation AX; may
be calculated as follows: ] '

AX; = ox Al (12-3)

ol

where AI is the impulse variation. Equation (12-3) may also be
written in terms of propellant-temperature error &s

_oX 3Ly
oI oT

where 91 /0T is determined from the rocket-motor basic performance
data shown in Fig. 12-4. In addition to the effect of temperature

. o . . ly°
variation, the rocket-motor impulse

X, (12-4)

may vary from one motor to thesnext
for a given propellant-temperature
condition. Therange dispersidn due
to this basic inherent tolerance may
also be calculated by Eq. (12-3)
above,

4. Thrust and Fin Malalign- - ypypegature oF PROPELLANT
ment. Perhaps the. mo.st difficult 5 . 104 Effect of propellant
parameter to determine is the mal- (e perature on total impulse.
alignment of the thrust vector and/
or aerodynamic surfaces. Results from static firings from many
rocket motors must be obtained in order to evaluate themagni tude and
nature of the thrust malalignment. In addition, numerous measure-
ments must be made on the aerodynamic fins to get a representative
statistical average of the fin malalignments. Since the direction of
these malalignments is generally random in nature, the dispersionre-
sulting from these malalignments is also random. Since no method of
compensating the effects of thrust or fin malalignments is available,
the designer must resort to methods of minimizing the dispersion due
to these effects. One obvious method is-to hold the tolerances on the
rocket-motor and fin designs to an absolute miminum. However,
such design practice is generally extremely costly and hence is not ad-
hered to. Another method involves designing a missile with very
large static stability margin for the launch condition. This may be
realized by either locating the center of gravity relatively far forward

TOTAL IMPULSE
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of the center of pressure or putting large stabilizing fins at the aft end
of the missile. While the missile with this large static stability margin
is more resilient to any thrust or fin malalignment effects, it is also more
conducive to dispersion due to cross-wind effects since its weather-
cocking tendency is greatly increased, as discussed in a subsequent
section.
- A practical method of partially nullifying the effects of thrust and fin
malalignments is by imparting a spin
to the missile at the instant of launch
and throughoutits boost phase. This
initial spin may be produced either by
spin-jet rockets mounted on the mis-
sile or by using helical-rail launchers.
Spin rate or rolling velocity for the
remainder of the powered (or un-
powered) flight may be obtained by
/ canting the aerodynamic stabilizing
/~~CURVE "a" fins. The effectiveness of the initial
o 5 >0 spin on reducing the dispersion due to
FLIGHT TIME~SEC thrust and finmalalignmentsisreadily
apparent from the following sample
calculations:

Example: y; = 20°, X = 13,500 yd.

a. Lateral-thrust malalignment = 1§ in. from center of gravity

b. Angular-thrust malalignment = 0.00176 radian

¢. Fin malalignment = }4° (in pitch)

d. Fin intentionally canted to produce spin rate as shown by curve
A in Fig. 12-5.

The range and azimuth dispersions Az and Ay for the missile
launched without initial spin (curve 4 in Fig. 12-5) are 1,300 and 125
yd, respectively. The resultant dispersion is thus[(1,300)% + (I 25)2]'
= 1,305 yd. However, by imparting an initial spinrate of 11 radians/
sec through the use of a helical-rail launcher (shown by curve Bin Fig.
12-5), the corresponding dispersions are reduced to 425 and 185 yd,
respectively. The resultant dispersion is hence reduced to 463 yd,
corresponding to a reduction of approximately 65 per cent.

5. Surface Winds. Inlaunching free-flight ballistic rockets, the
magnitude and direction of the surface'winds as well as winds aloft (the
latter are generally called ballistic winds) must be taken into account.
This is done by properly canting the launcher in elevation -or in the
azimuth plane depending on the presence of either a head or tail wind

SPIN RATE~RAD/SEC

2F

Fic. 12-5. Spin rate vs. time.
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or a cross wind. Since it is impractical to obtain an accurate wind
measurement at or near the launch site, the inaccuracy in such meas-
urements results in an incomplete compensation for the presence
of surface winds; hence dispersion due to surface-wind effects is
realized.

From the standpoint of dispersion due to surface-wind effects, it is
desirable to Jesign the missile with zero (or even a slightly negative)
stability margin (i.e., neutral stability). A highly statically stable
missile is undesirable since it has a very strong tendency to weather-
cock into the relative wind and hence is more conducive to dispersion
due to surface winds. References 1 to 5 are recommended to the
readers for the mathematical and quantitatiyetreatmentsof thegeneral
effects of wind and malalignments, as well as a discussion on the opti-
mization of these two effects on dispersion.

12-3. POWER-OFF FLIGHT

During the power-off trajectory of a free-flight ballistic missile,
dispersions may be caused by several factors which are discussed
below.

1. Variation in,Missile Characteristics. Since it is generally
impractical to maintain the exact missile characteristics on all missiles
coming off the assembly line, the range of each missile will vary some-
what from the nominal range calculated for an “‘average” or “datum”’
missile configuration. Hence this variation may be considered as a
dispersion over the nominal condition. Since the weight from one
missile to another may vary from a few to many pounds, the range
variation or dispersion may be readily calculated by getting a statisti-
cal average of this weight variation by the following relationship:

AX W ?_)_(_
ow
where AX,, = range dispersion due to weight variation
3X/0W = range-sensitivity factor due to weight variation
AW = statistical average weight variation
Because of aerodynamic smoothness tolerances as well as rough-
handling effects in the field, the drag of the missile may also vary from
one missile to the next. This variation in drag characteristic may be
significant for the relatively long range flight conditions (i.e., near yopt
launch attitudes). This factor is rather difficult to assess. Hence
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intelligent guesses must be made ; they should be based-on past experi-
ence or data on this subject. Consequently the dispersion resulting
from this factor may be conveniently calculated as follows:

: 0X
AX — AC 12-6
D= 35 D (12-6)

D
where AX ;, = range dispersion due to C, variation
0X/0C ;, = range- sensitivity factor due to C,
AC , = variation in drag coefficient

2. Variation in Atmospheric Density. During its power -off
free-flight phase, the missile trajectory is primarily a function of its
drag and mass characteristics (assuming still-air condition). Sincethe
drag of the missile is the product of C }p V2, the density of the atmos-
phere must be known or assumed. Meteorologlcal data taken prior.to
launch may be subject to (1) error due to inaccuracy in the basic instru-
mentation and (2) changes in atmospheric condition between the time
the data were recorded and the time of launch. Hence the error in the
determination of atmospheric density results in a-range dispersion
which may be calculated as .
X AChp) (127

*3(%e)
where AX, = range dispersion due to density variation

0X/9(%p) = range sensitivity due to density variation (generally

expressed as per cent density error)
A(Y% p) = per cent density error

3. Drift Due to Cross Wind. The problem of evaluating the
missile dynamic response in the presence of cross winds during its
power-off (ballistic) flight trajectory may be conveniently divided into
two phases. A qualitative analysis will be presented first to clarify
the nature of its response characteristics. Then an analytical method
will be derived in order to evaluate this cross-wind effect quantita-
tively.

a. Qualitative Analysis. The mechanics of missile response (or
drift) due to cross winds may be conveniently illustrated by means of
Fig. 12-6. A constant forward velocity is assumed for the moment.
Figure 12-64 shows the plan view of the normal attitude of the missile
during its power-off flight. As it encounters a cross wind, shown in
Fig. 12-6 B, it weathercocks into the relative wind as shown in Fig.

)

12-6C. The rapidity with which the missile weathercocks of course -

depends on the static stability margin of the missile in this flight con-
dition (positive static stability margin is assumed throughout this
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analysis, i.e., the missile is statically stable at all times during its tra-

jectory).

It is seen from Fig. 12-6C that, at this instant, the m1ss1le

will be accelerated in the azimuth direction by the drag component

Dy sin B,. Thus it is clear that, as
time elapses, the missile drift rate
yp develops, as indicated in Tig.
12-6 D, and consequently reduces f.
For a reasonably long flight trajec-
tory, a steady-state condition will
be attained wherein the missile will
be drifting at the velocity of the
cross wind, as shown in Fig. 12-6E.
Obviously, in this steady-state con-
dition, the missile will experience no
unbalance of forces in the azimuth
direction and hence no acceler-
ation in that direction. The above
simplified qualitative analysis may
be summarized in terms of acceler-
ation 3, and drift rate y, with a
time history as presented in Fig.
12-7. The corresponding‘‘instants”
of conditions described above are

included in Fig. 12-7 for clarifi-

cation.

As the result of the above dis-
cussion, it is clear that a single-body-
mounted lateral accelerometer will
not sense acceleration in the azi-
muth direction since the only ex-
ternal driving force in the azimuth
direction is the aerodynamic drag
(component) which lies in the in-
sensitive axis of this accelerometer.

e~ .
D°<———-——Q—<————\ X

(A)

. D, SIN B (=¥,
Do ° X
A Y

(0) Sﬂ

Do<_'—'

(E) %o
Fic. 12-6. Mechanics of drift due
to cross wind. (4) Undisturbed-
flight condition. (B) Instant of
cross-wind occurrence. (C) Missile
has weathercocked into resultant
velocity Vg. (D) Shortly after
occurrence of cross wind. (E)
Steady-state condition (i.e., missile
drifting with velocity of cross wind

YD = Y*”r').

Hence a single accelerometer mounted rigidly within thé missile
airframe cannot be employed as a device to detect or compensate for
cross-wind effects. .

b. Quantitative Analysis. The above section presented the quali-
tative behavior of the missile flying in the eross-wind condition. A
quantitative evaluation of the missile response is presented below for
calculating the drift dispersion due to cross winds.
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In the development of the method for calculating drift due to cross

winds, it is convenient to assume that the missile has already weather-.

cocked and commenced to drift, as shown in Fig. 12-6D. From Fig.
12-6 D, the acceleration of the mis-

y silein the azimuth direction 4 , may
& be written as

Fy = myp = Dysin g (12-8)

) TIME —> . C‘Do%szS sin

_ 12.9)
((f; () (e) Yp om (

Fi1c. 12-7. Summary of missile But ﬂ‘: sin™1 Yw — ,213 (12-10)
dynamic response to cross wind. , Vg

where y, is the drift rate of the missile and V, the resultant velocity
defined as

Ve =&+ Uy — ¥p) = V& + ¥’ + ¥p° — 2wyp (12-11)

For most applications, f is small and may be written as

B (Yw — ¥p) (12-12)
Vg

Hence Eqg. (12-9) may be expressed as

_ CpoPSV pYw — ?JD)‘
2m

ip (12-18)

Since V5 o~ #, the forward speed of the missile, Eq. (12-13) becomes

CpopSiliy — ¥
ip = 2 E)y; /o) . (1219)

Integrating ¥, from the limits of (y ), to ¥,

1}1) y t
f : dyD‘ _ 8 f(cpopae)de ' (12-15)
o Yw — Yp  2m Jo

we get
T , . N
—In (J — yp) — In [y — @plol = —f (Cp,p2) dt  (12-16)
- 2m Jo
. .
or In [y—"i-(—"D-)E:l = 2 | (Oppi) dt (12-17)
Yw — ¥Yp 2m Jo

.- ’,WS‘Q

W 7 SineDy=Cp}pV, Ba, (12-8)
becomes
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. . . S t
or ; — —f (Cp px) dt
Juw = Wplo _ gam'o ‘20 (12-18)
Yw — YD ’

t
In order to evaluate the missile drift rate g, the values off (Cp,pa) dt
0

and (7)), must be determined first. In most cases, however, ideal-
trajectory data (standard atmospheric trajectories with no wind or
malalignments) are available since these are basic data with which the
designer commences his design and analyses. Hence plots of (C'p, p2)
vs. time, such as shown in Fig. 12-8, can be readily made for most of

-
5 - AT =T/4
S :
3 r—- T

? . /AR

g U N
(&)

TIME ——
-TIME OF FLIGHT~SEC
Fic. 12-8. Variation of Cp pz Fic. 12-9. Initial transient re-
with time. sponse of a typical statically

stable missile.

the flight conditions for which the drift dispersions are desired. By
simple graphical integration of the (Cp, pa) vs. time curve (Fig. 12:8),
the value of [+ — (¥ p)o)/ (¥ — ¥p) may be calculated vs. flight time
of the missile.

The only remaining term that needs to be determined in order to
calculate the missile drift rate 4, is (y),. The term (yp), represents
the initial drift rate of the missile from initial missile transient due to
cross wind. Schematically, the initial transient-response character-
istics of a typical stable missile are shown in Fig. 12-9. Again, for a
statically stable missile with a reasonably high degree of damping, the
value of (7p), may be approximated by the first quarter cycle of the
initial transient response as shown in Fig. 12-9. During this small
time interval At the Mach number, ¢, and density can be assumed to be
constant. Hence the impulse due to this initial transient (from Fig.
12-6B)1s

Y At = mAy,, = ijﬂ;i(,],r/épl'lfb‘ At (12-19)
Since B2 LAlN
Ve
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Eq. (12-19) becomes
' . : 2T .
m Ajp = Oy iw2pV &S = 7 = mn)e (12-20)
™

where 2/ is the ratio of the area under a cosine curve to that for a
constant B, over the time interval Af (or 7'/4). The period T shown in
Fig. 12-9 is related to the yawing-moment derivative Cnﬁ, as

T = %J L (12-21)
C, ﬁqu
Hence the value of (y,), may be expressed as
C S
(oo = ZE=E [ L (12-22)
2m C, ,Bqu :

Therefore, once the initial conditions in which the cross wind is
assumed to occur are known, the value of (y,), can be readily calcu-
lated by Eq. (12-22). Consequently the drift rate of the missile y,

y. ~FT

Z,ALTITUDE~FT

—

X, HORIZONTAL RANGE~FT FLIGHT TIME —

y. ~FPS

+  Fi1c. 12-10. Ideal trajectory (no FIG 12-11. Variation of y, and yp,
wind). with time.

may be readily calculated from Eq. (12-18) for the entire trajectory for
any cross-wind conditions. The drift dispersion y, is merely the inte-
gral of the y, vs. time curve previously calculated.

A sample calculation is presented in Table 12-1 for clarification, as
well as to facilitate future application of the method developed here.
The sample presented assumes a cross wind of constant magnitude
throughout the entire altitude range of the missile trajectory shown in
Fig. 12-10. For cross winds which vary with altitude, Eq. (12-18) is
still applicable if incremental altitudes and the average cross-wind for
these altitude intervals are used. The drift rate and drift dispersion
due to a constant cross wind of 20 fps (occurring at 4 sec after launch)
for this sample problem are shown in Fig. 12-11.

WWW.ASEC.ir | L
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4. Determination of Over-all Free-flight Dispersion. In
general, the dispersion of a free-flight ballistic missile is of the elliptical
pattern. The elliptical probable error is the probability that 50 per
cent of all missiles fired will fall within an ellipse defined by

xZ

y2 ‘ .
+¥ —1.386 (12-23)
2 2
O"ll

Q

x

where o, and o, are the standard deviations of error in the z and y
direction and may be expressed as

0, =2t 0, 4+ 0, 4 (12-24)

611 = \/01112 + 0'1122 + GI/az + e (12'25) )

where o, , 0, , etc., are the standard deviations of error in the z and y
direction caused by launcher setting, wind, malalignment effects, etc.
When the values of o, and o, are approximately equal, the error
between the elliptical probable error and the circular probable error
in defining the area in which 50 per cent of the missiles will fall is
negligible. The circular probable error (CEP) is defined as

CEP = 1.18V g0, (12-26)

12-4. DISPERSION:-SENSITIVITY FACTORS IN VACUUM

Heretofore discussion has been fogused on the free-flight dispersion
characteristics associated with atmospheric trajectories. This pre-
supposes that trajectory data are available in order to assess these
dispersion characteristics. However, for some cases where no tra-
jectory data are available, it is desirable to estimate the order of mag-
nitude of the dispersions resulting from errors in several of the missile
trajectory parameters. In addition, it is important to determine the
relative importance of these trajectory parameters in order that proper -
emphasis may be placed on the more important components of the
missile system during its early preliminary-design phase. In the
following paragraphs, the dispersion-sensitivity factors in vacuum con-
dition are derived and are based on (1) a flat earth, rectilinear coordi-
nate system and (2) a spherical earth, nonrectilinear coordinate
system.

. ,’,M’-"’& -
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1. Flat Earth, Rectilinear Coordinate System. For rela-
tively short range flights whereby a flat earth, rectilinear coordinate
system may be assumed, the equations of motion of a point mass
in a vacuum are readily expressed
from Fig. 12-12.

Z=V,cos b, (12-27)

y=Vysinf,—gt (12-28)
Integrating Eqs. (12-27) and
(12-28), we get

x=0 \ x=R
1=0 = Vycos Bt +C; (12-29)
Fic. 12-12. Definition of terms for. 0
sensitivity-factor determination (flat. R _ Qt_ i
oarth). .y = V,sin 6yt 5 + C, (12-30)

From the boundary conditions,
t=0,y=h, then02=k0
t=0,2=0 thenCI;O

: -
Y P SO

Substituting the values of C; and C; and Eq. (12-29) into (12-30), we

get
2
gz
=ztan ) — —F——— 1+ h 12-31
Y ® 2V 2cos? b, T ° ( )

Since x = R aty = 0, Eq. (12-31) becomes

gR?

0=Rtanfy — ———— 4k 12-32
° 2V 2cos? 6, + 0 ( )
B _ (2V % sin 6, cos )R 2V ¢*hy cos® 6, -0 (12-33)
g | g
2 .
hence g — Yo sin 26, + Yo cos 0o\ V¥ sin? 6, + 2gh, (12-34)

2g g

Since R is positive for 6, = 0°(ie, R = Vé\/ 2hy/g), the negative sign
in the second term of Eq. (12-34) may beneglected. Thus Eq. (12-34)
becomes

Voisin20,  Vocosby /53
= v T vV Vo
29 g

R sin® 6, + 2gh, (12-35)
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The dispersion-sensitivity factors due to errors in velocity, altitude,
and missile attitude at missile cutoff, 0R/dV,, 0R/0k,, and dR/[d0,,
respectively, may be obtained by taking the partial derivative of R
with respect to Vy, &y, and 6,in Eq. (12-35). These dispersion-sensi-
tivity factors are '

OR _-V,sin 26, n 2 cos 0y(V 2 sin? O, + ghy) (12.36)

oV, g gV Esin? 0, + 29k,

R _ Vo c0s b, (12-37)

Ohy N V*sin? 0, + 2ghg

and

OR _ V4’ cos 200(1 n V,sin 6, _ 2hyV 4 sin 6,

06, g VPV 2sin? 6 + 2ghy N/ V¥ sin? 6, + 2gh,.
| (12-38)

For 6, = 0° (i.e., free flight commencing at the apogee) condition,
the above expressions can be simplified as

R=v, [Ho (12-39)
g
oR 2y '
If |2k 12-40
oV, g ( )

= = 12-41
Ohy  \/29h, ( )
0R V.

—_— = 12-42
20, g (12-42)

Although the above expressions are applicable only for the vacuum
(drag-free) flight condition, they are useful in that the order of magni-
tude of the dispersions as well as the relative importance of the various
trajectory parameters (i.e., V,, ky, and 6,) may be readily determined.
The range and sensitivity factors for two actual flight conditions using
the drag of a typical missile configuration have been computed and

S PO U S
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206 MISSILE CONFIGURATION DESIGN
compared with the values derived from Egs. (12-39) through (12-42) o
below. | "

V¥, = 1,000 fps, by = 5,000 ft ¥V, = 1,000 fps, ky = 10,000 ft §

R = 16,500 ft (actual condition) R = 23,000 ft (actual)

= 17,700 ft (vacuum condition) = 25,000 ft (vacuum)

8R>=z160fﬂﬁ(amud) = 1.10 ft/ft (actual)
oh,) = 177 ft/ft (vacuum) = 1.25 ft/ft (vacuum)
aR} = 13.0 ft/fps (actual) = 17.8 ft/fps (actual)
a_f/; = 17.7 ft/fps (vacuum) = 25.0 ft/fps (vacuum)
m1=mm&mnwmm , = 25.4 ft/mil (actual)
-3—9; = 31.0 ft/mil (vacuum) = 31.0 ft/mil (vacuum)

2. Spherical Earth, Nonrectilinear Coordinate System.
For long-range ballistic flight trajectories such as those of the ICBM’s,
the dispersion-sensitivity factors for a vacuum (drag-free) flight condi-
tion may be readily determined from the simplified expression for
the range® [Eq. (4-43)] shown below.

sin 6, cos 0,

12-43
1/V 2 — cos? 6, ( )

R = 2ry tan™?

where 7, = V,/V, = ratio of cutoff velocity to satellite velocity
6, = angle of incidence as shown in Fig. 4-16
Substituting V,/V, for ¥, and deleting the subscript f in 0, Eq. (12-43) c
becomes
sin 6 cos 0

- . (12-44)
(V/V,)? — cos* 6

R = 2rytan™?

Taking the partial derivative of R with respect to V and 6, the disper- .
sion-sensitivity factors become

: - 2,173
JR — 47, . sin 6 cos O(V =/V ? (12-45)
ov { [ sin 6 cos 0 ]2l[(1’3)2 0 }2
1+ —) — cos® 6
- (VIVE —cos2 00 JL\T
and
oR _ 27y (cos?f — sin*f) - 2sin®f cos® 0
26 | [ sin 6 cos 0 ]2} [(V)z 0 ] [(V )2 2 :Iz
U T L7 77 = cost6 p) " y)
(12-46)

The values of the above sensitivity factors heve been computed for

WWWASEC.ir N
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the optimum cutoff attitude (see Fig. 4-14b) for ranges of 2,000- and
4,000-nautical-mile ballistic-missile flight conditions. These values
are shown below to indicate the order of magnitude of these sensitivity

factors. R = 2,000 nautical miles R = 4,000 nautical miles

6 =37° 6 = 28.5°

V = 17,300 fps V = 21,700 fps

V. — 25,900 fps ¥, = 25,900 fps

hy = 0 ft hy = O ft

ro = 20.9 x 108 ft ro = 20.9 x 10° ¢
oR oR
9F _ 1 558 ft/fps 9% _ 3903 ft/fps
v fip v /e
a_% — 2,090 ft/mil %i; — 2,470 ft/mil

12-5. REENTRY-BODY DESIGN CONSIDERATIONS

One of the most important subsystems of a long-range ballistic-
missile system is the reentry body. Inview of the order of magnitude
of the dispersion-sensitivity factors due to errorsin cutoff velocity and
missile attitude, 9R/dV and 0R/26 discussed in the previous section,
it is of paramount importance that the reentry-body configuration
must be designed which will result in the lowest possible free-flight
dispersion. On the other hand, it must also be optimized from other
design considerations, i.e., aerodynamic heating, minimum strugtural
weight, reliability, ete.

In general, it is desirable to avoid the use of a guidance system in the
reentry body in order to minimize the cost of the missile as well as to
improve the reliability of the reentry-body subsystem. Hence, the
reentry-body configuration must be carefully designed in order that its
free-flight dispersion resulting from atmospheric disturbances, 1.e.,
wind shears, cross winds, etc., is within the specification limits. From
the discussion in Sec. 12-3, it is apparent that a low-drag configuration
is desirable from the standpoint of minimum free-flight drift dispersion
due to cross winds. Specifically, it is desirable to make the value of
C',,S/m, commonly known as the “ballistic factor,” as low as possible
to achieve low free-flight dispersion due to wind effects. A low value
of ballistic factor has the added advantage that the impact Mach num-
ber for a given flight range is greater ; hence the vulnerability to enemy
countermeasures is reduced. In addition, a reentry-body configura-
tion with a low ballistic factor minimizes the separation problem since
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208 MISSILE CONFIGURATION DESIGN

the force required to separate the reentry body from its last-stage
booster is decreased or may be completely eliminated. In the latter
case, separation is achieved by the force of gravity simply by releasing
a olamp which holds the structures of the two bodies together during
their exit flight. :

While a low drag or ballistic factor is desirable from the standpoints
of free-flight dispersion, vulnerability, etc., the problems associated
with aerodynamic heating become more severe. Hence a severe
weight penalty may be imposed by the added material requlred to pro-
tect the reentry body during its terminal flight. At the present, the
two most feasible techniques used in combating this heating problem
are (1) the heat-sink method and (2) ablation. The former method
involves using a material which absorbs most of the heat generated
while the latter method involves using a material which melts or ab-
lates off during reentry. = Other methods such as cooling the surface by
a liquid, alteration of the flow over the body by protruding spikes, or
magnetohydrodynamic are being 1nvest1gated for possible future appli-
cations. The selection of the best method can be made only after a
thorough analysis of the magnitude and rate of heat transfer, the cost
and availability of materials, etc.

In addition to the problems associated with the dispersion and
aerodynamic heating, consideration must be given to the dynamic-
response characteristics of the reentry body during its critical terminal

S SOV e

flight. In general, a reentry body without a control or guidance sys- -

tem must be statically and dynamically stable. Static stability is
required in order to prevent the reentry body from tumbling during its
entire terminal flight. Adequate damping is desirable since it reduces
the induced drag and hence its dispersion during its flight in the sen-
sible atmosphere. Inaddition, gooddamping characteristicsdecrease
the severity of the aerodynamic loading and heating during reentry.
Spinning the reentry body prior to its terminal flight into the atmos-
phere may be used to obtain stability and to nullify the detrimental
effects of aerodynamic out of trim. Readers are referred to the partial
list of reports (refs. 7 through 18) for detailed treatments of many of the
important aspects of reentry-bodv design.

SYMBOLS .
Cp drag coefficient

C, = yawing-moment coefficient
C, side force
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constants of integration

drag

drag at zero lift or normal force
force ’
rocket-motor impulse .
moment of inertia about the X and Z axis
range of the missile

reference area

period of oscillation

forward velocity

cutoff velocity

ratio of V,to ¥V,

resultant forward velocity
satellite velocity

weight of missile

burnout weight of missile
range of missile

side force

altitude

body diameter

altitude

mass

“ballistic factor”

dynamic pressure

radius of earth

(flight) time

down-range (in X direction)
distance in the az1muth direction
drift rate

wind velocity

angle of sideslip

launch attitude

~ air density

angle of incidence as shown in Fig. 4-16
standard deviations of error in the z and y direction

Subscripts

drift :
pitch setting
azimuth setting
initial condition

209
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CHAPTER 13

POWER-PLANT-DESIGN CONSIDERATIONS

13-1. INTRODUCTION

Heretofore the discussion on missile configuration design has been
focused primarily from the aerodynamic standpoint. Since the power
plant constitutes a major componentof theover-all configurationof the
missile, it is well to discuss some of its more important design aspects
and how it affects the configuration of the missile. The type of power
plant selected is primarily dictated by the type of mission the missileis
designed to accomplish. The selected power plant may be one of the
many which will be described in & later section. Itsinstallation must
then be optimized from the standpoint of the over-all efficiency of the
external configuration. It may be installed as an integral part of the
main body of the missile, as in the case of a solid-propellant or pre-
packaged-liquid rocket motor, or it may be pylon-mounted, particu-
larlyin the case of air-breathing power plants. For certain missions,

it may be advantageous t6 use a combination of an integral rocket or

pylon-mounted power plant and an external droppable booster. The
optimum installation can be made only after a thorough analysis of the
problems involved has been made.

13-2. TYPES OF POWER PLANT

There are a great variety of propulsive devices ranging from the
time-tested, reliable reciprocating engine to the more recently devel-
oped air turbo rocket. Each of these power plants has its advantages
and disadvantages as-well as limitations regarding its applications.
Categorieally speaking, it can be said that all air-breathing engines are
limited to operation in the Jower atmosphere whereas rocket engines,
which carry their own oxidizer, may be used at all altitudes. Thus, for
altitudes below approximately 20 miles, both rockets and air-breathing
engines may be used whereas, above this altitude, only rockets may be

211
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212 ~ MISSILE CONFIGURATION DESIGN

considered. From the standpoint of efficient operation, the velocity

ranges are considered for the following types of power plant:

Mach No. range Propulsion system
0 to 0.7 : Piston engine and propeller
0.5 t0 0.8 Turboprop
0.7 to 2.5 Turbojet
© 2.0 and 4.0 Ram jet, air turbo rocket rocket
4.0 and up Rocket

1. Reciprocating Engine. The four-stroke-cycle spark-igni-
tion engine is probably the simplest in principle of all prime movers.

INTAKE VALVE
EXHAUST VALVE
"

A i

|
| 0O
O }
O l
o A 5
. INTAKE COMPRESSION POWER EXHAUST

Fic. 13-1. Four-stroke-cycle reciprocating engine.

Asshown in Fig. 18-1, a piston reciprocating in a cylinder draws a mix-
ture of fuel and air in through the intake valve during its downward
stroke and compresses the mixture on its subsequent upward stroke.
; An electric spark then occurs, which
AN ignites the gas mixture, releasing
! chemical energy in the form of heat,
] which in turn causes a substantial
increasein pressure.. Thisincreased .
4 ~ pressure forces the piston down-
: L - - ward, delivering mechanical power
INTAKE COMP. POWER EXH. - to the crankshaft. When the pis-
Fic. 13-2. Pressure and temper-  ton reaches the bottom of the
ature as function of stroke—four-  oylinder, the exhaust valve opens to
cycle reciprocating engine. allow the burned gases to push out on
the exhaust stroke. Flgure 13-2 shows the pressure and temperature
characteristics of the fuel-air mixture as a function of piston travel.
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The reciprocating engine has the advantage of very low specific fuel
consumption and relatively high static power. These favorable char-
acteristics make this type of engine far superior to any other type of
engine for relatively low speed and low altitude operation.

2. Turbojet. Themajor components of a turbojet engine are the
compressor, combustion chamber, and the turbine to drive the com-
pressor as shown schematically in Fig. 13-3. Atmospheric air enters
the diffuser, where it is partially compressed toreduce its velocity. As
it passes through the compressor, its pressure is raised to several times

PROPELLER
/// COMPRESSOR

COMBUSTION
CHAMBER

TURBINE

COMPRESSOR
COMBUSTION
(CHAMBER TURBINE

CI = 1@—)@ —
—> L

-F1a. 13-3. Schema of a turbojet. Fi1c. 13-4. Schema of a turboprop.

|

its original value. The temperature also increases appreciably. Be-
tween the compressor outlet and the combustion chamber, the air
undergoes a slight diffusion. In the combustion chamber, heat is
added to raise the energy level of the gases. Although the process of
combustion is essentially a constant-pressure process, a slight pressure
loss occurs because of friction and momentum changes. From the
combustion chamber, the hot gases are expanded through the turbine,
which extracts just enough energy to drive the compressor and to over-
come bearing friction. The gases then flow through the exhaust
nozzle to increase the kinetic energy and obtain thrust.

3. Turboprop. Thisengine is practically identical to the turbo-
jet. The differences are primarily due to the manner in . which the
generated power is used. Where the principal function of the turbo-
jet is to produce thrust in the form of an exhaust jet, the turboprop
uses most of the energy of the gases to drive a propeller, as shown in
Fig. 13-4.

4. Air Turbo Rocket. This type of engine, which combines the
essential features of both the turbojet and rocket, is in the development
stage. A gas generator, using ethylene oxide as a monopropellant,
produces gas which exhausts through a turbine, which in turn drives a
single-stage axial-flow compressor as shown in Fig. 13-5. JP-4fuel is
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introduced and burned downstream in what is essentially an after-
burner. Thrust is obtained from both the JP-4 air mixture and the
gases from the ethylene oxide reaction. This engine would have the
advantage of being capable of operating at very high Mach numbers
(up to 4.0) and yet producing a high thrust at static sea-level condition.
The chief disadvantages are (1) very high fuel consumption and (2)
high vapor pressure. '

5. Ram Jet. The most important feature of a ram-jet engine is
that it has no moving parts in the engine proper. For this reason, it

COMPRESSOR
GAS GENERATOR
< TURBINE EXPANSION
, ) COMPRE SSION-KCOMBUSTIONF =
OE@/
—- <
- <
4 @ : j
COMBUSTION CHAMBER N
AND/OR AF TERBURNER ,F;\l,JJEELCnON} Z‘@‘ﬁ%ERS
F1c. 13-5. Schema of an air turbo. Fic. 13-6. Schema of a ramjet.
rocket.

is simple, easily fabricated, and relatively inexpensive. The basic
components, as shown schematically in Fig. 13-6, are an inlet, a com-
bustion chamber, and anozzle. The operating cycle is basically simi-
lar to other jet engines, i.e., compression, burning, and expansion.
Entering air is diffused as it flows to the burner section. Fuel is in-
jected and burned. The hot gases are then expelled at high velocity
through the nozzle to develop thrust. This type of engine is a continu-
ing burning device operating with a continuous flow of air. Hence a
ram-jet-powered vehicle must have an initial velocity before the ram
jet can operate. Since the compression ratio and hence power output
increase with speed, the ram jet is generally used only for flights at
relatively high supersonic speeds.

6. Rocket. The rocket is technically a jet engine. It differs from
the air-breathing type in that it does not depend upon the atmospheric
air as an oxidizing agent. Both the fuel or propellant(s) and the oxi-
dizing agent are carried within the rocket motor. The propelling
action is derived from the generation of large quantities of gases by the
chemical reaction of propellants within the combustion chamber.
These gases are expelled with supersonic velocity.

For sustained or intermittent operation over relatively long periods
of time, the liquid-propellant rocket is generally used. The duration

L.
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depends primarily on the quantity of fuel available. The operating
pressures are lower than those employed by the solid-propellant units
(300 to 750 psi as compared with 1,500 to 3,000 psi). Becauseof their
reliability and handling characteristics, etc., the solid-propellant units
are becoming more ‘‘popular” in filling the bill that has normally been
filled by the liquid-propellant rockets. ~Design considerations for both

'liquid- and solid-propellant rockets will be presented in a later section

of this chapter.

13-3. FUNDAMENTALS OF ROCKET ENGINES

1. Principles of Rocket Propulsion. Rocket propulsion is one
form of jet propulsion which involves forward thrust or motion due to
rearward ejection of high-velotity gases or fluid jet. The principle of
jet propulsion is based on Newton’s third law of motion, which states
that for every action there is an equal and opposite reaction. In a
rocket engine, the force of the momentum of the rearward ejection of
hot gases imparts a reverse or forward thrust to the engine.

2. General Equations. In the quantitative analysis of the
performance of a rocket engine, it is generally assumed that the chemi-
cal reactions in the combustion chamber are in the state of thermo-
chemical equilibrium. This assumption appears to be quite valid
except where high-energy fuels are considered. For the latter type of
fuel, the exact nature of their thermochemical reactions has not been
completely determined. Because of the strong possibility of ioniza-
tion and recombination in the products of combustion in the nozzle and
downstream of the nozzle, an exact determination of the performance
of a rocket motor using these high-energy fuels cannot be easily made
by theoretical analysis. Hence experimental means involving static
firings, etc., must be employed. Another important assumption made
is that the flow within the rocket engine isisentropic. This assumption
is generally valid as long as the nozzle is designed so that the gases
undergo a full or underexpansion at the exit of the nozzle. A condi-
tion of full expansion is one in which the gases have been expanded
from a high pressure from the combustion chamber to a pressure at the
nozzle exit equal to the ambient. A condition of underexpansion is
one in which the exit pressurg of the gases is higher than the ambient
pressure. The assumption of isentropic flow for a condition of over-
expansion (exit pressure less than ambient pressure) may be completely
unjustifiable, particularly when the ambient pressure is very much
greater than the exit pressure of the gases because of flow separation
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and shock formation within the nozzle. However, with careful design
practices, the above assumptions may be used in the quantitative pre-
diction of the performance of the rocket engine.

The thrust of a rocket engine is-the resultant pressure of forces acting
upon its outer and 'inner surfaces and may be expressed as

T =f D, dAz + 1 »; dAx (13-1)
Aq Ag

where 7'= thrust

p, = outside or ambient pressure

p; = inside pressure

A, = axial or  component of wall of rocket engine
From Flg 13-7, the value of the first integral is

f D, dAx = "'.per (13’2)
Ao

where A, is the exit area of the nozzle. * From the momentum theorem,
which states that the integral of all the pressure forces acting on a
mathematical closed surface is equal to the momentum flux through
the surface, the second integral may be written as

fp dA, —fpe dA, = M, (13-3)

where p, = pressure at the nozzle exit
M_ = momentum flux in the axial direction and may be written

as ‘,
fpr d4,
Hence Eq..(13-1) becomes ‘
T =fpr2 d4, —i,—fpe dAa: —pA, (13-4)
Since fpV 244, = _ 7 (13-5)
g
and” fpe dd, = p,A, (13-6)
Equation (13-4) becomes
| W,V
X T = ; I+ (p, — P, (13-7)

where W, = propellant-weight flow rate
V,; = exit velocity of exhaust gas



POWER-PLANT-DESIGN CONSIDERATIONS 217

In the above derivation it was assumed that the exit velocity is
parallel to the direction of the thrust. For nozzles with a large diver-
gence angle « as shown in Fig. 13-8, a divergence coefficient 2 must be
applied. The value of A is defined as!-*

PR Sl U S VTS Vo (13-8)
4(1 — cos «) '

and is plotted in Fig. 13-8. Hence Eq. (13-7) becomes

7=V | 5, pa, (13.9)
g

‘ From Eq. (13-9), it is seen that for a fully expanded (or design) con-

dition the term (p, — p,) is equal to zero. For underexpansion, the

1.0
0.9

0.7 AN
06 AN

0.5 .
0 t0 20 30 405060 7080 90
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F1c. 13-7. Pressure forces. Fic. 13-8. Divergent coefficient
vs. divergence angle.

value of thrust is increased by the amount (p, — p,)4,. Thus, for
operation at altitudes above the design altitude, the nozzle and hence
the rocket engine becomes more efficient. Conversely, below design
altitudes, the rocket engine is less efficient.

The thrust coefficient is often used as a measure of performance of
the nozzle or the expansion process in the nozzle and is used as follows:

T = Cpp A, (13-10)

where C, = thrust coefficient
p, = chamber pressure
A, = throat area of nozzle

* Superscript numbers indicate references listed at the end of the chapter.

.- A—.—-——.‘..A. Ty A, . O
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From relationships derived for isentropic flow through a converging-
diverging (DeLaval-type) nozzle, the thrust coefficient may also be

expressed as

C'T _ A/ 2,}/2 ( 2 )()‘+1)/Y(—I)|:1 B (&)()’—1)/7:] + Pe — poﬁl_; (13_11)
Y= 1 4 +.1 D/ P At

The, values of C for condition of full expansion (p, = p,) for various
values of v and p./p, have been calculated and are presented in Fig.
13-9.

Another useful expression involves the area ratio (defined as ratio
of thrpat area to exit area of the nozzle) required for complete or full

y=1 | : v
200 2 100 e
(50 , -2 50 0 1.3
1’30 1.4 L L 4
1201 20 :;'}‘ht”y‘ ,
$o. 1 Ol ‘ =10 =2 s
1,05 = E ! 5 7
| T I T
1,021 2 T
1 00 T (e T T
V{2 5 1020 50100 4001000 { 2 5 {020 50100 4001000
p./p, p./P,
Fre. 13-9. Thrust coefficient vs. Fic. 13-10. Variation of 4,/4, with
p,/p, for  arious y’s—full-expansion p./p, for various y’s—full-expansion
condition. condition.

expansion. This ratio may be expressed as a function of y and p,/p,
as follows:
. P 1/(y—1) 1/y ' (y—1)/v
it (o I (7 e R B
Ae 2 P Y — 1 P
Values of 4,/4, for various values of y and p,/p, are shown in Fig.

13-10

Other equations and definitions which are useful in rocket-motor
performance analysis are (1) fuel specific impulse, (2) over-all specific
impulse, (3) total impulse, and (4) characteristic velocity. The fuel
specific impulse T, is defined as the ratio of total impulse to fuel weight

and may be expressed as f W

T dt I ‘
0 — sec (13-13)

w, | w,

where {, = total burning time of ratket motor

I, =

P

Y JS O
§

0]
i

in



ognen

,’A—h—-——h‘.—"‘."" “a
POWER-PLANT-DESIGN CONSIDERATIONS _ 219
It may also be expressed as
T i
I, = W sec (13-13a)

P

The over-all specific impulse 7, is defined as the ratio of total impulse
to total motor weight and is expressed as

173
| det
I, =0

0 sec (13-14)
w

m

where W,, = total rocket-motor weight (propellant plus inert weights)
The total impulse I is defined as the integral of the thrust vs. burning-
time curve and is expressed as

t
1= f ‘Tdi Ib-sec (13-15)
0

The characteristic velocity C* is a measure of the efficiency of the pro-
pellant of the rocket motor and is defined as

ox = Vi _ oAy (13-16)

Cr w

i

13-4. ROCKET-MOTOR-DESIGN CONSIDERATIONS

The selection of either a liquid- or solid-propellant rocket motor is
perhaps one of the most complex problems a designer must solve before
an optimum missile configuration and weapon system can be realized.
Each type has its advantages and disadvantages which the designer
must consider in detail before a compromise can be made. The
following sections are devoted to a discussion of some of the various
design aspects associated with each type in order to provide a fuller
appreciation of the problems involved.

1. Liquid-propellant Rocket Motor. Until recently, liquid
propellant rockets have been used exclusively to propel such vehicles
as ballistic missiles, high-altitude-research vehicles, and ICBM’s. The
employment of liquid rockets was long undisputed because:

a. It was the only type of propulsion system far along in its devel-
opment that could ensure, with some degree cf reliability, long dura-
tion of sustained or intermittent operation.

b. It can provide thrust-vector control with relative ease by gimbal-
ing of the thrust chamber.



220 MISSILE CONFIGURATION DESIGN

However, with the advent of solid-propellant rocketry in recent
years, parts of the above which used to be characteristic of liquid
rockets have been largely nullified. The details of solid rockets are
discussed in subsequent paragraphs. '

Aliquid-propellant rocket system generally consists of the following:
~ a. One or more tanks to store the propellants—depending on the
type of propellants used (monopropellants or bipropellants)

b. A feed mechanism for forcing the liguids into the thrust chamber

c. A power source to furnish the energy required by the feed
mechanism

PUMP

] CONTROL

COMBUSTION

NOZZLE

—_—_—[__ ‘ CHAMBER
OXIDIZER ] '—‘L_____/\
I

Fic. 18-11. Schema of a liquid-propellant rocket motor.

d. A control device for regulating the propellant flow rates

e. A chamber for combustion '

f. An expansion nozzle

A typical liquid system is schematically shown in Fig. 13-11.

One of the most attractive features of a liquid-propellant rocket
motor is that the motor may be throttled, stopped, and restarted dur-
ing missile flight. Hence it is relatively simple to program the thrust
desired for a given mission. In addition, the specific impulse of liquid
propellant is generally higher than fhat of a solid propellant. Gim-
baled nozzles and thrust chambers are practical on this type of motor
for thrust-vector control. Another attribute of a liquid-propellant
rocket motor is that regenerative cooling of the nezzle using its own
fuel supply is feasible and practical. Liquid-propellant rocket motors
also offer good (range) growth potential by indreasing the volume of
the fuel tanks. - ) :

Because of the more complex nature of a liquid-propellant rocket-
motor system, it is inherently less reliable and generally more costly.
Despite the higher values of fuel specific impulse, the additional weight
due to auxiliary devices such as pumps, valves, and fuel lines may re-
‘sult in an over-all specific impulse equal to or less than that realized on

P
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a solid-propellant rocket motor. ~Sloshing of the liquid fuel may create

- a dynamic problem unless suitable baffles or pressurization are pro-

vided. Finally, the fuel-handling problems including the toxic effects
on personnel and the long count-down to get the missile to firing status
may be highly undesirable for most missile weapon systems. This un-
desirable feature is presently amelioriated through the development of
“prepackaged’ liquid-propellant rocket motors? ‘which eliminate the
long count-down and can be stored in the “ready” state.

- Presently, “prepackaged” liquid-propellant rocket motors have
been restricted to total impulses in the neighborhood of 50,000 1b-sec
and below. Additional development is necessary to prove their
design feasibility for the higher total impulse required for long-range
ballistic missiles. The ‘“prepackaged’’ liquid-propellant rocket motor
is relatively simple since it requires no pumps, valves, etc., which are
required for other liquid-propellant units. A solid-charge propellant
gas generator within the motor provides the pressurization which forces
the liquid propellant into the combustion chamber.

2. Solid-propellant Rocket Motor. A typical solid-propellant
rocket motor is schematically shown in Fig. 13-12. The principal
components of this type of motor

are: IGNITER
PROPELLANT NOZZLE
a. Propellant grain S A— - /
b. Chamber [\/ \ R
S s oy
c. Nozzle e TS
d. Igniter COMBUSTION CHAMBER

. . . F1c. 13-12. Schema of a solid-pro-
The grain configuration of inter- pellant rocket motor.

nal burning varies greatly and is
governed by the desired thrust-time history. In general, regressive
burning (thrust decreases with time) is desired to keep the axial ¢ of a
missile to a minimum. However, many other factors are involved in
the final selection of the thrust-time history or grain configuration.
Some typical grain configurations used are shown in Fig. 13-13 for
various thrust-time histories.

Solid propellants are composed of solid mixtures of an oxidizer and
a combustible fuel. Presently, there are two general types of pro-
pellants: double-base and composite. Double-base propellants con-
sist essentially of nitrocellulose colloided with nitroglycerin. ‘The
composite propellants consist principally of crystalline oxidizer (an
inorganic salt such as potassium perchlorate, ammonium perchlorate,
or ammonium nitrate) and a polymeric binder such as synthetic rubber,

_,'.M’*’u -7
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plastic, or polystyrene. These propellants may be either mechanically
extruded or cast into the proper grain geometry such as those shown in
Fig. 13-13. |
The art of designing solid-propellant units has been significantly
advanced over the past decade, so that this type of rocket motor is now
‘highly competitive with liquid-propellant units. Development in
solid propellants to gether with technological advances in high-strength
materials result in the attainment of very high values of fuel specific

" END BURNING

_ J_L_L_ﬂ‘\/‘
. .
—T‘FT—F—{ ‘ T
—1

INTERNAL BURNING t —
(A) (8)

|y

i

Fic. 13-13. Propellant grain configurations. (4) End- and internal-burming
motors. (B) Various thrust histories.

impulse and motor mass fractionor over-allspecificimpulse. Further-

more, with the inherent simplicity due to the elimination of moving .

parts such as pumps and valves, solid-propellant rocket motors have
been considered and used on practically all types of missiles. Logistics
is another consideration which favors this type of rocket motor very
heavily. _ . v

Recent development has indicated that thrust termination can be
effected by nozzle blow-out or by blowing out ports in the forward sec-
tion of the combustion chamber. By this means the chamber pressure
can be reduced below that required for sustained burning and hence
terminate the thrust. Careful design must be made in order that
random reignition does not occur once burning is stopped. The
accomplishment of thrust termination and vector control (jet vanes
and jetavators) paves the way for application of this type of motor
4o ballistic missiles which require thrust cutoff for different range
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missions. It has been shown (see Sec. 12-4) that an error in the burn-
out velocity has a large detrimental effect on the accuracy of the bal-
listic missile. -Hence it is important that thrust termination of the
propellant init'be aceurately accomplished and with a good degree of
repeatability from one motor to another.

Several undesirable features aré present in the solid-propellant
rocket motors. One of the most outstanding of these is that the unit
cannot be throttled or restarted once it has been shut off. Another
undesirable feature is that foi certain types of solid propellants the
temperature sensitivity may be very high. Since most missile weapon
systems are designed to operate over a wide range of temperature con-
ditions (usually from —65 to +160°F), the propellant must with-
stand the stresses imposed by temperature changes without cracking.
In addition, the rocket motor must ignite and fire successfully within
these temperature limits. High temperature sensitivity leads to un-
duly high chamber pressure at elevated propellant-grain temperatures
and hence results in heavier motor casing. In general, the low-
temperature conditions result in the most critical operating condition
wherein the propellant grain may crack and cause erratic burning or
explosion. Consequently heating blankets are frequently used on
units using propellants with undesirably high temperature sensitivity.

Another poor feature in the~use of solid-propellant rocket motors is
that thev generally incur a velatively large shift in missile center-of-
gravity location between the launch and burnout condition. This
may be undesirable for those missiles which require high maneuver-
ability after motor burnout. One such example may be a short-range
air-to-air missile which uses a solid-propellant unit to accelerate to
speed and then coasts the remainder of the way toward the target.
Since a forward center-of-gravity movement increases the static sta-
bility margin of the missile, the maneuverability of the missile is
decreased (see Sec. 6-4). The large center-of-gravity shift between
launch and burnout condition may be minimized to some extent by
locating the main part of the rocket motor as close to the missile center
of gravity as possible. Insuch an arrangement, a blast tube connect-
ing the main combustion chamber and nozzle is required and incurs
both a weight penalty and loss in motor efficiency. In many cases, it
may be necessary to attach the propulsion unit at the aft end of the
missile. Inthese cases, the.large center-of-gravity shift may dictate a
configuration which is statically unstable at launch in order that suffi-
cient maneuverability can be obtained for the burnout center-of-
gravity condition.
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- Inpreliminary design, it is often desirable to lay out the approximate
dimensions of the rocket motor in order to determine the over-all
dimensions of the complete missile configuration. The pertinent data
involved are the value of total impulse and thrust level required for the
missile system.

a. Determination of Propellant v ewght. The propellant weight is
determined by Eq. (13-13) or '

(13-13b)

The value of fuel specific impulse depends upon the type of solid pro-
pellant selected. The propellant chosen must be compatible with the
following requirements: (1) desired value of I,,, (2) burning rate, (3)
temperature sensitivity, (4) operating pressure, and (5) cost and
availability (see Table 13-1). .

b. Determination of Propellant Length. For an end-burning (ciga-
rette-type) grain design (see Fig. 13-13a), the length of the propellant
may be calculated as follows: ‘
1, = Wy (13-17)

. md?p
where I, = length of propellant for end-burning grain design
d = diameter of propellant (may be assumed to be diameter of
missile if rocket motor is integral part of missile)
p = density of propellant (approximately 0.06 Ib/cu in. for
most propellants)
The volumetric loading, defined as the ratio of propellant volume to
total combustion-chamber volume for this end-burning grain design,

is one. For an internal-burning grain design such as that shown in .

Fig. 13-13a, the volumetricloading isless than unity. Theexact value
is a function of many variables, including chamber pressure, type
of propellant, and velocity of gas flow past the propellant surface.
For preliminary analysis the value of 0.85 appears to be reasonable.
Hence the, length of the propellant for the internal-burning grain
design may be approximated as

I, = e | (13-17a)
0.85

where I, = length of propellant for an internal-burning grain design
The variation of propellant length with propellant weight for various
imissile diameters is shown in Fig. 13-14. S

P PO S T,
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c. Determination of Nozzle Length. The length of the nozzle is a
function of several variables including thrust level, chamber pressure,
and design eperating altitude (or expansion ratio). As a first crude
approximation, the length of the nozzle may be assumed to be between
30 and 35 per cent of the propellant length. For a more accurate

800 - 7

Q
8000 /p=0.06#/N. I S/ /] /
J~1,/085 600 W -
6000 v/ o/
S i
= 4000]— (o,/ — /// 7 400 //'L =
=z "/'&30 — = // 8 L
2000 - 20 ] 200 T " p=0.06#/IN.
é’é KZ/ 1,¥1,/085
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1,~PROPELLANT LENGTH ~IN. 1,~PRCPELLANT LENGTH~IN,
{(A) (B)

Fic. 13-14. Variation of propellant length with propellant weight. (4) Large
motors. (B) Small motors.

approximation, the length of the nozzle may be determined analyti-
cally. To determine the nozzle length analytically, certain assump-
tions must be made. These are:

Chamber pressure p,

Specific-heat ratio of the propellant y
Exit pressure of the nozzle p,

Half convergence angle

Half divergence a.ngle o

O o 1o

If the type of pro pellant is not specified in the prehmmary des1gn
study, a low operating pressure should be chosen in order to minimize
the 'velght of the thrust chamber. On the other hand, if too low a
pressure is assumed, the fuel specific impulse may be unduly compro-
mised. For motor casings which must carry large external loadings
(such as those from aerodynamic wing or tail surfaces) the thickness of
these motor cases will be governed by the external loading conditions.
In such cases a high chamber pressure should be used in order to realize
higher values of fuel specifiz impulse.. The specific-heat ratio y varies
from propellant to propellant depending upon composition. However,
the value of y varies from 1.10 to 1.25 for most propellants. For
optimum efficiency, the nozzle exit pressure p, is assumed to be equal
to the ambient pressure p, at the design altitude.



TABLE 13 1.

LIQUID
Best Bulk density Specific
oxidizer Theoretical . : nﬁ)‘{:gxﬁr at 80°F impulse at
s fuel combustion Ratio of weight of propellant 400 psia
Fuel Oxidizer mixture | temperature specific e mgustion combination | (sea-level
ratio deg. F heats o roducts temperature | expansion,
(by weight) by g/em sec)
Ammonia Chiorine trifluoride 3 4980 1.32 22 1.26 238
Ammonia Fluorine 3 7270 1.33 19 1.16 300
Ammonia Fluorine (50%) 2.8 6540 1.32 19 1.15 290
‘ and nitrogen tri-
fluoride (50%) .
Ammonia ON 70305 2.1 4900 1.23 21 1.03
Ammonia Oxygen 1.3 4940 1.23 19 0.88 255
Ammonia RFNA (22% NO,) 2.15 4220 1.24 21 1.12 230
Butyl mercaptan Nitric acid (95%) 4 4780 1.22 27 1.28 220
Diborane Fluorine 5 7880 1.3 21 1.07 270
Diethylenetriamine Oxygen 1.5 6500 1.24 21 . 1.06 245
Diethylenetriamine and | Oxygen 2.5 6000 1.22 22 245
hydrazine
Dx(estgly’)h)enet(rilamme RFNA (22% NO,) 3 5250 1.23 24 1.33 240
methylamine (20%)
Ethyl alcohol (92.5%, Oxygen 1.5 5400 1.21 23 0.98 232
obsolescent) . |
Ethyl alcohol (75%) and} Oxygen 1.3 5150 1.22 23 0.99 225
water (obsolescent) !
Ethylene dlamxpe Oxygen 1.4 6000 1.23 i 19 1.04 250
Ethyléne oxide ON 7030° 2 5730 1.24 24 1.14
|
Ethylene oxide Oxygen 1.1 5750 1.24 ‘I 22 0.99 215
Hydrazine (anhydrous) Chlorine trifluoride 2.5 6000 1.33 , 23 1.46 255
|
Hydrazine (anhydrous) Fluorine 2 7740 1.33 1 19 1.3 290
: I
Hydrazine (anhydrous) H,0, (90%) 1.5 4170 1.25 : 18 1.2 245
Hvdrazme (anhydrous) zO2 (99.6%) 1.7 4690 1.22 19 1.24 255
Hydrazine (anhydrous) Nitrogen tetroxide 1.1 4950 1.26 19 1.2 250
Hydrazine (anhydrous) Oxygen 0.75 5370 1.25 18 1.06 265
Hydrazine (anhydrous) Oxygen difluoride 1.1 6380 1.28 18 1.23 260
Hydrazine (anhydrous) RFNA (15% NOyp) 1.3 4980 1.25 20 1.26 247
Hydrazine (anhydrous) Tetranitromethane 1.4 5250 1.27 20 1.29 228
Hvdrogen (max 1sp) Fluorine 9.427 8100 1.31 10 0. 46 380
3.8 4600 1.30 7.8 0.27 360
Hydrogen (max 15p)® Oxygen 87 5870 1.22 ) 16 0.43 360
3.5 4500 1.26 : 9 0.26 348
i |
i
| ;
1 Z
JP-4 ; Fluorine 2.9 7100 1.22 | 24 1.19 275
i 1 L
IpP-4 | H,0, (99.6%) 6.5 4830 1.2 | 22 1.28 238
{
JpP-1 (C/H = 6.83) ‘ Oxvgen 2.2 3880 1.24 | 22 ; 0.9% 240
JPad (U = 6) . Oxygen 2.3 5770 | 1.24 { 22 0.98 ! 247
Ir-d T Oxygen (70%) X sa30 0 les L o2 1.04 252
i and ozone (30%) ! ! ; :
JP-d © Cxvaen (309%) ] 2.3 6180 | 1.25 21 1.08 257
amd ozone \40".,.) , ; .
JP-4 {one ‘( 2.4 ‘ 63380 H 1.20 21 1.14 260
Jp-4 RFNA {220, NO,) 1' 4.1 E 5150 : 1.3 25 1.3 228
‘ . ,
“Kerisene - 1,0, (4%, am- | 9 T T w2 1.34 298
1‘)HHIUII] mtr e ] ] H
(40%), and H,0 | ' :
(6Y) {
Kerosene ‘ Oxygen Po22-25 | 5200 1.24 22 0.99 240
o ' i i o -
N II.\x acetylene ! Oxygen | 2 i G180 . 1.27 ! 29 i 0.93 to237
| | | | :
Methylamine | Oxyuen ‘ ns.Ec Ir] 9 120 0.91 248
| W . | |
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ROCKET PROPELLANTS

. ,’Mﬁ.«. ot

| S8 347

PROPELLANTS -
' !
. . Best container .
1 3
Cost per 1b Ideal use Handling hazard Coolant qualities material? Storability
“Fuel [Oxidizer Fuel Oxidizer Fuel Oxidizer | Fuel | Oxidizer | Fuel | Oxidizer
$0.04 | $3.50 Small, high- Some Dangerous Fair to | Unknown All Mild S, | Fair to | Fair to
performance re- poor 8§ 347 popr poor
search rockets ) '
0.04 6.00* | Superperformance Some Dangerous Fair to | Very poor All Al, S8 347 | Fair to | Fair to
vehicle . : poor poor poor
0.04 Superperformance Some Dangerous- Fair to | Unknown All Al, S§$ 347 | Fair to | Fair to
vehicle poor poor poor
0.04 Some Fair to All Fair to
poor : poor
0.04 0.05 Rocket aircraft, Some Some Fair to All Al, mild 8, | Fair to | Fair to
small missile poor SS 347 poor [0}
0.04 0.11 IRBM, rocket Some Dangerous Fair to Good All Al, S8 347 | Fair to ood
aircraft poor poor
$0.20 ‘ $0.10 Some Dangerous | Unknown Good SS 347 | Al, SS 347 | Good Good
$6.004 | Long-range Dangerous Fair to | Very poor All Al, S8 347 | Good | Fair to
medium-size poor poor
rocket :
0.18 0.05 Large nonproduc- None Some Good Very poor® All Al,mild S,| Good Fair to
tion missile ; 58 347 | _poor
Short-range liquid | None Some | Good Very poor All Al, mild S| Good | Fair to
rockets ‘ i poor
0.18 0.11 Gas generator None Dangerous Good Good Al | Al,S8S347| Good |, Good
z |
i !
$0.15 | $0.05 | Rocket aircraft, None i Some Good | Verypoor® Al | Al, mild S, Good | Fair to
general-purpose : : [ S8 347 poor
0.12 0.05 High-altitude None Some Good | All 1Al mildS,! Good Fair to
: rocket (Viking) I 8§ 347 poor
025 + 0.05 Superperformance | Unknown Some Good YVery poor All AL mildS,! Good | Fair to
) vehicle : SS 347 poor
0.20 Some Good All Fair to
! poor .
0.20 | 0.05 Auxiliary Some Some Good Very poor®|  All Al,mild 8,! Good | Fair te
! I power generators 1 S8 347 poor
$2.00 | $0.50 | High-performance Some | Dangerous Good | Unknown | All Mild S, | Good | Fairto
' vehicle ! SS 347 poor
2.00 © 6.00% Superperformance Some Dangerous Good Very poor i All Al,mild 8, Good Fair to
: vehicle (satellite) ) ; S8 347 poor
2.00 \ 0.55 Rocket aircraft Some Some Good Good All Al, 883471 Good Good
2.00 © 1.20 | Rocket aircraft Some Some Good - Good All | Al, 88347 | Good | Fairto
- poor
2.00 ' 0.0s8 ‘ Sn&ali)vehicle Some {‘ Dangerous Good Tnknown All | 88 347 Good Fair to
- T | i : poor
220 - 0.05 Some i Some Good Verypoor®, All | AlL,mildS,. Good | Fairto
i ! i I . S8 347 ! poor
2.00 | ‘ Some ! Dangerous Good Unknown All AL mildS8,' Good Fair to
i I | 8S 347 poor
2.00 0.10 | Air-ground rockets Some 1 Dangerous Good Good All Al 88347 Good Good
2.20 (.30 | Rocket aircraft some ' Some Good | Good All all Good Good
7.00  6.00 Superperformance Dangerous Dangerous Good | Very poor All Al 83347 | Fair to | Fair to
! ¢ vehicle (space i poor poor
© flight) ;
7.00 | 6.00 | Superperformance | Dangerous Dangerous Good Very poor @ Al, - Al, 88 347 | Fair to | Fair to
\ vehicle (space | mild §,: poor poor
‘ flight) | S8 347
7.00 0.05 | Superperformance | Dangerous Some Good Very poor @ Al, . Al, mild 8, | Fair to Fair to
© vehicles | mild 8,} 88 347 poor poor
: : | S8 347,
7.00 © 0.05 | Superperformance { Dangerous Some Good Very poor | Al, " Al,mild 8, | Fair to | Fair to
! | vechicles ! mild 8,7 58 347 poor poor
i ’ 4‘ 88 347 - i
$0.015 . $6.00% | Superperformance None Dangerous Good i Very poor ‘ Al | Al, S8 347 | Good | Fair to
| vehicle . I poor
0.0151 1.20 Gas generator Some Some Good Good : All l Al, 883471 Good ! Fair to
' i poor
0.015| 0.05 | IRBM None Some Good Very poor®! All | Al mildS,| Good | Fairto
i i SN 347 poor
0.015: 0.05  IRBM None Some Good Very poor®, All Al milds,| Good | Fairto
o | ! T 88 347 poor
0.015 ¢ Superperformance None Some Good YVery poor All | Al 85347 Good Fair to
vehicle | : ; ) poor
0.015 ; Superperformance None | Dangerous Good Very poor ;. All ’ Al 85347 ! Good | Fairto
vehicle ! - - poor
0.015 . Superperformance None i Dangerous Good Very poor: All | Al 55347 Good | Fairto
! | “vehicle | ! ‘; poor
0.015, 0.11 | Small missile i Dangerous Good tood | All AL SS347| Good Good
— @b | I; 1
50.015: $0.75 ‘ Rocket aircraft l None i Some  Good Good All | All Good Good
! i i ; !
: i | .
| | i { ! 1 .
0.013 ‘ 0.05  1RBM, ICBM ‘ None ‘ Some Good Yery poor AN CAL 883471 Good | Fair to
‘ ] i ! oor
| ‘ | ‘ | I
$0.17 | $0.05 | Liguid JATO | Some ] sSome Unknown : Very poor : Al, { AL mild S, | Fair to | Fair to
! ! ! i ! mild 8, 88 347 poor poor
t ! ‘| - 88 347
035 | 0.05 | Gas generator i None 1 ' Very poor ! All x Al mild 8, Good Fair to
i { ! " : 58 347 poor
| i i I u . |

e




Liquip
Best Bulk density Specific
o Average . ° :
o s | T eoreteon | Ratioor | molecular | BLEGN, | MRRSCAt
Fuel Oxidizer mixture | temperature specific c:r:%zl?:tﬁ)rn combination | (sea level
ratio deg. F heats products temperature | expansion,
(by weight) g/cm3 sec)
n-Octane Oxygen 2.4 5790 1.23 .22 0.96 250
n-Octane Oxygen difluoride 3.8 7340 1.33 20 1.22 Unknown
n-Octane RFNA (6.5% NO,) .45 5100 1.24 24 1.26 226
Nitroethane Oxygen 0.65 5570 1.23 23 1.09 215
Nitropropane Oxygen 0.9 5620 1.23 23 1.06 210
Polyethylene RFNA (22% NO,) 4.5 5320 1.22 25 1.4 Unknown
Propylene oxide Oxygen 1.6 5900 1.23 23 1 230
Propylene oxide (69.5%)| Oxygen 1.5 5900 1.23 23 1 Unknown
and ethylene oxide
(30.5%)
Triethiylamine (63%) ON 70305 3.7 5800 1.24 25 1.19
ando;'))rsthomluidine
7
Tri(i:h;l-trithiophos- ON 7030° 2.5 6000 1.23 30 1.28
ite
Triethyl-trithio- RFNA (229% NO,) 3 5520 1.21 30 1.43 230
phosphite?
Turpentine® Nitric acid 4.4 4950 1.22 25 1.32 244
Turpentine? Oxygen 2.4 5880 1.23 22 1.04 240
Turpentine? RFNA (22% NO,) 4.2 5400 1.22 26 1.36 241
Unsymm »trical Oxygen 1.4 5650 1.24 20 0.96 249
dimethyl hydrazine
Unsymmetrical RFNA (22% NO,)19| 2.6 5200 1.23 22 1.23 241
dimethyl hydrazine
TUnsymmetrical . WFNAU | 2.7 5100 1.23 22 1.22 240
dimethyl hydrazine . - ]
Sorip
i \ Low- Specific | . i .
I ! Pressure < : l Burning- ! Burning 4
cas ] ] - pressure impulse ! ' Ignition
Fuel and oxidizer'* | Type | range limit, © | at 300 psi, : X boment, e sensitivity
Amino ethanes!3 i Composite 300-2000 80 200 . i 0.3-0.6 Medium
Baliistite!3 ! Dcuble-base | 1000-3000 200 200 : 0.85 | Low
Black powder!?® i Composite b 100-1000 15 70 i 0.5-0.8  0.1-0.5 Low
Buna and sulfo rubbers!®:  Composite i 100-800 30 210 | 0.4 Very low
' |
Cordite!d . Double-base 1000~3000 300 180 i 2,77 I Low
GALCIT 16113 t Composite © 1300-3700 700 196 ; 0.75 i 1.4-1.5 High
Hydrogen peroxide and | Liquid-solid 100~-300 75 160 : ‘ Very low
polyethylene : : !
Lox-rubber . Liquid-soiid 100- 500 15 225 i
NDRC EJA? . Composite 600-1000 180 | 0.45 0.2~1 Low
Polymethane!? I Composite i 500~-2000 215 ! Low
WASAG DEGN ! Homogeneous | 700-4000 700 180 ‘ 0.73 0.2-0.8 Medium
H t
Polyurethanelt | Composite ; | Low

Y “Some’” hazard means slightly toxic and corrosive;
‘‘dangerous’’ hazard means toxic, corrosive, and explosive.

2 ““A]l” means aluminum alloys; ‘‘all”, all normal metals
andl plastics; “‘mild S, mild steels; 'S8, stainless
steels.

3 Good” storability means liquid can e stored in
ordinary vessels or tanks over long periods and at many
Len}p}e;atl_xges without decomposition or change of state.

Liquid.

5 Nitrogen tetroxide (7¢ per cent) and nitric oxide
(30 per cent).

5 Except at high coolant pressure.

7 Mixture ratio yielding the nighest loading density,
or mass ratio.

5 The combination of hydrogen and oxygen is rapidly
becoming a favorite and will be widely used in the future.
The hydrogen is used ar the engine coolant.

% Little used; mostly of academic interest.

10 Hydrogen Auoride is often added to reduce the corrosive
cffect of nitric acid.

11 A little worse than RFNA. .

12 Ammonium nitrate, ammonium perchlorate, and
potassium nitrate are oxidizers used with such fuels as
Thiokol and the sulfo rubbers.

13 Various light metal powders are added to some of the
compusite and double-base propellants to increase the
specific impulse.

14 A.favcrit-e for long-range vehicles.
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g " ROCKET PROPELLANTS (Continued) i P ot~
D PROPELLANTS
g . . i
1 Cost per1b ! Ideal use Handling hazard! Coolant qualities Beﬁ:&?;ﬁf" Storability®
;'!-79\" e et e e e e
o Fuel {Oxidizer Fuel Oxidizer Fuel Oxidizer Fuel Oxidizer Fuel Oxidizer
= — :
$0.07 | $0.05 Precision rocket None Some Good Very poor All Al,mild 8,| Géod | Fair to
G chamber SS 347 poor
ts 0.07 None Dangerous Good Unknown All Al, 88347 Good Fair to
- 00T
0.07 0.08 Precision research None Dangerous Good Good All Al, SS 347 | Good rood
G0 rocket testing s
1.00 0.05 Dangerous Some Unknown | Very poor All Al, mild 8, | Fair to | Fair to
] S8 347 poor poor -
0.0 Auxiliary power Dangerous Some _Unknown | Very poor All Al, mild 8, | Fair to ; Fair to
e i pack . . ) S8 347 poor. | poor
n | $0.11 None " Dangerous Good Al S8 347 Good
I 0.0 Some Some Unknown | Very poor All Al, mild 8, | Fair to | Fair to
i ! S8 347 poor poor
n $0.10 @ 0.05 Some . Some Unknown | Very poor All Al, mild 8, | Fair to | Fair to
! B SS 347 poor . poor
]
$1.50 | None Good All Good
1
' 3.80 i Some Unknown Igisllg S, Good
' 47
3.80 @ $0.11 Starting liquid for Some Dangerous | Unknown Good Mild S, i Al, S§347 ! Good | Good
I large engines SS 347 | |
0.11 0.12 Small storable None Dangerous Fair to Good All Al, 88347 Good | Good
rockets poor !
0.10 0.05 Gas generator, None Some Fair to Very poor ! Al . Al, mild§, Good Fair to
auxiliary power poor i 88 347 ! POIE - ~
Co unit . ; 1 <.
-‘ 0.10 0.11 None Dangerous Fair to Good All A1,85347 1 Good ' Good :-
. . poor ! ; .
‘ $1.50 $0.05 | ICBM, IRBM Some Some Good Very poor“" All ‘Alg.smild 8,1 Good , Fairto
. 8S 347 | poor
1.50 0.11 Rocket aircraft, Some Dangerous Good Good All Al, S8 347 | Goeod ! Good
e small missiles . i
1.50 0.15 ! Some Dangerous | Good Good All Al, 88347 Good Good
ety | ! and 410 ‘ -

e

ap PROPELLANTS

Tk - -

B Pressure | . ! | :

tF - fgrlﬁ‘;)telr‘;;grteo }‘{)%ihft[ Storability Ideal use p(é‘(r)sltb ; Hygroscopicity ! Exhaust

%iF ; | |

? : i 90 (apnrox) Good Very large hooster ; ! Negligible

0.5-1.3 | 75-105 Fair Small ordnance : £5-810 | Low Hign flash, black smoke
W i 75-130 Good Igniters ! 0.50-1.00 | Low | Gray smoke
70 (approx) Medium Medium-size high- | ! Low :
performance units | ;
(when case-bonded)! i ;
0.7 Fair Ordnance i ' Negligible | High flash, black smoke
W 0.23 110 Very good JATO | 0.75-1.00 Negligible : White smoke
: Very good ‘ Start-stop or | ; Almost invisible
(for polyethylene) throttling solids i ‘
i i . i Smokeless
0.2-03 | Good JATO ; ! Very low i Gray smoke
m ! Good Super boosters l | Low i
Good High-performance | 2.00-5.00 i High flash, black smoke

boostars ! ‘

Very good High-performance ‘ ' Low |

—— boosters ! !

- Additives Monopropeliants
icati f i a
- Application ‘ Remarks | Specific ‘

vl rye . . i 3
Ammonium| Depresses freezing . ! Difficult to mix with atu;()lz)ul\b;:a ! Application Remarks.
nitrate point of nitric acid acid in small ) se(‘l/ 13,
amounts 1 ? | ‘
H)’drqrzen Inhibits corrosive Action not well Hydrogen ‘ 150 i Gas generator for : Difficult handling;
fluoride effect of RFNA and; understood; believed peroxide I pumps; auxiliary! needs pure Al or
WEFNA to react with AL in (95-98°%) i for rocket-vehicle SS 347; clean
tanks and chamber control

L !

R Aluminum | Increasesspecificim- | Affects exhaust pro- Nitro- ; 180 ¢ Small, simple ! Dangerous hand-
pulse or combustion| ducts; coats exhaust methane ordnance rockets | ling (can detonate
temperature of solid| "nozzie i : unexpectedly)

X propellants | | ’

} . Bilicon With hydrocarbon | Deposits out as pro- Hydrazine | 195-220 (?) | Gas generator, Difficult handling;

IRonoxide fuels (in very small| tective filmon thrust i small rocket poisonous fumes;
amounts) chamber wall; may i : , can break up at
. reduce burn-through ; : high temperature
; Diboranes | With kerosene and | Raises corghusi = 160 Gas generator; Safe handling;
} and boron| JP fuels for turbo-| temperatn n nlr smal rocket dangerous and
l hydrides jets; not yet ready| impulse) § u ] : very smoky
for rockets ably: usually added ! | | exhaust fumes
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With the assumptions on the operating pressure, propellant specific-
heat ratio, and exit pressure made, the thrust coefficient C can be

calculated by Eq. (13-11). Hence

2 (y+1)/y—1 (y—1)/y
xR
Y — 1 Y + 1 P

With C known, the nozzle throat area A4, can be readily determined
from Eq. (13-10). Inactual practice, Eq. (13-10), which is applicable
for an ideal condition, must be modified by the nozzle divergence

coefficient A [Eq. (13-8)], nozzle

'r*l In - discharge coefficient C;, and nozzle
[} 15 l_—18 . . 1
| I T velocity coefficient ¢. For a well-
AN e designed nozzle, the value of Cy
_ _lr_ el ! and ¢ approaches unity. Hence
11':1:': — 1 _—_—’; T
A 4, = ——— (13-19)
/ =~ Crp Lo

Sinceitisassumedthatthenozzle
will be designed for full expansion
(ie., p, = p,), the nozzle exit area A, may be determined from Eq.
(18-12) or Fig. 13-10. Finally, the length of the nozzle may be calcu-
Jated by assuming the value of the half convergence and divergence
angle. From Fig. 13-15, the length of the nozzle [, can be derived as

Fig. 13-15. Nozzle geometry.

follows:
L=1 + (13-20)
where l, =r,cotf (13-20a)
l=13—1,
= (r, — r,) cot & — r, cot i} (13-20b)
Hence l, = (r,, — r)cot g + (r, — r,) cot « (13-20c)

d. Determination of Rocket-motor Weight. Without going into a
detailed stress analysis of the combustion chamber and nozzle, the
weight of the total (loaded) rocket motor may be estimated by assum-

ing a value for either the over-all specific impulse I, or rocket-motor
mass ratio {. The latter is defined as

W,
_ 13-21
(=3 (13-21)
From Eqgs. (13-13), (13-14), and (13-15), Eq. (13-21) may be written as
I
e ‘_0 ' 13-21(1:
(=1 ( )

R
. B sttt n TN e
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The value of { varies from approximately 0.75 for small motors with
high operating pressure (i.e., 1,000 psi and above) and large external
loads to 0.90 for the larger units used on long-range ballistic missiles.
For the latter applications, the operating pressure is generally rela-

tively low (i.e., between 300 to 600 psi).

Furthermore, because of the

near zero lift trajectory (i.e., gravity turn), the aerodynamic loading
for long-range ballistic missiles is kept to a minimum. Hence, with
the assumed value of {, the total rocket-motor weight may be deter-
mined from Eq. (13-21).

SYMBOLS

exit area of nozzle

throat area of nozzle

axial or x component of the wall area of the nozzle
characteristic velocity

nozzle discharge coefficient

thrust coefficient

rocket-motor impulse

over-all specific impulse

fuel specific impulse ,

momentum flux in the axial direction

stagnation pressure

thrust

stagnation temperature

exit velocity of the exhaust gas

total rocket-motor weight

weight of propellant

length of propellant for an end-burning grain design
length of propellant for an internal-burning grain design
nozzle length

nozzle dimensions (see Fig. 13-15)

pressure forces '

chamber pressure

pressure forces acting upon the inner surfaces of the rocket
pressure forces acting upon the outer surfaces of the rocket
radius of rocket motor

radius of nozzle throat

half divergence angle of nozzle

~ half convergence angle of nozzle

specific-heat ratio of propellant
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4 rocket-motor mass ratio

A divergence coefficient

p propellant density

@ nozzle velocity: coefficient
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CHAPTER 14

STRUCTURAL-DESIGN CONSIDERATIONS

14-1. INTRODUCTION

In most preliminary missile configuration designs, detailed struc-
tural-design analysis is not made. This arises primarily from the fact
that the exact magnitude of the air loads and inertia loads is not
available. However, the designer should béar in mind that a simple
efficient external configuration can also lead to a more efficient and
lighter structural configuration. In addition, the designer should be
aware of the fact that structural weight can have a pronounced and
detrimental effect on the performance of the missile system. For
example, in the case of a long-range ballistic missile, each additional
pound of “excess’ inert weight requires an addition of as much as 100
1b of propellant weight to achieve a given designrange. Or, asanother
aspect of this, an increase of 1 1b of inert weight decreases the range of
the missile by several miles. Hence proper emphasis must be placed
on the structural design aspects during the early design phase of a
given missile weapon system. With proper structural design prac-
tices, the resultant missile configuration and hence the over-all missile
weapon system will be lighter in weight, easier to manufacture, and
hence generally lower in per unit cost..

The primary function of the structural-design engineer is manyfold:
(1) to provide structural adequacy of the missile airframe under its
operating environment, (2) to investigate the most suitable materials
to meet the loadings and their associated operating environmental
conditions in the missile weapon system, and (3) to analyze and select
the most optimum type of construction for the type of configuration
from the standpoint of ease f manufacturing, cost per unit, and inter-
changeability of parts, which is a stringent requirement for certain
missile systems. The prrpose of this chapter is to present some of
the more important structural-design considerations involved in the
design of missile configurations, '

233



234 MISSILE CONFIGURATION DESIGN

14-2. FUNDAMENTAL STRUCTURAL CONCEPTS

Before a detailed discussion on design loads and structural analysis
is presented, a brief summary of some of the fundamental structural
concepts is given in the subsequent paragraphs.

1. Dynamic Equilibrium. Newton’sthird law of motion states
that for every action there is an equal and opposite reaction. In the
case of a body of a missile which is accelerated in the direction of an
external load or force, the reaction in the opposite direction consists of
the inertia force of the body. The application of the inertia forces to
oppose the external resultant force is known as D’ Alembert’s principle.

This principle states that ‘‘the impressed forces acting on any body are

in dynamic equilibrium with the inertial forces of the particles of the
body.” Since abody must be placed in equilibrium before the internal
shears and bending moments can be determined, it follows that accel-
erating bodies must be placed in equilibrium by applying the necessary
inertia forces in accordance with D’ Alembert’s principle. The follow-
ing paragraphs outline the procedure for determining the magnitude
of the forces. Note that the inertia-load factors always act in a direc-
tion opposite to that of the acceleration which produces them.

2. Linear Acceleration Due to Translation. When the mis-
sile is flying in its trimmed condition (i.e., condition B as described
in Sec. 10-2, Fig. 10-2), it experiences a linear acceleration as the result
of pure translational motion. The magnitude of the force normal to
the missile longitudinal axis is determined by

F - _N —_ C-’VTRqS” (14-1)

where Cy__ is the trimmed normal-force coefficient as defined in Sec.
5-5 (Fig. 5-6). In dealing with the inertia of a missile, it is more con-
venient to express the magnitude of the forces (those due to external
aerodynamic loading and inertia loading) in terms of gravitational
units rather than in terms of mass and acceleration. Hence, from
Newton’sequation, F = maor (W/g)a, the magnitude of F is expressed
as :

F=nW (14-1a)

where 7 is equal to a/g and is the load factor expressed in ¢’s, and F' is
the force expressed in gravitational units. For example, a force of
1,000 Ib acting on a 500-Ib missile results in a magnitude of F of 2 ¢’s.

. ,’M”‘"‘ .
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3. Linear Component of Angular Acceleration. In addition
to the linear acceleration due to pure translational motion, the missile
experiences an angular acceleration as the result of any unbalanced
external aerodynamic loads. These angular accelerations may be
considered as transient conditions such as those discussed in Chap. 10
(i.e., condition 4,C, D, and E described in Sec. 10-2). The magnitude
of these angular accelerations may be determined as

. M
6 7 (14-2)
where § = angular acceleration, radians/sec
M — external rotational moment due to external unbalanced
forces, ft-lb
I = moment of inertia of the missile, slug-ft®
The magnitude of the moment may be determined from the aerody-
namic derivatives or plots of moment coefficient vs. angle of attack for
various control-surface deflections (i.e., Figs. 10-2 and 10-3). Hence

M = (Cp ot + Cy0)35:d (14-3)
or M =C,qg8,d (14-3a)
The magnitude of the moment of inertia of the missile may be. calcu-
lated by summing the moment of inertia of the various component
parts about their respective centers of gravity and then transferring to

the missile center-of-gravity location. Mathematically, it can be ex-
pressed as

1= 2(10 ¥ x2) (14-4)
g

where I, = moment of inertia of a given mass about its own center of
gravity
« — distance from missile center of gravity to any mass W /g
The linear component of angular acceleration An is expressed as

il
q

An (14-5)

where lis any distance from the center of gravity of the missile (positive
when measured forward of the center of gravity). From Eq. (14-5)it
is apparent that the incremental load factor due to angular accelera-
tion varies linearly with distance from the missile center of gravity as

-
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illustrated in Fig. 14-1. Hence the total linear acceleration of the
missile is the sum of the linear acceleration due to pure translation and
the linear component due to angular acceleration and can be expressed
as

F 6l
(7 z)total = 7 + = (14-6)
) .
F
; [ .
G l_ 1 \\:\
| ] S — *
| | ) —)
: } | An, DUE TO ANGULAR
| 1 | ACCELERATION, 8
| | |
' | i
A | |~—n DUE TO PURE TRANSLATION
n \ v//
Z{ \\\J’ // :

T~ RESULTANT n, CURVE
+ | —s t

|

|

|

- BODY STA

F1c. 14-1. Linear components of acceleration.

4. Missile-loading Concept. In order to facilitate the deter-
mination of critical structural-loading conditions on the body of the
missile, the simple beam analogy is used. In this technique, the body
of the missile is replaced by a simple beam supported at the center-of-
gravity location of the missile as shown in Fig. 14-2. The external
load distribution on the body is next superimposed on the beam. For
simplicity, the wing and tail loadings are replaced by concentrated
loads at their respective centers of pressure. For the purpose of
illustration (see Fig. 14-2), the missile is assumed to be in trimmed level
flight (1g) condition. Hence the summation of moments about the
center of gravity ar beam support cue to the external loads acting on
the missile is equal to zero: Since there is no unbalanced external
moment, the missile undergoes no angular'acceleration. Hence the
resultant force is acting at the missile center of gravity against the
acceleration of gravity. It is also assumed that the internal body
weight distribution takes the simple form shown in Fig. 14-2.

With both external and internal loadings known, the missile is
placed in dynamic equilibrium by opposing the external upward-acting

_,’Mﬁ’s‘
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force (of 1g) by 1g of missile dead weight or inertia force actlng down-
ward. A shear diagram is then constructed by simply summing the
external and inertia loads on the missile starting from the nose aft and
from the aft end of the missile forward to the missile center of gravity
asshownin Fig. 14-2.  Finally, the moment diagram is made by tak-
ing the summation of the moment of the shear forces about the missile

L] [ 3 ]
&— — 1 =
< S— —
WING TAIL SIMPLE BEAM
Loan} LOAD - <
( ] + &= )

77;7477
BODY AIRLOAD

WING & TAIL LOADS

w
[=a)
7 l’\‘\
4
HENEEEE _ =
+ € ) =<
’ & " SHEAR D!AGRAM
TOTAL INERTIA OF BODY AND I
CONTENT S=2leg @
=
2
=

BENDING MOMENT DIAGRAM
Fi1c. 14-2. Missile-loading concept.

center of gravity. Mathematically, the shear and moment may be
expressed as

Sszdx' and M, = deszwdxdx

where § = shear force
M, = bending moment
w = running load as illustrated in Fig, 14-3
x = any station along beam or body of missile
From the moment diagram, the

l

change in bending moment between =~ *“RUNNING LOAD—
any two stations may be readily ;
determined. i ;
/
] /
14-3. DESIGN LOADS . g

Th . . ) Fi16. 14:3. Gensral loading for
ere are many types of external the determination of shear and

and internal loads imposed on the  moment diagrams.
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missile structures and components. In general, these loads may be
divided into two classes: flight loads and ground loads. In practical
design, critical structural-design conditions arise from both classes of
load. Hence the designer must consider these loadings with equal
care.

1. Flight Loads. The flight loads may be subdivided into two
categories: free-flight loads and captive-flight loads. Free-flight loads
arise primarily from aerodynamic and thermal forces and internal
pressure forces such as those present in a rocket motor or propulsion
system. Captive-flight loads arise primarily from the aerodynamic
loads induced on the missile during its carried condition by the parent
aircraft. The missile structure must be adequate to withstand the
most critical loadings imposed during flight on each component of the
missile. The air loads on the missile for various conditions of flight
may be determined by the methods outlined in Chap. 10. These air
loads when combined with the missile inertia forces result in the net
structural loads on the missile as discussed in Sec. 14-2.

2. GroundLoads. Thebasicground loads consist of those which
the missile experiences during transportation and preparation for
launching. Many data have been gathered over the past several years
on the environmental conditions of all modes of transportation.!.2*
These environmental loads, which are generally expressed in terms
of amplitude and frequency (i.e., 30 ¢g’s at 150 cps), may have a
detrimental effect on the missile, particularly on its internal electronic
components. Hence proper design such as shock mounting must be
incorporated to minimize the effects of these environmental loads. In
addition, proper design must be incorporated in missile shipping con-
tainers to withstand the loads encountered during transportation and
ground handling.

The ground-handling loads must also be carefully analyzed to assure
that the structural design of the missile and the ground-support equip-
ment (i.e., missile launcher, erector, etc.) are satisfactory. The
magnitude of these loads can be determined only after the complete
concept and details of the ground-support system have been estab-
lished.

3. Factors of Safety. Factors of safety are applied to the limit
or actual flight or ground-handling loads to assure that all stresses are
below the ultimate or yield strength of the material from which the
missile structural components are fabricated. This procedure prevents
the structure from attaining any appreciable permanent deformation

* Superscript numbers indicate references listed al the end of the chapter.

. B it 2N
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under the actual load and from failing at ultimate load. The magni-
tude of the factor of safety to be used in the design of each missile
component must be carefully selected to preclude undue weight penal-
ties in the missile. As previously noted, each pound of “‘excess’ inert
or structural weight added may have a large detrimental effect on the
performance of the missile. On the other hand, the structural design
should be realistic and adequate to satisfy tne over-all mission require-
ments of the weapon system.

The factors of safety which are currently considered in the structural
design of missiles are:

-a. 1.5 x limit (actual) stress for design conditions which involve a
safety hazard to personnel, for example, a missile-launching condition
in which failure of a structural component could endanger the lives of
the handling personnel

b. 1.25 x limit stress (actual) for design conditions which do
not involve hazard to personnel, for example, a terminal dive on
target

¢. 1 x limit stress for all other design conditions

Margins of Safety. The margin of safety is defined as a ratio of the
excess strength to the required strength and is expressed as

Margin of safety MS = Jallowable __ (14-7)
o

where 0,y0wape = Ultimate or yield strength of material, psi (physical
property of material)
o = stress in member
Two values of margin of safety are generally computed for each missile
structural component analyzed. Theseare based onthe yield strength
and ultimate strength of the material. Hence

MSyie]d — . Callowable yield —1 (14-8)
Olimit oractual X factor of safety (generally = 1)

Oallowable ultimate -1 (14-9)
Olimit or actual X factor of safety (1.25 or 1.50)

MSultimatq =

The margin of safety should never be negative but should be zero or a
small positive value. The margin of safety for each member should be
clearly indicated in the stress analysis. Ifitislater desired toincrease
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the load on any member or to decrease the size of the member, the
margin of safety gives an immediate indication of the permissiblé load
increase. '

14-4. OVER-ALL STRUCTURAL ANALYSIS

In the structural-load analysis, the net load or shear force the struc-
ture has to support is of primary interest. This net load is the differ-
ence between the external loads and the inertia loads for a given missile
flight condition..- Theoretically, if the inertia load distribution is ex-
actly equal and opposite to the external load distribution (i.e., zero net
force along the entire missile), the shear forces and bending moments
are nonexistent. Hence, for this idealized condition, the structural
weight of the missile approaches the theoretical minimum value from
the standpoint of loads. Therefore, it is apparent that the configura-
tion design engineer should carefully consider the general internal com-
ponent weight distribution in an effort to minimize the magnitude of
this net force. The critical design condition for a given portion of the
structure is defined as that which results in a maximum net load or
shear force on that portion of the structure.

After the critical structural-design conditions are determined, the
structural components of the missile are analyzed. For simple struc-
tural members, the classic equation for beam bending may be used to
determine the stresses produced by the design bending moments such
as those shown in Fig. 14-2.

My
I

a

o (14-10)

where o = tensile or compressive stress, psi
M, = applied bending moment, in.-lb
¢ = distance from neutral axis to element in which stress is to
be determined, in.
I, = area moment of inertia of cross section of structural mem-
ber, in.4
In the case of circular, unstiffened, thin-walled cylinders (mono-
coque construction) which are frequently used for small missile bodies,
Eq. (14-10) becomes
My M,

! (14-11)
arit  writ

Omax =

where r = radius of tube
t = wall thickness of cylinder
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For a solid rectangular cross section which is similar to the airfoil
section of a small missile (see Fig. 14-4a), Eq. (14-10) becomes ,

My(t,/2) _ 6M,

Omax = = 14-12
T e?ne) byt (1412
where b = chord of section
t, = thickness of section
-

Fic. 14-4. Notations for structural analysis. (A4) Airfoil cross section. (B)
Circular cylinder.

The axial stress of a structural member which is axially loaded may
be calculated by the following simple equation:

N

(14-13)

Oaxial

where P = magnitude of the axial load, 1b
A — effective cross-sectional area of structural memberin plane
normal to direction of applied load, in.2
For a cylinder subjected to a compressive load P (see Fig. 14-4b), the
axial stress is

4P
7T(d02 - diz)

P
Oaxial = "A" = (14-14)

where d, = outside diameter of cylinder, in.
d, = inside diameter of cylinder, in!

The critical axialloading condition generally occurs during the
boost phase wherein the missile is subjected to high acceleration in the
axial direction. For example, if a 10g axial acceleration is imposed on
the missile, this force is opposed or reacted by a 10g inertia load acting
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on each weight increment of the missile. The dead-weight distribu-
tion of the missile produces a corresponding axial-load distribution
along the body axis of the missile as shown in Fig. 14-5. The axial
stresses produced by this loading are then combined with the previ-
ously determined bending stresses to obtain the total stresses for the
given design condition. Hence

My

P
= 14-15
=7 (14-15)

Ototal = Obending = Oaxial =
a

The above simplified analysis is applicable for relatively simple
structural members such as those previously described. However, in

- = 110w

#/IN.

=
]
i

I
AXIAL LOAD, P

1g DEADWEIGHT x10 MISSILE STATION
F1g. 14-5. Axial-load distribution.

most missile designs, particularly those associated with the larger
missiles, many complex structural configurations are encountered.
For these designs, much more elaborated analysis must be conducted.
In cases where the most involved analysis is inadequate to predict
accurately the stress on the structure, a relatively large factor of
safety should be incorporated until results of static tests become
available.

' 14-5. MATERIAL

The materials in general-usage for the construction of missiles are
aluminum, steel, magnesium, and titanium. Because of the high
temperatures encountered by missiles flying at high supersonic and
hypersonic speeds, other types of materials are coming into more
common usage. These include molybdenum; beryllium, plastic, and
graphite compounds. Since the desigher has a wide variety of choice
of these basic metals and many of their alloys, he must conduct a thor-
ough analysis of their many advantages and disadvantages before he
can select the best for his particular design. The following factors are

Y PSRN N
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some of the most important of those which required careful considera-
tion: :
Material strength and density

Structural temperature expected in operation

Stiffness or deformation requirements

Corrosion resistance

Availability of materials

Fabrication limitations

Cost, both basic material and manufactured cost

N o w o

For detailed discussion and data on material properties, the reader
should consult any of the published literature on this subject (i.e.,
refs. 6, 10, and 12).

14-6. WEIGHT AND COST

In general, missile structural design permits more latitude in the
selection of economic manufacturing processes and materials than
manned aircraft. This is due primarily to the human-safety consider-
ations involved in aircraft design. Adequate strength with minimum
structural weight is generally the designer’s aim for manned aircraft
and cruise-type missiles. In short-range missiles, however, the
unit cost vs. structural weight trade-off for each component must be
closely examined. Structural weight can become less significant than
manufactured cost of the component. However, for long-range bal-
listic missiles, it is mandatory to keep the structural weight as low as
permissible without incurring unduly high cost for the material or its
fabrication. Therefore, the designer should become more fully aware
of the weight and cost interrelationship, particularly during the early
design stages, in order to arrive at a more optimum design.

14-7. TYPES OF CONSTRUCTION

1. Body. The body of the missile can be constructed as a mono-
coque or semimonocoque structure. The monocoque structure con-
sists of an unstiffened shell with very few transverse frames. This
type of structure is relatively simple to manufacture with a minimum
of detail parts and few manufacturing operations. This type of con-
struction is used on ballistic missiles as well as for small missiles (up to
approximately 24 in. outside diameter). The semimonocoque struc-
ture consists of a shell which is stiffened longitudinally by stringers and
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transversely by bulkheads. This type of construction, which is gen-
erally used in the fabrication of manned aircraft, is also used in the
construction of large ballistic missiles as well as cruise missiles. A
large number of detail parts and assembly operations are required to
produce this type of structure.

2. Aerodynamic Surfaces. Aerodynamic surfaces can be fab-
ricated by a variety of methods. Small thin surfaces can feature
solid, hollow-cast, or built-up honeycomb cross sections, depending
perhaps upon the most economic means of fabrication. As the sur-
faces get larger and thicker, the use of solid sections becomes prohibi-
tive from a weight standpoint and honeycomb or hollow-cast sections
become more attiactive. Casting materials have generally featured
low material allowable strengths with the associated weight penalty
but castings can be cheap in quantity production and require few final
machining operations. Recent modifications to casting alloys have
considerably improved their strength properties. Honeycomb con-
struction permits the use of higher material allowables but obviously
involves a multiplicity of detail parts (core, inserts, edge members,
attachment fittings) and assembly operations. Again, the designer
must carefully analyze the many factors involved including cost,
weight, strength, etc., before he can select the optimum type of con-
struction. An improper selection in the early stage of the missile
design may require costly as well as time-consuming tooling and fabri-
cation modifications for the final production design. However, the
designer must also consider these changes in the event of subsequent
technological advanees. If proper foresight is used in selecting the
type of construction during the early design stage, subsequent changes
and modifications dictated by technological advances and other missile
design requirements will be minimized.

SYMBOLS
A effective cross-sectional area
C,. =~ moment coefficient

trim normal-force coefficient

AVTR .
(normal) force
I moment of inertia .
1, area moment of inertia _
I, moment of inertia of a given mass about its own center of
, gravity ‘
M moment

. P o B
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M, applied bending moment
MS  margin of safety ;

N normal force,

P compressive or axial load

S shear force _

S, body frontal (reference) area

44 weight _

c distance from the neutral axis to the element in which the stress

is to be determined

d body diameter
d, inside diameter of the cylinder
d, outside diameter of the cylinder
l distance from missile center of gravity
n load factor
Ny linear acceleration (in the normal direction)
q dynamic pressure
radius of the tube (or cylinder)
¢ wall thickness of the cylinder
2 thickness of the section
w running load
x any station along the beam or body of the missile
6 angular acceleration
o stress in member
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APPENDIX A

DETERMINATION OF RADIUS AND

VOLUME OF TANGENT OGIVES

A-1. RADIUS

- "A—.—‘-—-d-;’"" T

From Fig. A-1, the radius of the ogive is derived as follows:

0

Squaring both sides of Eq. (A-5)
and rearranging terms, we get

da I?
R=-+— A-6 .
4+d (A-6) 6

The length-to-diameter ratio of

=§+Rcos6 (A-1)
Sincel — Rsin § and sin 6§ = V1 — cos? f we get
LT —cos?h - (A-2)
l2
-~ or | cosf = ,/1— = " (A-3)
Substituting Eq. (A-3) into (A-1), we get
'-R—Q—Q—R/l——l—z— (A-4)
2 R?
Redrranging Eq. (A-4), we get -y D
d
d ) .l2 ‘[___ 2 _
1- —=,/1—— (A-H) f
2R R? '

the tangent ogive I/d may be . Fie. A-1. Radius of tangent ogive.

247
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expressed in terms of the ogive caliber R/d as follows: Dividing Eq.
(A-6) by d and rearranging, we get

2
F_EB_1 (A-T)
a2 d 4 .
or Lo B 95— Jo—025 (A-8)
d d
where C is the caliber of the ogive.
A-2. VOLUME
From Fig. A-2A4, the following relationship is obtained:
x =z (A-9)
and d
f n=\E—g]+ty=aty (A-9a)

ENLARGED VIEW OF
TANGENT OGIVE

(A) . (B)
F1ac. A-2. Volume of tangent ogive.

From the equation of a circle, we can write

&+ y’= R (A-10)
or Pt Etyr=F (A-10a)
Hence Y= \/R2 —z2—a ' (A-ll)
or = R* — 2% — %a\/ R? — 2? + a® (A-12)
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From Fig. A-2 B, the volume of the tangent ogive V' may be expressed
as ‘

l i3
V= wf y* dx (A-13)
0
Substituting Eq. (A-12) in Eq. (A-13), we get

l —————
V= wf [R? + a® — 2% — 2a+/ R? — 2] dz (A-14)
0

l l 1
or V = W\:f (R® + a?) dx — f x2dx — (2a\/R2 — z?%) dx] (A-15)
G : 0

integratmg Eq. (A-15), we get

3 z=1 x y R2 ) T r=1
V‘"{ B+ H H :0'2“[5“2“”2*?‘”J EH

(A-16)

Hence
3

V= 77‘:(11’2 + a?)l — % — al"/R* — I* — aR?sin™? %] (A-17)
Substituting a = R — (d/2) in Eq. (A-17), we get

V——:fr[l(Rz—{—Rz Rd——(-ij)—l—a—<R——)NR2 I
4 3

—-—1
ey

1,
(A-18) 7

\
d2 l3 -\- T —— l
7o 2 s 6 . —
or V= n[l(2R Rd + — ) 3 \‘ \ 5

— (R —(—i)l\/Rz —p

it

A pa o ! 4 AN
—_ (R——g)R sin E] 1\

SURFACE AREA

(A-18a) O 02 04 06 08 (0
LENGTH RATIO ~ 1,/1
A-3. SURFACE AREA , Fic. A-3. Surface area of tangent

I ) ) £ ski ogive and truncated conical bodies
n the determination of skin-  ,f revolution.

friction drag coefficient, the surface

(wetted) area of the aerodynamlc component must be known [see Sec.
4-2,Eq. (4-7)]. Figure A-3isa plot of the surface area of tangent ogive
and truncated conical bodies of revolution.



APPENDIX B

EXPRESSIONS AND COORDINATES
DIFFERENT NOSE SHAPES*

B-1. POWER SERIES
r=2 for(0=2z=1)

where n = 1 for a cone :
n = %4 for a parabola with vertex at z = 0

B-2. PARABOLIC SERIES
-2z — Ka®
= —
| 2 — K
where K = 0 for a cone
K = 1 for a parabolic nose

K = 0.75 for a “%4 power” parabolic series
K = 0.50 for a ““14 power” parabolic series

B-3. HAACK SERIES

L
N

" where ¢ = cos~1 (1 — 22)

r =

\/qa — 14 sin 2¢C 5in-3¢

C = 0 for the Von K4rmén nose shape (alSo known as the L-D

Haack nose)
C = 14 for the L-V Haack nose.

OF

(B-1)

(B-2)

(B-3)

Thé Jetters L-D and L-V referto the boundary conditions for which the

'drag was minimized. The L-D signifies given length and diameter

and L-V length and volume. Profiles of these nose shapes are shown

* NACA Research Mem: L53K17.
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in Fig. 3-11 with coordinates presented in Table B-1.

APPENDIX B

r used in Table B-1 are defined as

__ distance from nose station
total nose length

r =

radius at any nose station

R b -

251

The terms z and

maximum radius (i.e., at the base of the nose)

TABLE B-1. COORDINATES OF DIFFERENT NOSE SHAPES

Power series

Parabolic series

Haack series

1

Nose 5 Von
station 14 % Parabola | ¥% Power . % Power Kéerr;n, HL- Vk
A (K =1) | (K =0.75) | (K = 0.50) aac
| Haack |(C = 1)
; (C = 0)
x ro 0 r r r r r r
0 o 0 0 0 0 0 0

0.05 | 0.2236 0.1057 | 0.0975 0.0785 0.0658 0.1368 0.1658
0.10 | 0.3170 ’ 0.1779 | 0.1900 0.1540 0.1300 0.2281 0.2738
0.15 | 0.3873 . 0.2410| 0.2750 0.2250 0.1917 03066 | 0.3642
0.20 | 0.4472  0.2991 | 0.3600 0.2960 0.2533 0.3774 0.4435
0.25 | 0.5000  0.3536 | 0.4375 0.3625 0.3125 0.4422 0.5142
0.30 ! 0.5477 ; 0.4054 | 0.5100 0.4260 0.3700 0.5022 0.5779
0.35 | 0.5918@ r 0.4550 | 0.5775 "0.4865 0.4258 0.5585 0.6357
0.40 | 0.6325 ‘ 0.5030 | 0.6400 0.5440 0.4800 0.6112 0.6880
0.45 | 0.6708 - 0.5494 | 0.6975 0.5985 0.5325 0.6607 0.7355
0.50 | 0.7071 0.5946 | 0.7500 0.6500 0.5850 0.7071 0.7785
0.55 | 0.7416 0.6387 | 0.7975 0.6985 0.6325 0.7506 ° | 0.8173
0.60 0.7746 . 0.6817 | 0.8400 0.7440 0.6800 0.7914 0.8522
0.65 0.8062 0.7239 | 0.8775 0.7865 0.7258 0.8295 0.8833
0.70 | 0.8367 0.7653 ! 0.9100 0.8260 0.7700 0.8647 0.9107
0.75 | 0.8660  0.8059 | 0.9375 0.8625 0.8125 0.8969 0.9346
0.80 | 0.8944 0.8459 | 0.9600 0.8960 0.8533 . 0.9261 0.9549
0.85 0.9220 0.8853 | 0.9775 0.9265 0.8925 0.9518 0.9719
0.90 | 0.9487 : 0.9240 | 0.9900 0.9540 0.9300 0.9736 0.9853
0.95 | 0.9747 , 0.9622 | 0.9975 0.9785 0.9658 0.9905 0.9950
1.00 1.0000 1.0000 ; 1.0060 1.0000 1.0000 1.0000 1.0000




APPENDIX C

OPTIMUM WING STUDY

As stated in Sec. 3-15, maximum L/D is obtained when the induced
drag is equal to the drag at zero lift, i.e., Cp, = Cp, or Cp = 2Cp,-
The proof of this statement is given below. In addition, the expres-

' sions for the value of Cp at (L] D)pax

and (L/D)pax are derived as a func-
<~ (H/Dlmas tion of Cp, and the induced drag

S |

> | factor dCp [dC 2.

S | C-1. Cpat(L/D)

o ! . D max

3 §CF°P*-OR C AT/ Dlnox From the basic definition of l1ift
i

and drag, we get
L_CuS_C
D CpS Cp

C.
Fre. C-1. Optimum wing study. (C-1)

Since Op = Cp, + Cp, = Cp, + (dCp JdC?) Cy?, Eq. (C-1) becomes

9_1_' = ___CL_____ (C-2)
| Cp Cp,+ KCr
where K = dCp [dC} |
From Fig. C-1, it is apparent that (L] D) ey is obtained when |

] ‘w —0 (C-3)
- doy
rronee | U02l00) _ ACL(Cp, + KO
daCy, dCy,
C.. + KC,?(1)—Cr0 2KC
=(Do+ 5HA) (0 + L)—_—O (C-4)
(Cp, + KC;*)?
or CD° - KCL2 = 0 (0'5)

252
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From Egq. (C-5), it is seen that

Cp, = KCp? = COp, (C-6)
Hence Cp at (L/D)mx = 20, (C-8)

C-2. CL at (L[ D)pex 0r Op
From Eq. (C-6), we get

C
CL=J=% O, J 2o (C-9)
T

C .
Hence Cyr 8t (L/D)pax = J — > (C-10)

dCp,/dC.?
C-3. (L/D)max
~ The value of (L/D),,, is determined by taking the ratio of Cz,and Cp,
at (L D)pay 88 shown in Fig. C-1.  Hence, from Egs. (C-10) and (C-8),

we get

(2) _Cpat (LD)as _ [Cp,/K

D CD at (L/-D)mu i 201)0 (C-ll)
L\ _, / 1 C-12
or ( D)ma.x & (dCD;/ dCLz)CDo | )



APPENDIX D

DERIVATION OF INCREMENTAL VELOCITY
DUE TO BOOST

D-1. VACUUM (DRAG-FREE CONDITION)

The incremental velocity the missile attained during its accelerating
phase of flight can be expressed mathematically as follows:

173
AV, =J a dt (D-1)
0

where AV, = incremental velocity

a = axial acceleration of missile

t, = burning time of rocket motor
From Fig. D-1, the axial acceleration may be expressed in terms of
rocket-motor thrust 7' and weight W as follows:

Tg .
a=— sin D-2
7 +gsinyg (D-2)
' w1 b .
Hence AV, = gf — dt + gf sin yp dt (D-3)
. 0 w 0 ‘
* Since W =W,— Wptt,), weget (D-4)
+7L/ A ’ P d
VvV, = t+ f sin t
4 o =9} W S Wa Ao

(B-5)

where W, = missile weight at launch
| W, = propellant weight
" Assumirng 7', yz, and t, are constants, Eq. (D-5)

becomes
AV, =T f"’ b g+ gsi f"’ dt
=19 gsmmyr
‘Fia. D-1. Force ’ o Wrt,— W pt o
diagram. - (D-6)
254
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Integrating Eq. (D-6), we get

' t=t t=t .'
AV, = Tg(,—- ﬁ—) [m (W 4, — WPt)]t : + gsin yL\:t] (D)

Tt o
or AV,=— T/V—b—g[ln (W t, — Wpt,) — In (Wit,)] + gty sinyy  (D-8)

P

Since Tt,|Wp = I|Wp = I, [see Eq. (13-13)], Eq. (D-8) becomes

AV,=1,91n (-;%) + gt, sin v (D-9)
' E
where Wy = W, — Wp

D-2. GENERAL SOLUTION

For the generalsolution, the drag term must be included in Eq. (D-2).
Hence

T Dg .
@ = -V?f’ — TSy (D-10)
Tg Cp YspV2Sy .
or o =29 _Yp72PV4 | gn D-10a
- 7 gsinyp ( )

Because of the nature of the drag term, a closed analytical solution
cannot be obtained. Hence, for most analysis, Eq. (D-10a) must be
solved by a method of iteration such as that described in Sec. 4-6 or on
the automatic computing machines. However, for certain applica-
tions whereby the thrust-to-weight ratio is relatively high (i.e., high
axial adceleration), it is permissible to use an approximation for the
drag effect in calculatingavalue of AV,. For these cases,an estimated
average drag D is used in Eq. (D-10). Hence Eq. (D-6) may be modi-
fied as follows:

— ty ¢ | ty
AV, =(T — D f —  dt-+ gsin fdt D-11

Hence Eq. (D-11) becomes

.

AV, = —[(T — D) %g‘:l [n (Wi, — Wpty) — In (Wrt)] + gty sinyg
i (D-12)
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Multiplying Eq. (D-12) by T/T and rearranging, we get

AV, = T -; DIwg ln% +gt,, sin (D-13)
E

or AV, = K'I,gln _372 + gt, sinyy, (D-13a)
N |

where K’ = (T — D|T) as used in Eq. (4-12)

.
n E i
wwwl Ilr
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APPENDIX E

DERIVATION OF EXPRESSION FOR AV
FOR ITERATION METHOD

In the derivation of AV [see Eq. (4-21)] for the iteration method
used to calculate missile performance, two basic assumptions aremade:
(1) the acceleration vs. time curve (see Fig. E-1) islinear over the time
interval At used, and (2) the time interval used throughout the pro-
cedure is a constant value. = From Fig. E-1, the value of velocity V at
any time { may be expressed as

V = Vn—l + aav At (E-l)

where the subscript » — 1 denotes the first interval previous to ¢ (and
n — 2 is the second interval previous to ¢, etc.). Hence Eq. (E-1)
becomes

4 * At '//
V=V,,+(@+a,,) > (E-2) o
- i
= |
But for a constant At, we get g Lo
) x ! I
0=y =py — (B3 3 o
O !

or 0 =2, | —a, (B-4) < I
Lo
I ] |
Substituting Eq. (E-4) into Eq. (E-2), toop tooy 1

we get TIME, t

V="V, ,+ 32,1 — Gps) é_t (E-5) Fic. E-1. Acceleration vs.
" " 2 time. o
257
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APPENDIX F

DETERMINATION OF DOWNWASH FROM
WIND-TUNNEL-TEST RESULTS

F-1. ANALYTICAL SOLUTION

For the purpose of illustration, a canard configuration has been
arbitrarily selected. Hence, from Fig. (F-1), the complete model
pitching moment M ¢, may be expressed as

Moy = Npzp + Noze + Np2r (F-1)
where Ng, No, and Np = normal force on body, canard, and tail sur-
faces
g, Zo, and x, = center-of-pressure location of Ng, N,
and N

Expressed in coefficient form, Eq. (F-1) becomes

Moy = (M a)on = (Cn)pxxp + (CNa)C‘mC + (On (e — €)z11es,

(F-2)
Dividing by ¢8,d, Eq. (F-2) becomes
M x z x
s ugn) + Gl o]
(Crlom 5.4 (Cn, B2 F B+ (Cn o il + (Cn)r(x — € Fia
(F-3)
Hence (Cadorr = (Cdpe + (Crlzlx — ) (F-4)
Ny where the subscript BC denotes
No . body-plus-tail configuration, ete.
4 ! Therefore, at a given «, we get
e S ——
1 N x—€_ (Cmem — Cm)pe
S « - Cur
xg —
Fia. F-1. Analytical solution of _ Culey = Calse (g5
downwash. (Cw)pr — (Crr
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‘Equation (F-5) may be described as

« — € __tail contribution in the presence of downwash (F-5a)

o« " tail contribution in the absence of downwash - -

. Ifthe moment curves are linear, then the slopes of C,, vs. « may be used
as follows: ' '
1 — e — (Cm,)CM - (Oma)BC _ (Aom,)’T

‘ (Cma)BT - (Cma)B (ACMGXT

where (AC,, )y = tail contribution in presence of downwash

.(ACm:) r = tail contribution in absence of downwash:

Similarly, it can beshown that the downwash due to control (canard)
surface deflection e;, may be expressed as

C
(1 — ¢5) = (_é__’ﬁ)". (F-7)

(ACn)r

(F-6)

F-2. GRAPHICAL SOLUTION

The downwash angle ¢ may also be determined graphiéa,lly from
wind-tunnel-test results. This is done by plotting the pitching-mo-
ment contributions of the tailin the

presence of and absence of down- + a— a

wash vs. angle of attack as shown _ E ,

in Fig. F-2. Itis apparent that, at gy i € ‘A

a given « (i.e., «;), the value of Alm . 'B" BCT-8C
AC,,, in the absence of dewnwash - (N p%EFS‘E?CE
(i.e., BT-B) is point Bin Fig. F-2. BT-B
The value of AC,, in the presence (IN ABSENCE

of downwash is 4 (BCT-BC) at o;. _ o
This represents a loss of AC,, of gm’ E- 2'hGr&ph‘°al solution of
B-A, which is equivalent to a OWRWESH:

downwash angle € as shown in Fig. F-2. Hence the value of € can
be readily determined at any or all values of « desired. Hence non-
linearity imposes no limitation on this graphical solution.

The normal-force coefficients may also be used in lieu of the pitching-
moment coefficients. However, since the moment. coefficients are
generally somewhat more aiccurate than the normal-force coefficients,
the former are preferred.



APPENDIX G

DETERMINATION OF DAMPING DERIVATIVES
FROM WIND-TUNNEL-TEST RESULTS

G-1. DAMPING IN PITCH

The value of the pitch damping or rotary derivatives C,;, C.,., & and

C,.., as discussed in Sec. 9-3, may be determined from the static deriva-

txves (i.e.,Cy_and C,. ) whichare obtained from wind-tunnel tests. In
Sec. 9-3 it was shown that the value of C,,; for the complete model con-
figuration consists of contributions from the forebody, canard (or any
other control surfaces ahead of the tail), and tail surfaces as expressed
below: .

f /x 2 Sc x 2
(Cogloyy = —2 (OA’“)B‘—, +{Cx)clKom + Kpol 5] T (On)r
\ \d/B S, \d/c

. Spfx)?
X K + ‘KB(T)}—_(_) } (G-1)

S, \d/T
From Eq. (G-1) [which isidentical to Eq. (9-39)], it is apparent that the
first two terms represent the contributions from the combined effects
of the body and canards. The third or last term represents the tail
contribution which includes the mutual interference between the body
and tail. These contributions may also be expressed in terms of the

moment derivative (', , in the following general formy;

7\ 2 (Codi? (Con s
(O‘) (—) -—*(O) - U x
"\ Y h (CrJe  (On)p

Hence Eq. (G-1) becomes
2{(0ma)BC’2 ‘[(Cma)]iT - (Cma)B]z ‘

+
(Cn,)p (CnJpr — (Cn B

where the subscripts denote the components of the configuration (i.e.,
B body, T tail, etc.).

(Crgdon = (G-2)

260
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Similarly, the expressions for Cm& and C,,; [see Eqgs. (9-44) and (9-46)]
become ;

(Cmy)orr = —2(Cr)pr — (Cm,)5] xCéT € (G-3)
and oot = —2ACn)pr — (Cn )l 5T ¢, (G-4)

where z 1 is the distance between the canard and the tail surfaces as
shown in Fig. 9-4, and ¢, and ¢, are determined in Appendix F.

G-2. DAMPING IN ROLL

In order to determine the damping-in-roll derivative C, [see Sec. 8-5
or Eq. (8-4)] in the wind tunnel, several techriiques may be employed.
Perhaps the simplest method is to roll the model on the mounting

|

{—*’FREE”\\\
oLy ~—

I\

TIME —= TIME —e
{a) (B

w

Fic. G-1. Damping-in-roll tests.

sting by means of fixed aerodynamic lateral-control surfaces. In tiiis

technique, the model isinitially restrained from rolling while the tunnel

builds up to speed, whereupon the model is released and commences

t0 spin up to its steady-state rolling velocity, as indicated in Fig. G-ia.
The transient response of the missile in roll is expressed as

. Q s QSd2 ) oK
I.p= (’Iééqkd - Oy p o7 -+ L, (G-5)

where 7, == moment of inertia of model in roll
(" = lateral-control effectiveness which is determined from con-

ventional wind-tunnel test
L, == term to account for friction in the system and may be
accounted for or, if it is small, neglected ‘
From the time history of the measured rolling velocity as shown in Fig.
G-1a, the roll acceleration p and hence C; may he calculated. How-
ever, the value of ', is more accurately calculated for the steady-
state rolling condition, ie., p = 0. For this condition, ¢, 1s
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determined by setting Eq. (G-5) equal to zero. Hence, if friction is

neglected, we get

0, =-
> p.A2V

where p,, = steady-state rolling velocity
Another method of determining C,_is to spin the model mechani-
~cally. In this technique, a driving device is employed to spin the
model with the aerodynamic lateral-control surfaces in their neutral
position. By measuring the rolling moment required to spin the model
at various constant rolling velocities, the value of C;_is calculated as
follows (again, assuming L, = 0):

(G-6)

Cl = "?1)
» T gSdY2V

where .#,, = measured variation of required rolling moment with roll-
ing velocity, ft-ib/radian/sec

A third method of determining C; is simply to spin the model to an
arbitrary rolling velocity and thenallow the spin rate of the model to
decrease toward zero velocity as shown in Fig. G-1B. In this tech-
nique, the aerodynamic lateral-control surfaces are set in their neutral
positions. The value of C; may be calculated by Eq. (G-5), which
‘may be simplified to the following expression:

— ___I_-'G_?L__ (G-8)

B pgSd2j2V

(G-7)

.- ’.M-.»
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APPENDIX H

DETERMINATION OF AERODYNAMIC
DERIVATIVES FROM FLIGHT-TEST DATA

H-1. “PULSED MODEL”

One technique most commonly used in scaled-model flight testing is
the ““pulsed-model” method. In this method, the model is usually
ground-launched and accelerated to the desired speed by means of a
booster rocket which drops off at the end of its burning. The model
then commences its free flight wherein small rocket charges are set off
at fixed time intervals which provide the desired impulse to “disturb”
the model in pitch and/or in yaw during its zero-lift flight trajectory.
The model used in this technique is generally completely uncontrolled
and must be statically stable. By carefully controlling the manu-
facturing and installation fin naisalignments, the rolling velocity of the
model is kept low in order toreduce the cross-coupling effects during the
“disturbed’’ conditions. A typical plot of the model transient re-
sponse in the “‘disturbed” conditionisshownin Fig. 9-3. Telemetered
data for this technique generally consist of time history of axial accel-
eration, normal acceleration about the model center of gravity, and
angle of attack. A history of the model speed, Mach number, and
dynamic pressure is also requived and may be obtained from external
coverage such as radar, theodolite, and radiosonde data.

. The aerodynamic derivatives bbtained from this method are Cp,
Cn, Coy and (Cp,, + Cny): The value of (', may be determined
-when the model-is flymng in the undisturbed conditions.

w
C,) = == H-1
) g8 .
where n, = axial-acceleration
W = weight of model
The value of Cy may be determined from the telemetered data of

263
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normal acceleration and angle of attack during the “disturbed’’ condi-
tion of the model. The value of Cy is evaluated as follows:

= — (H-2)

where 7 is the normal acceleration at the model center of gravity. By
plotting the value of Cy vs. a, the value of Cy may be determined
throughout the speed or Mach-

a METER 1 number range of the model. Since
G — — s~ — — 1 theangle of attack is generally meas-
R ured by an « indicator located at or

ahead of the nose of the model (see

Fic. H-1. Angle-of-attack )
correction. Fig. H-1), the telemetered data of «

) must be corrected for the incremental
angle of attack Aa induced by the angular motion of the model.
The induced angle of attack may be expressed as [see Eq. (9-34)]

A = tan™? o (H-3)
vV
For small angles, Eq. (H-3) becomes

Ag ~ — ‘ H-3
ex_V ( a)

Since § = & + 7 [see Eq. (5-3)] and
5 = —I— (nW — W cos 0)

wv
we get Ao = —l—(o'c +g 'L_——Cﬁg) (H-4)
|4 V
Hence Oeg = Olmeasured — Aa (H'5)

The value of C,, and (Cry + Cp,) may be determined by solving the
equation of motion assuming a single degree of freedom. Hence

Th = Mo+ My + M (H-6)

Since § ~ & (assumption of single degree of freedom), we may rewrite
Eq. (H-6) as follows: :

I — (My + M6 — Mg =0 (H-7)

or 6 — (my + my)f — mgd =0 (H-Ta)
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Solving for the roots of Eq. (H-7a), we get

11,2 = %(mo + ma'z) :‘]: %\/(m‘; + m&)z + 4m9 (H-S)
Trom See. 9-3, it is apparent that
Ty = — 2In2 (H-9)
mg + My .
and P = dm (H-10)
(mg 4+ my)% 4 4my -

From Eq. (H-9), the values of (M, + M) become

~2IIn2 qSd*
T (Crmg | m) 57

M+ M, = (H-9a)

Hence c .+ C .;_——4IVIn2

mag ! m (H'gb)
0 a qu2T1/§

The value of C,, may be determined by first squaring both sides of
Eq. (H-10) and rearranging terms as shown below:

\2
(%) = (mg - m&)?‘ + 4my (H-lOa)
\2 Lo A2
or g — (:’I) _ (mg b ) (F-106)
P 4

Substituting By. (:I-0) into Eq. (H-100), we get

o (22 (22 -
*=1 \P T

Since 2, is equal to 3, for this single-degree-of-freedom analysis and
is negative we get

— 9. \2 2
Cp, = Y. —{Hﬂ) — (B)] (H-11a)
N qSd qSd P Ty

Hence the value of C, and (C,; + Cp;) MY be readily calculated by
Eqgs. (H-11a) and (H-9) by measuring the period of oscillation P and
time to damp to half amplitude T, from the telemetered record of the
model transient response as shown in Fig. 9-3. The change in Mach
number, dynamic pressure, etc., during this transient is assumed to be

negligible.

.
P SO EN R
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By flight. testing the medel with
 Cmg | two diffcrent center-of-gravity

locations, the values of C,, thus
obtained may be used to check the
~._ ¢».  valueof Oy previously determined

0t _\\\,L with telemetered « data. This
MODEL C.G. LOCATION may be accomplished by plotting
+ the values of C, vs. center of

gravity as shown in Fig. H-2.
The center-of-pressure. (or neutral-
point) location is determined by
extrapolating the curve of C,, vs. center of gravity to C,, equal to
zero. Hence, from Eq. (5-19) and Fig. H-2, we get :

Fic. H-2. Determination of C Not

X C
cp = cg - — = cg ——5° (H-12)
P g P g c{\’a'
C,, '
or Cy = e (H-12q)
* cg—cp

It is therefore apparent that Cy_is simpiy, the slope of the C\, vs.
center-of-gravity curve shown in Fig. H-2.

H-2. STEP-COMMAND INPUT

Another method commonly used consists of programming step-con-
trol surface deflections of suffcient duration to assure that the model
or missile approaches its steady-state trimmed condition. In condi-
tions wherein the missile is continually decelerating, the duration of
command may be reduced somewhat in order that the change in Mach
number, g, etc., be small. In these cases, the missile may not reach its
steady-state trimmed condition but will have experienced a sufficient
number of oscillations about its nominal trimmed condition to permit

an accurate determination of the period of oscillation and time to damp

to half amplitude. Forthistypeof commanda two-degree-of-freedom
analysis is generally acceptable. '

From the analysis presented in Sec. 9-5, it was shown that the period
of oscillation P and the time to damp to half amplitude 7', may be
related to the aerodynamic coefficient as follows [see Egs. (9-91) and
(9-92)]: :

2
P = e - (H-13)
N =¥l — %)

-
~ WWW.ASEC.ir
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d .
o Ty =22 (H.130)
I
Equation (H-13) may be rewritten as
) 2

—¥(l =0 = (gg) (H-13d)

From Eq. (9-77) and the definition of w and  (see Sec. 9-5), we may
rewrite Eq. (H-13a) as '
27

2
Wl = ) = — (;) = (my + méfa)[l

- (—fa + Mg + Mg
4(m, + m;f,)

Defining vV —w¥1 — {?) as the damped natural frequency of the
missile w,, we may write Eq. (H-14) as follows:

)2
:| (H-14)

—f, 4+ my + m?| .
w2 = (m, + m; “)[1_( fa 8 “:| (H-15
o o 4(m, + m;f.) )
or Wt = m, + mif, — YA(—f, + m + me)® (H-150)
. /_ . \2
Hence m, = wd? + ( fa ??210 -+ ’maz) — mgf, (H-16)
9.,.\2 _ R .\ 2
or m, = (i") + ( fo M + m“) — mgf, (H-16a)
P 2
From Sec. 9-5 and Eq. (9-77), we get
Zw=_—_ﬁ'= _mé+ma'—fa=l_r_1__2 (H-17)
-2 2 Ty
Rearranging, we get
my + my = —2lw + f, (H-18)
Substituting Eq. (H-17) into Eq. (H-18), we get
i+ my = 22y, (H-19)
Ty
_ 2In2 CygS
Hence C,.~+ Cp. = QVI( St ) (H-20)
o @ gSd* \ Ty mV

Substituting Eq. (H:17) into Eq. (H-16a), we get

o 2 2 8d2Cy ¢Sd
c. =_£[(%’_’) _ (M) +o,, BI TN :\ (H-21)
« = g8dL\ P T, i oVl mV |
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In most practical cases, the last term in Eq. (H-21) may be neglected.

Hence
_ 2 27
T
*  gSdL\P Ty
Other aerodynamic coefficients obtainable from this method include
Cp, Cy,CnypandC,, . The values of 5, and Cy_may be determined

by the methods previously described. The value of C ~,may be calcu-
lated from Eq. (5-23) as follows:

, CNT - C.’\’aaTR
C"V& = R é (H'22)
where o, g, 6, C N, are known and
ng W
e = (H-23)
The value of C,, may be determined from Eq. (5-21) as follows:
C m,*TR ,
Cmé = — -——-6——' (I‘I-24)

Aerodynamic hinge-moment characteristics of the control surfaces
may also be determined from flight by telemetered strain-gauge data.

H-3. FORCED OSCILLATION

The forced-oscillation technique is commonly used to determine the
combined lateral-control effectiveness and damping-in-roll character-
istic of the missile. Inthis method the model or missile is forced to rol}
by deflecting the lateral-control surfaces throughout the missile flight
trajectory. The combined effect of the lateral-control effectiveness

and damping in roll may be determined from Eq. (9-93) as follows:

d2
I.p= O},,p %%‘ + Cié(squ (H-25)

From the telemetered trace of rolling velocity (measured by a roll-rate
gyro)vs.time, the value of pd/2} per degree of lateral control deflection
0 may be determined by assuming p = 0. Hence Eq. (H-25) becomes
pdj2V  —C

s 0

The assumption that p = 0 at any instant of flight is generally valid,
particularly for cases where the moment of inertia I 1s low or the

(H-26)

F
.- ’Mn
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damping-in-roll derivative is large. This is readily apparent if the
dynamic response of the missile in roll is treated essentially as a first-
order system as indicated below [see Eq. (9-96)],

D Ls I;/ K

et = - 22— (H-27)
6 —l,+s 14 Q)s 1+ Ts
where T = _—I‘"_. (H-28)
C, qu2/2V

Hence, for low values of I, or large values of C , ‘the value of 7'is alsc
small. Hence, for most des1gns the value of 7' is sufficiently low that
it is generally valid to assume p = 0 or that steady-state rolling veloc-
ity is realized throughout the flight of the missile.

H-4. MACH-NUMBER D

DETERMINATION P[P, - T‘
P
In order to reduce the flight-test ~ Mi\M, - ;” 1

it is necessary that the Mach

number, velocity, and dynamic-

pressure history be known. The , l
Mach number may be determined Fic. H-3. Pitot-static tube.
either from telemetered stagnation

and static-pressure data from a pitot-static tube as shown in Fig.
H-3, or from external data such as radar, theodolite coverage, and
radiosonde information. From telemetered pressure data, the Mach
number may be determined as follows:

1. For M < 1,

Pstagnation — (1 Y S )’
Pstatic 2

Substituting y = 1.4 for air, Eq. (H-29) becomes

data to aerodynamic coefficients, ‘

y/y—1
Mz) (H-29)

Dstagnation —(1+ 0.2M2)3'5 (H-an)
Pstatic . .
2. For M > 1 (see Fig. H-3),
Pstagnation — & & — & (H-30)

Pstatic’ PoPr D1
where p, = stagnation pressure.
p, = free-stream static pressure
ps = pressure behind a normal shock
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From the normal shock equations, we get

2 — .
pp_ 1My — 1 (H-31)
V51 6 .
From isentropic compression [see Eq. (H-29a) we get
22 Ps _ (1 +0.2M,23° (H-32)
20 71 by [T
18 : 7 Since M, = My o (H-33)
16 | / M2 — 1
£14 / _ Eq. (H-32) becomes
E:;’12 // P 'M2_+_5‘23.5
Z40 / .3:{1_;.0,2(__1__):‘
3 /1 py, L M2 — 1
. /1 (H-34)
4 Substituting Egs. (H-31) and
21— (H-34) into Eq. (H-30), we get
% o8 16 2.4 32 40 Pgtagnation Pz 1M L1
MACH NUMBER~M - T =T a
o ) Pstatic Y21 6 )
FIG: H-4. Variation of ratio of stag- . M2 5)\2]es
nation pressure to static pressure [ +0 2(_1___.._):] (H-35)
with Mach number. Mp2--1

Equation (H-35) is commonly known as the Rayleigh pitot-tube for-
mula. A plot of Egs. (H-29a) and (H-25) is presented in Fig. H- 4.
It is noted that Eq. (H-29a) may be used for Mach number up to
1.3 without appreciable error.

The velocity of the missile may be calculated from the Mach number

as V=Ma (H-36)

where a is the speed of sound and is related to the outside air tempera-
ture as follows:

a = 49.02y/ Ter) + 4597 (H-37)

The velocity of the missile may also be determined from radar or
theodolite data.
The dynamic pressure ¢, may be calculated as follows:

g = Yeyp, M,? (H-38)
or q = %sz \H-38a)

where p is the density of the air and may be determined from radio-
sonde data.
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AAM (air-to-air missile), 4-7, 70, 142
Ablation, 208
Accelerometer, body- mounted, 197
Ackeret, J., 33-35
Ackeret theory, 33-35
Adiabatic wall temperature, 166
Aerodynamic cross-coupling, 113, 118
Aerodynamic forces, definition of, 17
Aerodynamic_gain, 77, 108, 147
Aerodynamic heating, 77, 165-168,
208 '
Aft control, 10, 11, 52, 53, 102-104,
158
Afterbody extension, effect of, 11, 12
Afterburner, 214
Ailerons, 10, 52, 53, 122-128
Air-breathing engines, 6, 8, 211
Air launch, 5, 173-183
Air loads, 12, 84, 155— 164, 233
Air turbo rocket, 213, 214
Airflow interference, 5, 174-178, 182,
183
A1rf01l characterlqtlcs, 32-51
‘center of pressure, 36, 40, 51
double-wedge, 35-37
effective aspect ratio, 39-43
(L[ D)max, 42
moments, 36
normal-force-curve slope, 34—47
effect of aspect ratio, 37-43, 51
effect of Mach number, 34
strength, 47
sweepback, 43—47, 51 -
Allen, H. J., 28

Ambient exit pressure, 84, 215-218,

225

Angular acceleration, 157, 158, 235,
- 236 o
Aperiodic mode, 130
Ares moment of inertia, 240-242
Area ratio of nozzle, 218
ASM (air-to-surface missile), 6, 70
Aspect ratio, 32, 3743, 51
Automatic control, 130-152
Axial force, 17, 18, 28, 50
Axial load, 241, 242
Axial stress, 241, 242
Axis systems, 130-134

. Euler, 133

inertial, 133

Ballistic factor, 207, 208
Balhstlc trajectory, 7, 83-90
Ballistic winds, 194, 195

Base area, 29

Base pressure (basedrag), 11, 29-31,68
Base-pressure coefficient, 30, 31
Beam analogy, simple, 236, 237
Beam rider, 6, 173, 182

Bending moments, 234-242
Beskin, L., 99

Beskin’s body-upwash theory, 99
Bipropellant, 220

Blasius, H., 49

Blasius’ equation, 49

" Boattail, types of, 29, 30

Boattail drag, 29, 30, 68
Bodies of revolution, 18-32
center of pressure, 30, 32
conical, 18-22
hemispherical, 18, 25-27
ogival, 18, 23-25
power series, 18, 27, 250, 251
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Body bending moment, 10, 15, 234—
- 242

Body carry -over lift (normal force),
96-103, 137 :

Body extension, 11, 12
Body pressure distribution, 29, 30
Body upwash 97-102, 163
Body-wing interference factors, 96—
103, 159-165
Boltzmann, L., 167
(See also Stefan-Boltzmann con-
stant)
Boost-glide trajectory, 4, 70-77
Boost-sustain trajectory, 4, 6, 77, 78
Booster, 6, 49
Boundary layer, 31, 41, 50
Boundary-layer temperature, 166, 167
Buford, W. E., 28
Burning, types of, 221-224
Burning time of rocket. motor, 71, 218,
219
Busemann, A., 22, 33, 44
Busemann constants, 33-35

Caliber of ogive, 248
Canard control, 9, 10, 48, 52, 96-102
Captive flight balance, 176, 177
Captive flight loads, 176-178, 238
Carry-over force, 28, 29
Casting material, 244
Cathedral, 127
Center of gravity, effect on stability,
7, 8, 94-104, 110, 111
Center of pressure, boattail, 29
body of revolution, 30, 32
cone, 22
delta wing, 45
for hinge moment determination,
162-165
location of, 22-51, 99, 162
ogive, 23
rectangular wing of finite aspect
ratio, 40, 41
subsonic sairfoil, 51
two-dimensional, 36
Centripetal force, 107-110
Chamber pressure, rocket motor, 90,
216-218, 224
Chapman, D. R., 30, 47

INDEX

Characteristic solution, 131
Characteristic veloclty, 218, 219
Chemical reaction, 215
Chordwise pressure distribution, 163
Circular probable error, 201
Climb, ‘optimum schedule, 80, 81
rate of, 78—-82
time to, 80-82
Coles, D., 65
Combustion chamber, 213, 214, 220
Composite propellant, 221-229
Compressibility, 51, 66, 67, 160
Compressible flow, 51
Compressive load, 241, 242
Compressive stress, 240-242
Compressive wave, 33
Compressor, 213
Cone, flow over, 19-22
Conical-flow theory, 20-22, 44
Conical forebody, 18-22
Control, effectiveness, 5-8, 52-56, 185
reversal, 9, 52, 123
types of, 7-13
Canard, 9, 10
jet, 12, 13
nose-flap, 12
tail, 10, 11
wing, 7-11
Control-stability relationship, 94-104,
© U T107-111
Contrél system, 9, 77, 134
Coohng, regenerative, 220
Cope, W. F., 67
Crltlcal dampmv 147
//////// 155-159, 178
Cross- couplmcr 113, 118, 142
aerodynamic, 113, 118
inertia, 113, 142
Cross-flow, viscous, 28, 29, 160
Cross-wind effects, 191, 196-203
Cruciform design, 13-15, 107-109,
113 120

Cut- off a,ltltude. 87 88

vCut, off angle, opfxmum 87, 88
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Damping characteristics, 94, 136-139,
208 )
Damping constant, 143, 147-150
Damping-in-pitch, 11, 107-112, 136—
138, 260
Damping-in-roll, 125-127, 261, 262,
268, 269 .
Datum missile, 195, 196
DeLaval nozzle, 218
Delta wings, 43—47, 68, 69, 99
Dennis, D. H., 25
Design criteria, 155-159
Design loads, critical, 155-159, 178
Diffuser, 213
Dihedral effects, 117, 127
Directional control, 11 3-119
Directional stability, 113-119
Dispersion, 5, 174-187, 190-208
Divergence angle of nozzle, 217, 225,
230 '
Divergence coefficient, 217, 230
Divergent oscillation, 131
Diving flight trajectory, 70-77
Dorsal, 12
Double-base propellant, 221-229
Downwash, 7-15, 52, 258, 259
contribution, to damping, 136-139
to stability, 7-11, 97-103
Drag, base, 21, 29-31
boattail, 29, 30
component of, 17, 18
of cones, 19-22
definition of, 17
due to normal force, 40, 41, 50, 69
form (see Wave drag)
of ogives, 23-25
pressure  (see Wave drag)
skin-friction, 17, 49, 50, 64—67
Drag-rise factor, 50
Drift, dispersion, 190, 196-200

Dynamic overshoot, 123, 124, 149-

152, 156-159
Dynamic pressure, 12, 53, 83, 155-157
Dynamic response, 130-152
Dynamic stability, 11, 130-152

Effective aspect ratio, 3943
Effective cross-sectional area, 241
Elliptical lift distribution, 50
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Elliptical probable error, 201
Emissivity factor, 168
End-burning grain design, 224
Ethylene oxide, 213, 214
Euler, L., 133 ‘

Eulerian axes, 133

" Evvard, J. C., 38

Excess thrust, 79-82

. Exhaust velocity, jet, 84

Exit flight, 83, 84, 185

Exit pressure, ambient, 84, 215-218,
224

Exit velocity, 84

Expansion wave, 33

Ferrari, C., 22

Tirst-order linear system, 150, 151

First- and second-order theories, 29

Flare tail, 12

Flat earth, 201, 204-206

Flat turn, 107-110

Flight loads, 155-164, 238

Flight-path angle, 75, 80-82, 95, 108~
111 :

Flow-field interference, 174-178, 182,
183

.Flow separation, 41-47, 160, 165, 215

Flow types,laminar, 50,64-67,166,167

turbulent, 50, 64-67, 166, 167
Forebody types,.18-28, 250, 251

conical, 19-22

Haack series, 27, 250, 251

hemispherical, 25-27

ogival, 23-25

parabolic, 217, 250, 251

power series, 27, 250, 251
Form drag (see Wave drag)
Forward control, 7-11, 96-102, 157
Frankl, F., 67 ,
Frankl-Voishel theory, extended, 67
Froe-flight loads, 155-164, 238
Free-stream Mach number, 20-45, 166
Free-stream temperature, 166, 167
Frequency, natural, 147-152
Friction coefficient, 28, 49, 50, 167
Friction drag, 17, 21, 49, 50, 64—67
Fuel-air mixture, 212
Fuel consumption, 82, 83, 213, 214
Full expansion, 215-218



274

g- sensmg device, 5
Gas generator, 213, 221
Glauert, H., 34, 51

(See also Pra.ndt;l-Glauert factor)
Grain configuration, 221-224
Gravitational units, 234
Gravity component, 75, 144, 184

Grav1ty turn, 83-88

Ground clearance (see Terrain clear-
ance)

Ground-handling loads, 238

Ground launching, 184-186

Ground-wind-induced loads, 185, 186

Guidance systems, types of, 6, 84

Gust effects on airloads, 156—159

Haack, W., 27, 250, 251

Haack series nose, 27, 250, 251

Harmomc motion, simple, 130-132

Heat-balance equation, 167, 168

Heat sink, 208

Heat-transfer coefficient, 167

Heat-transfer rate, 165-168, 208

Heating, aerodynamic, 77, 165-168,

208

Heaviside, O., 135

Heaviside factor, 135

Hemispherical forebody, 18, 25-27

ng_e__rg_o“rgents, 8-11, 164, 165, 176

Hollow cast, 244

Honeycomb cross section, 244

Horlzontal flight
~" trajectory)

Hybrid theory (Van Dyke), 29

Hypersonic similarity parameter, 25

ICBM, 6, 7, 219
Igniter, 221
Ignition, rocket motor, 187
Impulse, over-all specific, 218, 219 .
’ spemﬁc, 77, 78 88-90, 218 219
Impulse loss due to jet vanes, 13, 56
Incompressible flow, 50, 51, 66, 67
Induced drag, 40-50, 69
~“subsonic, 40, 50

supersonic, 40, 41

‘ Induced roll, source of, 9, 121—128

(see Level flight

b
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Induced rolling moments, 9, 15, 121~
128.

Inertia cross-coupling, 113, 142

Inertia forces and moments, 130-134

Inertia loads, 233—237 240-242

Inertial axes, 133

Infrared guidance, 6, 18, 25

Inlet, 8, 79
In-line tail, 14, 15

- Integral rocket motor, 211

Interdigitated tail, 14, 15

Interference drag, 67, 69

Internal-burning grain design, 221-
224

Inviscid fluid-flow theory, 30

IRBM, 7

Isentropic flow, 215-218

Jack, J. R., 30

Jet control, type of, 12, 13, 53-56, 83

Jet effect on base pressure, 11, 12, 31,
32, 55

Jet exhaust velocity, 84

Jet pressure ratio, 31

Jet vanes, 12, 13, 54

Jetavators, 12, 13, 54-56

Kérmaén-Schoenherr equation, 50
Kepler, J., 86
Kepler’s planetary ellipses, 86-88

Laminar flow, 50, 64-67, 166, 167

Laplace, P. S., 143

Laplace transform 143

Lateral control, effectiveness, 10, 15,

- 52,53, 121-128
type of, 8

Lateral dlrectlonal motlons, 113, 142,

Lateral stablhty, 121-128
La,l;nc};er settm_g, 191
‘Launching problems, 5, 6, 173-187

airflow interference, 5
airplane safety, 5
dispersion, 5, 7, 173-187
Leading-edge condition, 41-45
subsonic, 43-45. ‘
supersonic, 41-45

WWW.ASEC.Ir i



i o
s oy

D o~

,»',...——-._4..::;2-:---_ -

INDEX 275

Leading-edge suction, 69
Level flight trajectory, 70-83, 236

Lift (see Normal force) :

Lift-to-drag ratio, 42, 43, 48, 48, 187

Limit stress, 239 ‘

Lin, S., 140, 141

Linearized theory, 29—41, 98, 162

Lin’s method, 140, 141

Liquid propellant rocket, 4-6, 219~
221

Load factor, 8-11, 42, 94-104

Ldadiﬁg distribution, 160-164

Loads, 159-164 :

Local angle of attack, 35, 162

‘Liocal normal force coefficient, 161

Long-range ballistic trajectory, 83-90

Long-range cruise trajectory, 78-83

Longitudinal dynamics, 130-142

Maccoll, J. W., 20, 29°
(See also Taylor-Maccoll theory)
Mach, E., 8
Mach angle, 44, 162
Mach cone, 37, 38, 41
Mach number, 8, 2046
Malalignment, effect on dispersion,
T 177-185, 191-194
Maneuverability requirement, 5-7, 11,
42
Margins of safety, 239
Mass ratio, 88-90, 222-231
Material density, 243
Material strength, 13, 243
Maximum lift. coefficient, 46, 49
Maximum range, 82-90
Maximum speed, 78-80
Meyer, Th., 29
(See also Prandtl-Meyer equation)
Midsection, 28, 29
Mid-wing design, 117
Miles, E. R. C., 23
Missiles, classes of, 4-7
Mixing-length theory, 66, 67
Model build-up, 96-104
Modes, oscillatory, 130-143
Moment of inertia, 133, 134, 142, 235
Momentum flux, 216
Momentum theorem, 216

~ Monocoque construction, 240

‘Monopropellant, 213, 220

Monowing, 13, 14, 109, 113-119, 127,
128 ;

MRBM, 7

Multistaging (see Staging)

Natural frequency, 147-152, 266-268
Navier, C. L. M. H., 49
Navier-Stokes equation, 49
Net thrust, 79, 80
Newton, Sir Isaac, 132, 215, 234
Newton’s laws of motion, second, 132-
134
third, 215, 216, 234
Nitrocellulose, 221-229
Nonlinearity, 9, 15, 51
Normal force, 7- 11, 17
due to angle of attack, 7-11
due to control deflection, 7-11, 48,
97-103

‘Normal-force coefficient, 28, 3247

bodies of revolution, 28, 32
wings, 34-47
Normal-force curve slope, 21, 22, 34—
47, 97-103
bodies of revolution, 21, 22
wings, 34-47
Nose-flap control, 12
Nozzle, 214-231 v
Nozzle angle, 31, 217, 225, 23
Nozzle discharge coefficient, 230
Nozzle divergence coefficient, 217, 230
Nozzle exit area, 84
Nozzle exit pressure, 84
Nyquist, H., 148
Nyquist technique, 148

Oblique shock, 19, 33, 54
Ogival forebody, 18, 23-25

© Qgive, properties of, 247-249

Optimum climbing schedule, 80, 81

Optimum cut-off angle, 87, 88, 207

Optimum wing ares, 48, 252, 253

Oscillatory modes, 130-142

Oswald, W. B., 50

Oswald efficiency factor, 50

Over-all specific impulse, 218, 219,
230, 231

Oversustained trajectory, 77

Oxidizer, 211, 221



276

Parabolic nose, 27, 250, 251

Particular solution, 131

Performance degradation, 6, 182, 183

Period of oscillation, 136-148, 265—
268

Peripheral pressure distribution, 161,
182, 183

Perkins, E. W., 28

Phugoid motion, 132, 139-142

Pitching-moment coefficient, 14, 15,
36, 97-103

Pitot tube, Rayleigh formula, 270

Planform, wings, 32, 43-47, 68

Potential-flow theory, 160

Power-series nose, 18, 27, 250, 251

Powered flight, 8, 71-90

Prandtl, L., 29, 34, 51, 66

Prandtl-Glauert factor, 34, 51
Prandtl-Meyer equation, 29
Prepackaged-liquid-propellant rocket
motor, 4, 221
Pressure, base, 11, 21, 29-31, 55 68
chamber, 90
differential, 11, 17, 34-36
dynamic, 12, 53, 83, 155-157
Pressure r'oeﬁ"lment 21-23

ogive, 23
Pressure distribution, 160—164

Pressure drag (see “Wave drag)

Pressure gradient, 65
Products of inertia, 133, 134
Propellant flow rate, 84, 216-219
Propellant properties, 13,192,226-229
Propeller, 213

Quadratic differential equation, 132,

139-142
Quartic differential equation, 132, 139

Radius of tangent ogive, 247-249 _
Rail lauppljgx;g, 182, 191
Raked tips, effect of, 37-43

" Ramjets, 6, 214

Range, 70-90

Range safety, 186
Rate of climb, 78-82

Rayleigh, Lord, 270

Rayleigh pitot-tube formula, 270
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Reciprocating engine, 212, 213
Recovery factor, temperature, 166 ;
Recovery temperature, 166
Rectangular wings, 32-43, 68,99
Reentry body, 11, 12, 207, 208
Regenerative cooling, 220
Regressive burning, 221-224
Retrofit, missile aircraft, 174-183
Retrolaunch, §
Reynolds, O., 30, 31, 45, 49, 64, 65,
- 167 _
Reynolds analogy factor, 167
Reynolds number, 3049, 64, 65

Rocket motors, types of, 454, 211—

231
boost-sustainer, 4, 6
liquid-propellant, 6, 12, 54, 219-
221
prepackaged-liquid, 4, 211, 221
solid-propellant, 192, 221-231
Roll reversal, 9, 52, 123
Roll stabilization, 10, 121-128
Rolling motion, transfer function, 148
Root-locus method, 148
Roots of characteristic equation, 130—
- 132, 140-142
Routh, E. J., 139-141

Routh’s discriminant, 139-141

Safety criteria, 173-182

SAM (surface-to-air missile), 5, 6, 70

Satellite velocity, 87, 88, 206, 207

Schoenherr, K. E., 50 ’

Sea state, effect on launching, 187

Second-order degree of accuracy, 35

Second-order linear system, 143, 147—
152

Second-order shock expanswn, 25

Second-order theory, 29

Section normal-force coefficient, 125

- Semimonocoque structure, 243

Sensitivity factors in dispersion, 190-
196
Servo lag, 149-152
Servo power requirement, 1, 8-11, 119 (
Servo system, 8
Shear loads, 234-240
Shipboard launching, 187
Shock angle, 19-21



INDEX

Shock-expansion method, 25, 37
Shock formation, 41, 216

Shock wave, 19, 20, 33
Short-period oscillation, 132
Sideslip, angle of, 114-117
Sidewash, 116-118

Simple beam analogy, 236, 237
Six degrees of freedom, 130-134
Skin friction drag, 49, 50, 64-67
Slender-body thecry, 22-25, 99

Solid-propellant rockets, 4, 13, 221—

231

Solid rectangular cross section, 241

Spanwise pressure distribution, 38-42,
163, 164

Specific heat, 166, 187, 225

Specific irnpulse, 70:90, 218, 219, 224

Speed, for best rate of climb, 80, 81

of sound, 37, 38, 74

SSM (surface-to-surface missile}, 6, 7,
70

St,ability,”d‘yggmic, 11, 130-152

" static, 8-12, 94-104, 193

Stability margin, 8, 9, 48, 94-104, 193

Staging, 6, 7, 88-90

Stagnation temperature, 166

Stall speed, 48, 49, 82

Standard deviation, 201

Stanton, T. E., 167

Stanton rumber, 167

Static gain, 150, 151

Static pressure, effect on air loads, 166

Static stability, 94-104, 193

Stefan, J., 167

Stefan-Boltzmann constant, 167

Step rocket (see Staging)

Stiffness requirement, 243

Stokes, G. G., 49

(See also Navier-Stokes equation)

Straight wing, 32-43, 69

Stress, axial (or compressive), 241,242

Structural integrity, 18, 23, 28, 178

Structural weight trade-off, 5

Subsonic airfoil characteristics, 34, 40,
49-51 .

Subsonic leading edge, 43—45

Supersonic areg rule, 69

Supersonic leading edge, 41-45, 162

Supersonic speeds, 19-46
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Supersonic wing theory, 32—47
Surface smoothness, 67, 168, 195

Surface winds, 194, 195

Sweepback, effect of, 43—47, 51

Syvertson, C. A., 25

T tail, 119
Tail arrangement, 14, 15
Tail contribution, to damping, 136—
139
to stability, 8-15, 117, 118, 124
Tail control, 10, 11, 52, 53, 102-104
Tail loads, 10, 15 '
Tail-less configuration, 11
Tangent ogive nose, 23-25
Tangent ogive properties, 247-249
Taylor, G. L., 20, 29
Taylor-Maccoll theory, 20, 29
Temperature, boundary-layer, 166,
167
free-stream, 166
stagnation, 166
Temperature recovery factor, 166
Temperature sensitivity, 192, 193,
223, 224
Tensile stress, 240-242
Terminal guidance, 6
Terminal phase of flight, 130, 190,
- 207, 208 ’
Terrain clearance, 179-182
Theories, Ackeret, 33-35
Beskin’s body-upwash, 99
conical-flow, 20-22, 44
extended Frankl-Voishel, 67
first- and sécond-order, 29
inviscid-fluid flow, 30
linearized, 29—41, 98, 162
mixing-length, 66, 67
potential-flow, 160
second-order, 29
second-order shock-expansion, 25
slender-body, 22-25, 99
supersonic ‘wing, 32-47
Taylor-Maccoll, 20, 29
- Van Dyke’s hybrid, 29
Thermal loading (see Aerodynamic
heating)
Thermochemical equilibrium, 215
Thickness, wing, 36, 68
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Thin-walled cylinder, 240-242 -
Three degrees of freedom, 139-142
Three-dimensional flow, 19, 20
Thrust, 79-82, 216-219
Thrust coefficient, 217, 230
Thrust termmatlon, 84, 222, 223
Time, to climb, 80-82
to damp to half amplitude, 136—
142, 148, 265—-268
Time lag, of control system, 149-152
downwash, 138, 139
Tip control, 122, 123
Tip effects, 37-43
Tip losses, 3743
Tip-off, effect on dispersiom, 184, 191
Tolerances, aerodynamic smoothness,
195, 196
Total impulse, 77, 191, 192, 218, 219
Trailing edge, effect of, 47
Trajectory, types of, 4-13, 70-90
ballistic, 7, 83-90
boost-glide, 4, 70-77
boost-sustain, 4, 6, 77, 78
cruise, 7, 13, 78-83
diving, 70-77
level flight, 70-83, 236
Transfer function, 143-152
Transform integral, 143
Transition point, 65 )
Transonic area rule, 69 ,
Triangular wings (see Delta wings)
Triform, 13, 14
Trim .angle of attack, 8-15, 101-103,
T110-112, 115-119
Trim load factor, 101-103, 108-112,
157, 158
Trim normal-force coefficient, 101-
103, 108-112, 157, 158
Tsien, H. S., 22 :
Tucker, M., 67
Turbine, 213
Turbojet engine, 213
Turboprop engine, 213
Turbulent flow, 50, 64-67, 166, 167
Turn radius, 108-110, 179-182
Two degrees of freedom, 94-96, 134—
139, 144-152, 266-268
Two-dimensional flow, 19 20, 29, 33—
37

INDEX

Ultimate strength, 238, 239

Undamped natural frequency, 149

Underexpansion, 215-218

Undersustained trajectory, 77

Unguided ballistic missiles, 185, 190 .
208 -

Unit cost, 233, 243

Universal skin-friction constant, 65

Urpowered flight, 71-90

V tail, 119

Van Dyke, M. D., 29

Van Dyke’s hybrid theory, 29
Vapor pressure, 214

Velocity at burnout, 70, 71, 75
Ventral fins, 119

Vertical launch, 6, 7

Vertical tail size, 117-119
Viscous force, 28-45, 160, 165
Voishel, V., 67

Volumetric loading, 224

Von Kérmén, Th., 27, 50, 66, 250, 251
Von Kérmén nose, 27, 250, 251
Vortices, forebody, 185, 186

Wall temperature, adiabatic, 166

Wave drag, 17-43, 67, 68
conical boattail, 29, 30, 68
conical forebody, 21
hemispherical forebody, 25—27
ogival forebody, 23-25, 68
wings, 33—43, 68

Wedge semivertex angle, 33

Wetted area, 49, 66, 67, 249

Wilson, R. E., 67

Wind shear, 7, 200, 207

Winds, effect on dispersion, 184-1 86,

196-203
ng area, 8—14, 47-49
Wing arrangement, 13-15

- Wing-body interference factors, 96—

- 103, 159-165
Wing characteristics, 32-47
Wing control, 7-11, 52, 96-102, 121~
124 .
Wing location, 8-11, 48
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Wing planform, 32, 43-47, 68 ?_(_“t_,g,i_l, 119
Wing-tail interference, 10, 97-103,
121-126 Yaw, angle of, 114, 115
Wing theory, supersonic, 32—47 Yawing moment, 113-119

Wing-tip ailerons, 10, 52, 53, 122-128  Yield strength, 238, 239
Wings, types of, 32—47

delta (or triangular), 43—47 Zero lift drag, 28, 50
rectangular, 32—43 of bodies of revolution, 28
sweptback, 43—-47, 51 of wings, 50
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