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Hyperballistic Vehicle Dynamics

Lars E. Ericsson*
Lockheed Missiles & Space Company, Inc., Sunnyvale, California

An earlier developed embedded Newtonian theory for prediction of the unsteady aerodynamics of
hemisphere-cylinder-flare bodies has been extended to other hyperballistic geometries of general interest. Using
generalized embedded Newtonian theory, the effect of Mach number is accounted for down to moderate
superSonic speeds. The nose geometry can be described analytically or given in tabular form for a slender
axisymmetric shape, which can include slope discontinuities. The ‘‘embedded’’ aft body can aiso be of a general
shape, described by a series of conical segments, including the cylinder as a conical segment of zero slope.

Nomenclature

=axial force coefficient,

C,=A/(p,U%/2)S
=constants, Eq. (10)
=surface area element (Fig. 1)
=parameter defined in Eq. (22)
=reference length, usually c=d,,
=diameter of cylindric aft body
=base diameter of nosetip
=nose drag coefficient,

Cpon=Dn/(po UL /2) (7d3,/4)
=dynamic pressure ratio, =pU?/p UZ
=minimum value of f*
= velocity ratio, =U/ U
=minimum value of g*
=hypersonic similarity parameter,

=M ,sinfy
=shock parameter defined in Egs. (5) and

(6)
=nose length
=nose length parameter defined by Eq. (49)

and Fig. 3
=Mach number
=pitching moment, coefficient

Cn,=M,/(p,UL/2)Sc
=Mach numbers defined by Egs. (23-25)
=normal force, coefficient

Cy=N/(p,U%L/2)S
=static pressure, coefficient

Cp=(p—p,)/(pU%/2)
=blast wave pressure, coefficient

Cpy=(Py—Po)/(peU2Z/2), defined in

Eq. (15)
=rigid body pitch rate
=body cross-sectional radius
=nose geometry parameter defined by Eq.

(49)
=radial distance defined in Fig. 1
=body radius defined in Fig. 2
= Reynolds number, Re,=U_d/v,,
=shock radius (Fig. 1)
=reference area, =wc?/4
=time
=axial velocity component
=mean convection velocity
=velocity component normal to body

surface
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X =axial distance from nose shoulder (Fig. 1)
=translatory coordinate (Fig. 1)

XN

o =angle of attack

o =trim angle of attack

a*,abs =« values defined in Eq. (48) and Fig. 3

Y =ratio of specific heats, = .4 for air

A =increment and shock detachment distance
(Fig. 2)

0 =body perturbation in pitch

0 =body surface slope (Fig. 1)

0., =maximum cone angle for attached shock
(Fig. 2)

0, =nose surface slope

Oy =nose cone half-angle

N =effective 8, value defined by Eq. (13)

v =kinematic viscosity of air

¢ =dimensionless x coordinate, =x/c¢

0 =density of air

oy, =conic shock angle

T* =effective flow inclination, Eq. (48) and
Fig. 3

¢ =azimuth location (see Fig. 1)

¢, =Newtonian shadow definition, Eq. (60)

x* =hypersonic similarity parameter defined by
Eq. (10)

w =pitch frequency

Subscripts

a = attached bow shock

B =base and body

cg = center of gravity or moment reference center

E, e =embedded

inst =jnstantaneous value

L =]local value

max = maximum or stagnation value

Non =nose

Newt = Newtonian value

sh =shock

1,2 = numbering subscript

© =freestream conditions

Superscripts

i =induced, e.g., AL, =nose-bluntness-induced
pressure change on embedded aft body
element

) =effective integrated mean value, e.g., 5N,
Eq. (13)

Derivative Symbols

a =3a/07T,Cy,=0dCy/0a

Cq =0C,,/0(cq/U,): C,,=0dC,/3(ca/U,)

Cmé = Cmq + Cmd
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Introduction

T hypersonic speeds, a blunt nose is often needed for

thermodynamic survival. The nose-bluntness-induced
curved bow shock generates a highly nonuniform flowfield,
the ‘“‘entropy wake,’” in which the aft body is embedded. The
associated nonlinear unsteady aerodynamics were derived in
Ref. 1. In the present paper, the theory of Ref. 1 is extended
to more general geometries than the hemisphere-cylinder-flare
body, and the effect of Mach number is accounted for down
to moderate supersonic speeds where it can be joined with the
theory of Ref. 2, thus providing the capability to compute the
unsteady aerodynamic characteristics from M =0to M= oo.

Analysis ;

The embedded Newtonian theory developed earlier for
prediction of the hypersonic unsteady aerodynamics of a
hemisphere-cylinder-flare-body! will be modified to account
for Mach number effects in a manner similar to what has been
done earlier for slender blunted cones.? The method will also
be extended to nose geometries of more practical interest than
the pure hemisphere geometry, following an approach similar
to the one used for slender cones.*?

In the embedded Newtonian theory,! Newtonian concepts
are used in the nonuniform inviscid flowfield defined by the
bow shock.%® The shock shape is defined by the nose blunt-
ness and can be related to the nose drag.? The pressure
coefficient on the ‘““‘embedded’ body element A in Fig. 1 can
be written

V, >2 pU?

CpE:Cp0+Cplnax< U 0 Ug

0]

where V| is the local velocity component normal to the body
surface and U is the axial velocity component; that is, V', /U
is defined geometrically. For the body element AA4 in Fig. 1,
pitching with the rate g rad/s, it is

|4 .
*(—]5 =cosa sinf +sina cosf sing

(x—x, +rtanfg)q
U

+

cosfgsing 2

On the embedded surface element Cp,,, is given by the
stagnation pressure behind a normal shock, which for Mach
numbers of ‘Newtonian’ interest, M>2, can be ap-
proximated as follows. !0+

+3 1.5 1
P = [1~ = —] 3)
y+1

The dynamic pressure ratio is a function of radial position,
and, assuming similar profiles, can be written as follows:

p‘;% =f‘*<%> @

R, is determined by the nose drag

R, X=Xy \"“
2o gecp () 5)
dy PN\ dy (

2 in the Mach number term.

{This is a good assumption, except for the flow region close to the
bow shock, e.g., the near-nose region. Reference 11 shows the
requirement to be x/d,, =2 for M =10, or (x/dy) /MZ\/CD =0.1
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Fig. 1 Definition of embedded flow geometry.
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Fig.2 Shock detachment distance for a general nose shape.'4

In the hypersonic limit, K* is a true constant. Comparing this
first approximation with methods of characteristics (MOC)
results!? for a hemisphere-cylinder in air (y=1.4), as is done
in Ref. 11, gives K* =1.0 with Cp,,,, defined by Eq. (3). This
K* value also correlates the experimental data in Ref. 9.
Several suggestions for means to account for the Mach
number effect have been made. Combining the one in Ref. 13
with the above hypersonic K* value gives§

K*=1+

1.57 x—xy 5.80 <x—xN>2

— 6
MINCpy dy | MLCpy \ dy ©

For most applications of the embedded Newtonian concepts,
the last term in Eq. (6) can be neglected and x, can be sub-
stituted by x,.

Sinnot has devised simple means for determining the shock
detachment distance from nesetips of rather general
shape.!%!5 He uses the tangent cone of maximum cone half-
angle allowing an attached shock, 6,, to define a shock
detachment distance A, as shown in Fig. 2; that is

A/R,,=0.77cotd,, (7

For axisymmetric bodies, x,, is determined by Eq. (7) and the
nose geometry.

A closed-form expression for computation of the maximum
cone angle 6, for an attached shock on cones has been
provided by Shanbag. !¢

. (1 1.668 1.803 13.59y#
9, =sin ’{*[1— - } ®)

+
¥ M2, M M, .

§Reference 13 also gives the v dependence.
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Equations (5-8) define R, in Eq. (4). The parameter R needed
in Eq. (4) is defined by Fig. 1 as follows:

(4) = (G0) +2 ( eos
a, = a, a. \a. cosasing

5 &
+ ( L ) {cosasin?e +cos?¢}
dy
Az x
o = I sine + ((?—j )elastic )

The function f*(R/R,) in Eq. (4) is of parabolic shape and
can be written

ﬁ(R/Rsh) =fZ+A1X* +A2X*2

R IN2i/R )2
* sh

={——-= — 10

X (dN 2) / ( dy {19)

When the conic nosetip has an attached shock, 8, <8, f* is
the dynamic pressure ratio through a conic shock. If one
assumes isentropic expansion over the cone-cylinder shoulder,
the following value is obtained far downstream of the nose,

where freestream static pressure is reached on the cylin-
der, 17.18

41 [(y=1 ML +2]sin’o,,
T y—1 [(y=1)M2ZsinZo,, +2]

1 " 2
x| hs |- (an
2yMZ sinlo g, — (y—1) (yv—= 1M,

Using compressible flow cone tables,!” f* has been com-
puted!® as a function of the hypersonic similarity parameter
for the nose cone, Ky=M,sinf,. The following analytic
approximation is obtained using Eq. (11) for Ky <5, and the
detached shock limit for K, — .

= 1.0 cKy=<1.25
Ky—1.25
fi= 10*(*‘—9'75 ) D 1.25<Ky<Il (12)
=0.17 CKy>11

Holt’s suggestion'® to represent a pointed ogival nose with a
cone of the same L, /d, ratio will not be followed. A more
general approach is to find the cone that has the same
forebody axial force as the nonconic nose shape. The entropy
increase through the shock wave is proportional to the nose
drag. Using the present modified Newtonian flow concepts,
the nose drag for a ¢-slice of a cone is

Cpn=C,C

in?
pmax s1n 0N

Thus the equivalent nose cone angle in the ¢-slice is

fy=sin"! Con/ C,C s (13)
When 6, <0, the effective conic bow shock is attached and
the embedded flow over the aft body will be uniform with a
const dynamic pressure deficit for ¢ =const, determined by
Eq. (12). When 8, %i,, the entropy wake is nonuniform
with the dynamic pressure deficit given by Eq. (10) or its
equivalent.

Blunt-Nose Cylinder Flare Bodies
Seiff’s data for hemisphere-cylinder at high hypersonic
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speed!'!""* defines a dynamic pressure that can be fitted by the
following polynomial

pU2/p UL =F*(x*) =0.17+2.75x* +dx*? (14)

The blast wave pressure is constant over the radial extent of a
submerged flare.”! The pressure coefficient Cp, in Eq. (1) s,
therefore, assumed to be constant. Kuehn? gives a
correlation formula for the axial distribution of the blast
wave pressure p,(0) on the blast wave centerline (also
measured on the surface of a hemisphere cylinder).

This correlation is in excellent agreement with that obtained
by Van Hise'? for his MOC calculations. As before, x,,/d,
will be substituted for x,/d. This will improve the
correlation somewaht according to the experimental data in
Ref. 21.

The following embedded Newtonian formulation is ob-
tained for the aerodynamic pressure coefficient Cpy on a
surface embedded in the entropy wake generated by a blunt
nose at high supersonic and hypersonic speeds (y=1.4).

CpE = Cpo + CpNewtﬂ (X*)

80.08I1CEy  0.64
i

Cp,= (15)

X X

Zsh

dy dy

V.o\?
CPrewt = CPax (“U >

The embedded axisymmetric body of general shape is
represented by a series of conic frustums, which reduce to
single- or multisegmented cylinder-flare bodies as special
cases.

As presently developed, the complete information needed
to apply Eq. (15) to the blunt-nosed cylinder-flare body exists
only for M_ —oo. One needs to include the effects of finite
Mach number in the dynamic pressure function f*(x*), Eq.
(14). It is shown in Ref. 3 how this Mach number effect for
slender-blunted cones can be included by use of curve-fitted
MOC results. The equation corresponding to Eq. (14) for the
slender, spherically blunted cone is

A (x*)=0.17+1.375x* Cx*=0.49

= [—3.43 (0.7—x*)? 10.49<x*<0.7 (16)

=1 x*=0.7

Comparing Eqgs. (14) and (16), one feels compelled to in-
vestigate the effect of the last term in Eq. (14), i.e., 4x*7.
Allowing no overshoot of the dynamic pressure, i.c.,
pU? <p, U2, one finds that f*=1 for x*=0.245 or =0.302
depending on whether or not one includes 4x*? in the ex-
pression for f*. Recognizing the fact that bow shock-flare
shock interactions®? will come into play when f* exceeds
unity, carrying the term 4x*? may not provide improved
accuracy. Consequently, f* will be represented by a lincar
function of x* also for the flared body.

Using the linear approximation in x*, Eqs. (14) and (16)
combine to the following formulation (for M — o).

1.375x*: x* <0.604: cone.
S x*) =0.17+{ . 17
2.750x*: x* <0.302: cylinder

In Ref. 3 no Mach number effect was considered in the
definition of x*, i.e., K*=1 in Eq. (5) and Cp,, =1.8 for
determination of C, . Instead, the coefficients for x*, as well



NOV.-DEC. 1982

as the zero offset f};, were made functions of Mach number to
fit the MOC values. For the cylinder-flare body discussed
here, it is, however, attractive to include the Mach number
dependence in x* itself. Equations (3-6), (9), and (10) define
the Mach number effects on x*. What is needed in addition is
a formulation of how fj varies with Mach number from the
hypersonic value f;=0.17 to the near-unit value at low
supersonic speeds.

Equation (17) indicates that one should be able to use the
J5M ) function of Ref. 3. Thus,

M, =16

®

9.65 )3

% M, +8.7

0.17+ (
(18)

I

1.00: M, <16

The ‘hypersonic velocity ratio g*=U/U,_ given by Seiff’s
data® is

g*=0.67+ 0.60x* " 19

Using the approach of Ref. 23 to determine the gy (M,)
function gives

g*=1~0.362V1~f5+0.60x* " (20)

The embedded Mach number needed in Eq. (3) is for isen-
tropic flow

M=M;(g*)V”/(f‘“)”"”2 e

It was shown in Ref. 24 that the Mach number dependence of
CPrnew in Eg. (15) can be obtained as follows using tangent
cone methods and MOC results for « =0.

CpTC:C'prNewl
C. = 1.0I+1.31{t(10Msin8)1 -7 : Msinf=0.4
(22)

= 1.625 : Msinf < 0.4

CPyew 1N Eq. (15) is substituted by Cpy defined by Eqg. (22).
In Ref. 24, the lowest Mach number, M _ =M%, for which the
embedded Newtonian flow concepts could be used, was
defined as M7, =0.4cosecf,, where 6, is the half-angle for the
conic frustum. Applying the same rule to the present
geometry gives
2]
M;:0.4[1+ (A)f”/d—'”)ﬂ’ 23)
(dp/dyy—1
This gives a very conservative value, and the embedded
Newtonian characteristics are going to provide a good ap-
proximation for Mach numbers below the value given by Eq.
(23). On the other hand, an unconservative value, down to
which the embedded Newtonian characteristics will not
provide a good approximation, is given by

(xg/dy)+(Ly/dy) >2]V1

M’;*:O.4[1+4<
(dg/dy)

(24)

For simplicity, the lower boundary for the embedded
Newtonian method will be represented by

M, = (M3 +M2,7)/2 (25)
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Differentiating Eq. (15), as modified by Eq. (22), with respect
to angle of attack gives

(Cp)e=(Cpy); +(Cp, ), +(ACpy, +(ACp,),

(26a)

(Cpy), =C, %-f - (26b)
(Cpui)s= jgj . dg—;’N (260)
(ACp) ;= C., CPremn aaé:N % (26¢)

where (Cp,, ), is the local pressure change caused by (unit)
attitude change; (Cp,, ), is the change in blast wave pressure
(Cp,) due to unit attitude effect on nose drag; (A'Cp,,), is
the pressure change on the embedded surface element caused
by the relative translatory deflection between nosetip and
body element through (unit) attitude change («); and
(ACp,), is the pressure change on the embedded surface
element caused by the nose drag change through (unit) change
of nosetip attitude.
From Egs. (2), (15), (22), and (26), one obtains

( Cp(xL ) I C'y C[mNcwlf * (272\)

CP pnewt = 2CD ax (cOsasing, +sinacosd, sing)

(27b)
X (cosacosh, sing —sinasing, )
aCp,
C, = C 28a
(CPu) 2 3C DN (28a)
0Py _y N
aC[)J’V
k, _
= P :6’V >0m (28b)
2Cp5 (x/dy— x4 /dy) ‘
where £, =0.098 (y— 10395 =0.067 for y=1.4
) af * d(Az/dy)
AC =C_Cpy.,, : 29
( pu)l ¥ chMa(AZ/dN) dov ( 21)
af * B
a = 9 :0.’\’ __9,”
() \
P
N = + —— cosasing,
2 U Ay v >0 (29b)
=<£X Uy ”
x* R ( R 1 ) N
dy \dy 2
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d(6z/dy)/de, from Eq. (9), is d(6/dy) /da=x/d ycosa for a
rigid body

) af *
(A'Cpa ) 2= C'y Cchwl m CDN(y
- 0,
Oy<0,: i =0 P Ky=1.25
ACpy
0.118K
= B g D 1.25<Ky<Il
CDN
=0 :KNZII
X=Xy
_ a * 0 d
Gy>0,: L X W, v
3C 2K*Cpy ox" M2C )
X—Xgp
dy 2
+17.4| ————
M Cpfi

(30)

Unsteady Aerodynamics

The unsteady aerodynamic characteristics are determined
as follows. The effect of pitch rate ¢ is obtained by con-
sidering that

cq 1 cq
aa(w)zua a(—) 31
()=l 31

The effect of time lag on the relative translatory position of
the body element in the inviscid shear flow is

Az=2z(x,1) —z(0,t — At) (32)

A time lag Ar occurs before a translation of the blast wave
generator, the nose, has resulted in a translation of the shear
flow at the body element. This time lag is

At = (xcosa— rsinasing, ) /g* U, (33)
For slow oscillations, (cq/U, )? <1, Az can be written

Az=Az,,, +Az(A?)

inst
Az =2(x,1) —2(0,1) (34)
Az (A = AtZ(0,1)

With Eq. (33), Az (At) becomes

Az(Al) = 0.
Z = U

3

(xcosa — rsinasing, ) (35)

For a rigid vehicle describing oscillations in pitch around cg
(Fig. 1), one obtains the following definition of z

Z  Zg ( X xcg> .
— ==+ — - = )sina (36)
N dN dN dN
Thus,
i 2y ( x g) :
— ==+ - cos 37
dy " dy T \d, " a, )08 7
where & =q.
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The convective time lag before the effect of a change of
nose drag is felt by the submerged body element is also At, as
defined by Eqg. (33).

Differentiating Eq. (15) with respect to (cgq/U), utilizing
Egs. (10), (26), and (31), gives the following local dynamic
derivatives due to pitch rate.

. )
() o5

oo =26 (DY (£ — % 4 T tang
quewI_ P max c dN d?\/ dN ang,

=C,CpnewS *78*  (38a)

X (cosasind, + sinacosf, sing) cosf, sing (38b)

(%)
aCp, 3Cpn U/~

(Cp,),= (392)
7F 8Cpy o(72) o(2)
U U,
acpo :0 N B-Nsem
3C o0
k )
S T (39b)
i3
DN dN d;v
d(L)
U /N dN><xN X | TN )
(Y (I e TN g 39
( dy dy dy N (33)

()

Y

Using the equivalent cone concept for the nosetip, one obtains

- Ay 1
o Leon: =3 (40
dy 6 N

A more accurate lumped representation for general nose
shapes is

o

(%)
v Nz(d?N) (Con)

(ﬂ) (Cre) n
U,

®

41)

o

The dynamic « derivative, which is generated by convective
time lag effects, can be obtained from the variation with time
of the induced pressure A/Cp.

_ AAC, ot 0,t— At
ACp(t) = V4 [z(x )z )]
B(Az/dN) dN dN (42)
dAICp aC
+ P CDN (0,1~ Al
ICpy  Oa

The time increment Af is defined by Eq. (33). With z=xsina
(Fig. 1), Eq. (42) becomes

. A Cp [ X—Xgq Xep ]
! = H+ — t— At
AlCp () 2azdy) L dy al(l) dNot( )
aicl’a_c_lﬂa(t_m) 43)

aCpy Oa
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For slow oscillations, (ca/U_ )2 <1, a(i— Af) is given by the
two first terms in a Taylor series, i.e., a(f—At) =a(l)
—a(t)At. Thus Eq. (43) can be written

A'Cp(t) =

dAICp d(Az/dN)< X, Co'z)
o— e

cg %
d(Az/dy) da cg* U,

AA'Cp aC ;

+ 0A =P Ot pn <a— X Cﬁ) (44)
ICpHy Ou cg* U,

The dynamic « derivatives defined by Eq. (44) are
. Xeg /o
(A'Cpa) ;= — =% (A/Cpa), (45)
cg
(A'Cpd), = )2 (46)

In the above equations, Cpy is the nose drag coefficient
referenced to the A¢-sector area d3,A¢/8 of the tangent body;
that is,

0
CDNZS(Cprmax)M:MwS

sin? (8, + %)
—Ly/dy

X

’
X tanf —d(—) 47
aﬂ,,dN N 7

For a pointed nosetip the flow stagnation point stays at the
apex. That is, L} /dy —LN/dN and the angle 7* 1S 51mply the
effective angle of attack in the ¢ plane, i.e., 7* =a* =sin~/
(sinasing). However, for a tip with nose roundness, the
stagnation point will move away from the body centerline.
This reduces the inclination angle with the angle 7%, shown in
Fig. 3, that is,

"= -l

o* =sin~! (sinasing) (48)

7 L*
agr=tan” (d /d )
N

The coordinates y=r* and x= — L% are defined by the ver-
tical tangent at the stagnation point.

L=l for 0,=2 o

a.= . or 0,=7~«a

LY x 7 (49)
=—— for 0, —aF

dy  dy 2

Fig. 3 Effect of angle of attack on nose drag.
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In the unsteady case o* takes the following formulation

V
oc*:sin*I(Al )
U /N

VoY C (50)
(—i ) =sinasing + ( . ) (Co) sing —L
U N ¢ ( CN(Y ) N Uoo
and one obtains
3 (L )*
ar* ar* U /N ar* )
= ; = cosasing
da ( L ) da 3 < _ L
U /N U/~
(%)
ar* U ar*
T - N T m(x ) N sm¢
cq cq (CNQ )N
"(gr) a( ) () o(%),
Uoo ==

(5D

where the derivative da*/d(V, /U) % for the slow oscillations
of interest, (eq/U,)? <1, is defined by Egs. (48) and (50) as
follows

ar* ar*  da* 1-00gr/0a*
= = = (52)
vV \* da* v, NI —sin?asin?¢
(5, (%)
U /N U /N
Combining Egs. (47) and (50)-(52) gives
aC
Cong = —A*cosasind) (53)
a( )
U /nw~
aC d aC cC
DN _ (_N ) _VDN *%simb (54)
c
a(ﬂ) a(__L) Na/ N
U, U /N
aCpy 0 .
—W*:(g(cwcpmax)M:M S Slnz(e,,'f"f*)
V., @ J-Lyrdy
o(%)
U/~
1 —-da%y/0a” r X
ann VI=sinZasinZg  dy \dy 53)

r/dy and 6, are functions of x/d,, determined by the body
geometry.

The aerodynamic characteristics of the embedded body are
determined by the following int?grations

_ 8 dN>2 /2 S‘XBMN
(CA)E—W< - S—¢,.o CpEtanBéd

d(i)mb (56)

8 dN 2pw/2 pxpldy
(CMY)E—;<?> SW SO [(CPar) 1+ (Cpes)
+(AICp,), + (AC g, ~ g =
(A'Cp,), + (A'Cp,) ;]sin J d(d >d¢> (57)

N N
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8<dN 3pw/2 xpldyn c
Crre==2 ()1 1 1@+ o
FiCp,),+(aCp) 1 (5 =
P} Py)2 dy  dy
+ d—rNtanO )sm¢—d(dN)d¢ (58)
8 /dy\I[™2 (*B/dN
(Cmq+Clnrx) _;r<?> Svdq go [(Cpq)1+(cpq)2
. . X X..
+ (A Cp, ACp, (— —
(A'Cpy) ;+(A'Cpy),] 4. " dy
+ L tane)s" ¢ d( X )d¢ (59)
r e al X
dy )M G Ny,

The angle ¢, denotes the shadow boundary in the embedded
Newtonian flow (as well as in the Newtonian flow on the
nose). Only the local shadow boundary is considered. The
body shadow cast on a downstream body segment, such as a
flare, is ignored as viscous cross flow and entropy wake ef-
fects make this downstream shadow concept unrealistic.
Thus, ¢, is simply as follows

¢1 =n/2 ra<f
=sin~/(tanf/tanc) >0 (60)
The nosetip aerodynamics are determined by modified

Newtonian theory for the case 6, =<0, i.e., when the bow
shock is attached.

8 /doN2pw2 o0
oS (217
T\ ¢ J-Lysdy

X (€, Chxewt) tanenid(i>d¢ (61a)
* dy \dy
8 d 2¢w/2 0
=2 ()1
(Crnedw T\ ¢ —6J —Lnsdn
. r X
XACCP o) womt smdn,,Ad(—)dqb (61b)
® dy \dy
8 /duN\ip™2 0
a2V €
( m(x T ¢ iy -‘LN/dN( puNew() M=M
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Applying Eqs. (61) over the total body length, —L,/
dy=x/dy=<xg/dy, gives the modified Newtonian charac-
teristics for the complete configuration.

When L /dy=<0.5 and 6 <0, the nose aerodynamics are
modeled after those valid for the hemisphere nose geometry.
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Thus, only (C,), is determined by Egs. (61), and the
stability derivatives are obtained as follows

(Cnadn = (d?N>2(CDN)u:0

oo =(2) 5 Cn (©)

(2) G e

The justification for using Eq. (62) is as follows. It is well
known that a significant normal force is generated in the
region of the nose-cylinder shoulder, and that this loading
increases with the shoulder expansion angle. Using the
equivalent cone angle concept, §,, we find that the shoulder
expansion is proportional to f,, which increases with in-
creasing nose drag. Combining this with the characteristics
for a hemisphere nose led to the selection of Eq. (62) as an
approximation for the nosetip aerodynamics when 6, <8,
and L, /dy=<0.5.

When better accuracy is needed than what can be provided
by Egs. (61) and (62), one can use the static aerodynamic
characteristis, determined numerically or experimentally, to
obtain the nosetip contribution to the pitch damping using the
following formulation:

(Clnq)N ==

(Cmq ) - (Cma ) g\// (CNa ) N (63)

Discussion of Results

In Fig. 4 present damping predictions are compared with
ballistic range data for cylinder-flare bodies with a blunt
elliptic nose. It can be seen that the present predictions are in
excellent agreement with the experimental results, whereas the
Newtonian value greatly overpredicts the damping at
hypersonic speeds. It may be somewhat of a surprise that the
Newtonian estimate is farther from the experimental results
for the larger flare (top of Fig. 4) than for the smaller one
(bottom of Fig. 4). The smaller flare is totally submerged in
the entropy wake and will, therefore, have a larger reduction
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Fig. 4 Predicted and measured damping of blunt-nosed cylinder-
flare bodies.
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of C,, from the Newtonian value than the larger flare.
However, the larger flare has a greater undamping translatory
effect, C,,,, because the flare reaches farther out into the
entropy wake profile where the velocity gradients are larger.

This entropy gradient effect, C,,, is neglected in Seiff’s
theory.? The effect of varying the nose bluntness is illustrated
in Fig. 5, where present estimates are compared with ballistic
range data for a cylinder-flare body with an elliptic nose of
varying bluntness.?® The nose bluntness effect discussed
above is not as clearly visible (because of the varying cg
location) as the fact that present theoretical predictions are in
excellent agreement with experimental results. Figure 6 shows
that the present predictions are in equally good agreement
with the experimental results for a cylinder-flare body with a
slender, blunted ogival nose.

After this succession of excellent agreements between
predictions and experiments, the result shown in Fig. 7 for a
cylinder-flare body with a blunted conical nose is somewhat
of a shock. The experimental results?’ are markedly different
from the present inviscid flow prediction. Looking closer at
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the disagreement between theory and experiment one
discovers that the experimental data show less than expected
dynamic stability but more than predicted static stability. This
opposite effect on static and dynamic stability is a charac-
teristic of flow separation effects.?®3* Flow investigations’!
show that flow separation indeed occurs on the HB2 model at
the Reynolds numbers and hypersonic Mach number of the
dynamic test.

At transonic speeds such flare-induced separation jumps to
the nose when the angle of attack exceeds a critical value. This
is caused by the increasingly adverse pressure gradient as the
shock-induced separation moves toward the nose-cylinder
shoulder.3?3% The resulting discontinuous load change causes
increased static stability but drastically decreased dynamic
stability, leading to overall negative damping.®® As the ad-
versity of the near-nose pressure distribution decreases fast
with increasing supersonic Mach number, it is possible, even
likely, that the leeside separated-flow region for the HB2 body
increases in a continuous rather than.discontinuous fashion
with increasing angle of attack. Consequently, the separation-
induced decrease of the damping is not large enough to result
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Fig. 5 Predicted and measured damping of flared bodies with elliptic noses of varying bluntness: a) L,/dy=0.6; b) Ly/dy=0.4;
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in negative damping at hypersonic speeds. However, as Fig. 7
demonstrates, the effect is still large, causing more than a
50% reduction of the damping. :
Further support for these Reynolds number effects is
provided by the results for hemisphere-nose-bodies with
biconic flare§ (Figs. 8 and 9). Whereas present predictions are

YAs was pointed out earlier, the subsonic data are obtained by the
method of Ref. 2. A straight-line fairing is used between M =M},
and M, =1.
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Fig. 9 Effect of oscillation center on the damping of a hemisphere-
cylinder body with biconic flare.

in excellent agreement with the experimental results obtained
at high Reynolds numbers (Fig. 8), the agreement with low
Reynolds number data is not quite as good? (Fig. 9).
However, it is better than for the simple flare?’” (Fig. 7),
probably because the milder adverse pressure gradient sup-
plied by the biconic flare causes less flow separation than the
simple flare.

Conclusions

As far as the author knows the presented analysis is the only
one capable of predicting the dynamic characteristics for the
type of missile geometries discussed in this paper. The
comparison with experimental results demonstrates that the
developed fast computational method has the accuracy
needed for preliminary design.
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