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Unsteady Embedded Newton-Busemann Flow Theory

Bing-Gang Tong* and W.H. Hui¥
University of Waterloo, Waterloo, Canada

An unsteady, embedded Newton-Busemann flow theory is developed by extending the unsteady Newton-
Busemann flow theory of Hui and Tobak to blunt bodies, incorporating the embedded Newtonian flow concept of
Seiff and Ericsson. In this theory the unsteady surface pressure includes the Newtonian impact part plus
Busemann’s centrifugal correction. Applications to dynamic stability of blunt bodies of revolution show that 1) the
centrifugal pressure is just as important as the impact part and must not be neglected and 2) with its inclusion the
complete theory is in good agreement with existing experiments for high Mach number flow.

Nomenclature S = reference area: base area for cone;
a, = normal acceleration cylinder section area for
¢ = extended sharp-cone length, or total hemisphere-cylinder-flare
length of hemisphere-cylinder-flare U, = freestream velocity .
body A = ﬁmal \lllelolilty component behind the
- : 2 e . ow shock wave
C,=M/5p, USL = pitching moment coefficient AV, — difference of normal velocity
C = G, = stiffness derivative components before and after impact
L ac XY, Z = (with unit vectors I, J, K) fixed
_-—— = ing-in-oi vati system of Cartesian coordinates with
Con 3(0L/U,) damping-in-pitch derivative itys origin at sphere center and with
C, = (P — Pw)/3p,,U} = pressure coefficient I along U,
G, = centrifugal pressure coefficient * DV, z = (with i, j, k) body-fixed system of
d" = diameter of fore section of cone Cartesian coordinates with its origin
frustum ia)t ther;: center and with 7 along
e= . = density ratio in primary flowfield of ody axis
o/e hemisghere-cyliﬁder v X, r,¢ = (w1.th ie, e;) body-fixed system of
29y €15 € = functions defined by Egs. (17) and (19) cylindrical coordinates
g=U,/U, = axial velocity ratio in primary flowfield ~ ¥cg/¢ = pivot axis position in proportion to
20> 81: & = functions defined by Egs. (18) and (19) extended sharp-cone length (Fig. 2)
h = axial distance from sphere center to or relative to the length of
pivot axis hemisphere-cylinder-flare body
K = see Eq. (13) X5 ¥, = position of impact of a particle on
4 = x coordinate of fore and rear sections secondary shock
of cone frustrum, respectively AY | = plunging displacement
L = reference length: extended sharp-cone y=Y/U, = flight-path angle
length ¢ for blunt cone; cylinder Y = plunging rate
diameter 2R, for e=R,/Ry = b%untness ratio o
hemisphere-cylinder-flare 0 = d%splz_wement angle in pitch
M, = freestream Mach number 8 = pitching rate )
p = pressure on ramp surface (or K(x) = curvature of meridian Qf body surface
compression surface) o = angle between body axis and the ray
R = radial distance from bow shock from hemisphere shoulder to the
centerline to any point on ramp point on ramp (Fig. 1)
surface (Fig. 1) T = ramp cone angle
R, = bow shock radius (Fig. 1) X = similarity parameter [Eq. (4)]
R = cone base radius Subscripts
Ry = spherical nose radius 1,2 = primary and secondary (embedded)
r=f(x) = body radius flowfields, respectively
i = functions evaluated at x;, e.g.,
f1=df(x)/dxl, .,
n = normal component on body surface
Received Dec. 28, 1984; revision received June 4, 1985. Copyright sh = primary bow shock
© American Institute of Aeronautics and Astronautics, Inc., 1986. Superscripts
All rl_glilt‘s reserved. _ O) = dimensional quantity
*Visiting Professor; permanently, Professor and Chairman, Depart- - . . . .
ment of Modern Mechanics, University of Science and Technology of ) = non_dlmsnsulnal quantity, normalized
China, Hefei, Anhui, China. by Ry, bro» Uy, Tespectively (for
FProfessor of Applied Mathematics and Mechanical Engineering, brevity, overbars omitted from
Member AIAA. Sec. ITI.1 onward)

129



130 B.-G. TONG AND W.H. HUI

I. Introduction

ECENTLY, an unsteady Newton-Busemann flow theory

W has been developed** and applied to study the
aerodynamic stability of airfoils, bodies of revolution, and
general three-dimensional shapes flying at very high Mach
number M_. In particular, it has been shown that 1) the
rational limit of gasdynamic theory, as M, — co and the ratio
of specific heats ¥ — 1, is equivalent to the Newtonian impact
flow model plus Busemann centrifugal pressure correction, 2)
the centrifugal pressure is just as important as the impact
pressure and must not be neglected, and 3) with its inclusion
the complete unsteady Newton-Busemann flow theory is in
good agreement with experiments on sharp-nosed bodies.

The theory, however, gives poor predictions of stability
derivatives of blunt bodies as compared with experimental
data for large but finite Mach number M, and for y=1.4. As
pointed out in Refs. 2 and 4, the reason for this is the inability
of the bow shock to closely follow the surface of the blunt
body. Mathematically, this is manifested as the existence of a
singularity at the stagnation point in the blunt-nose region.
Thus, in the steady flow past a blunt body according to
Newtonian flow model, the mass of the fluid particles im-
pacted at the stagnation point cumulates to infinity there. This
singularity at the stagnation point, which exists in the Newto-
nian impact flow already, is not remedied by, but persists in,
the Busemann centrifugal pressure correction. Such a singular-
ity always exists at the stagnation point in any steady or
unsteady Newtonian flow theory but is integrable as shown in
Ref. 4. On the other hand, no singularity exists for sharp-nosed
or concave shapes, and for such shapes (e.g., a sharp cone) the
Newton-Busemann theory, and not the Newtonian theory
alone, provides the correct limiting value for high Mach
number flow.

The above discussions thus show that steady and unsteady
Newton-Busemann flow theory gives a good first approxima-
tion to high Mach number flow past sharp-nosed (or sharp-
edged) bodies or bodies with smail bluntness for which the
stagnation region is either nonexistent or small. On the other
hand, for blunt bodies for which the stagnation region is
dominant, Newton-Busemann flow theory is in serious error,
and some empirical method has to be used to account for the
fact that the bow shock does not follow the body surface
closely. In the steady flow case an empirism® is to modify the
Newtonian coefficient of 2.0 in the impact pressure formula so
as to account for the effects of nose bluntness, finite M, , and
y differing from 1.0, while retaining its value of 2.0 for
sharp-edged shapes.

For oscillating vehicles, Ericsson’ has extended Seiff’s®
steady embedded Newtonian concept to unsteady flow to give
simple empirical formulas for predicting the stability of blunt
bodies in high Mach number flow. The purpose of this paper
is to generalize the embedded Newtonian flow concept of
Seiff® and Ericsson’ to extend the unsteady Newton-Buse-
mann flow theory of Hui and Tobak® to blunt bodies. In
doing so, we will follow the approach of Ericsson’ but will
include the Busemann centrifugal pressure correction so that
the resulting unsteady embedded Newton-Busemann flow the-
ory will give a correct value for, and include as a special case,
the sharp-nosed body.

It turns out that (Section VII) the centrifugal pressure
correction for blunt-nosed bodies is as important as the New-
tonian impact part and that with its inclusion the complete
theory gives predictions of dynamic stability derivatives of
blunt bodies in good agreement with existing experimental
data.

II. Problem Formulation

1. Unsteady Embedded Newton-Busemann Flow Concept

We now generalize Seiff’s steady embedded Newtonian flow
concept® to the unsteady flow case including Busemann
centrifugal pressure correction. When a ramp or compression
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surface on the body of revolution with a bow shock generates
an attached secondary shock wave with thin shock layer,i the
unsteady Newton-Busemann flow theory? is assumed applica-
ble in the flow behind the secondary shock wave, using the
unsteady nonuniform supersonic flowfield behind the primary
bow shock as the incoming flow. Accordingly, we have

2
)22 ( AV, ) P.
=2 + 1
%Plul2 U %P1U12 ( )

The above relation can be written in terms of pressure coeffi-
cients based on the freestream parameters

AV, \?
cpz=cpl+2(‘%)( Uw) +C, )

2. The Flow Model

Consider a spherically blunted body of revolution in a
uniform supersonic/hypersonic flow performing a harmonic
pitching oscillation with zero mean angle of attack about the
pivot axis 0 passing through the center of the hemisphere cap
(Fig. 1). Simultaneously, the pivot axis 0 at the hemisphere
center undergoes a harmonic plunging oscillation with the
same frequency as that of pitching. It will be assumed that
pitching displacement 8, pitching rate §, plunging rate y, and
plunging acceleration ¥ are all < 1, and all terms of second
order and higher will be neglected.

Let the spherically blunted body be composed of a hemi-
sphere-cylinder and ramps or compression surfaces. The prob-
lem of calculating the unsteady flow around the body may be
reduced to two tasks: 1) calculating the primary flowfield
around a hemisphere-cylinder in the combined pitching-plung-
ing motion in the uniform hypersonic flow, and 2) calculating
the secondary (embedded) flowfield over the compression
surfaces for which the unsteady Newton-Busemann flow the-
ory? applies.

For the first task, it is well known® that the bow shock wave
shape and the primary flowfield of the hemisphere-cylinder are
not affected by its afterbody oscillation about the sphere
center. Furthermore, as shown in Fig. 1 of Ref. 9, the pressure
p./p, is constant over the inner half-radial extent of the
cylindrical shock. In the case of very small plunging rate and
amplitude, as commonly encountered in stability analysis, it is
therefore reasonable to assume that, as a first approximation,
C,, remains unchanged in the plunging oscillation. The calcu-
lation of this flowfield is given in the next section. The
remaining task is to apply the unsteady Newton-Busemann
flow theory? for the determination of the unsteady pressure
distribution on ramps or compression surfaces that undergo
both pitching (around the sphere center) and plunging oscilla-
tions in the primary nonuniform steady flowfield of a hemi-

Fig. 1 Configuration showing notation.

tHere the spherically blunted cone is idealized as the hemisphere-
cylinder with the ramp mounted on, where an attached secondary
shock wave is assumed.
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sphere-cylinder in axial hypersonic flight based on the em-
bedded flow concept.

III. Flow over a Hemisphere-Cylinder in Axial
Hypersonic Flight

Following Ericsson,” we assume similarity profiles of the
shock layer in the primary flowfield, ie.,

p/po=e(R/Ry),  U/U,=g(R/Ry)  (3)

and introduce a similarity parameter,

R 2R\
8t sh
(/) “
In the following, all the lengths x, y, z, etc., are scaled by
the sphere nose radius Ry, velocity V' by U, , density p, by
P, pressure p by p_ U2, and time ¢ by R, /U, . The normal-
ized parameters are written with the overbar, which will be

omitted for brevity hereafter, as all quantities concerned after-
ward are nondimensional.

1. Expression of x
As shown in Fig. 1,

= (AY+074)’ +P4° (5)
AY = (AY)piecn + (AY ) prunge (6)
(AY)piten = xsinf (7

(AY )prunge = X7/ Uy (8)

where y=Y, is the flight-path angle (Z, in the standard
notation) and is also the nondimensional plunging rate of
pivot axis @. We also have

PA=(1+ xtano)siné 9)

O'4=(1+ xtano)cospcost (10)

where o is the angle between the body axis and the ray
connecting the hemisphere shoulder with a current point on

the compression surface (Fig. 1). Substituting Eqgs. (6-10) into
Eq. (5) and neglecting terms 0(82, v%, 8v), we get

(R—-1)> = x*tan’o[1 + 2(8 + v/U, )cotocosd] (11)

From Swigart’s third-order blast-wave theory,!° the shock
wave shape of a hemisphere-cylinder is given in the present
case by

Ry, =1124Cp (x+1)'K (12)

where

K=1-+(0.7865/M2Cp }(x+1) — (1.4509/M:Cp, )(x +1)°

(13)

and the Newtonian value of Cp, = 1.0 is used in Egs. (12) and
(13). Other empirical values could also be used for Cp, but
would lead to only very little change in the resuits for the
stability derivatives. We prefer to use the theoretical value
Cp, = 1.0 in this paper.

Finally, substituting Eqs. (11-13) into Eq. (4), we obtain the
desired expression of x

_ x?tan’s
1.265(x + 1) Cp, K?

{1 + 2( 6+ %)cotacosq&] (14)
1
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2. Empirical Formulas of p,(x) and Uy(x)

Seiff and Whiting’s calculated results® for a hemisphere-cyl-
inder in hypersonic axial ﬂlg,ht in air have been fitted by the
following formulas (for p,Uf <1 and U; < 1):

_[e(x)=027+12x+0.15x*  x<065

o {1 x> 0.65 (15)
_lg(x)=07+03x x < 0.65

“ {1 x>06s (19

Equations (15) and (16) for x < 0.65 may be further expanded
as Taylor series in the variables 8 and v, so that

e(x) =e, + e,0cose + e,ycosd 17
g(x) = go + g1fcosd + g,ycos$ (18)

where, as seen from Egs. (14-16),

Xo = Xlg—y—o = x*ta’s/[1.265(x + 1) Cj, K*| (192)

eo=e(xo) (19b)
e, =2x,(1.2 +0.3x,) /tanc (19)
ey, =¢e./% (194d)
o = 8(xo) (19¢)
g = 0.3} /tanc (196)
£=8/8% (19g)

IV. Unsteady Embedded Newtonian Impact
Pressure

Following the process of analysis in Hui and Tobak,? the
normal velocities before and after impact on the embedded
shock are

(V. Dbctore = 81 -1 = —g(x) p(x)[f'(x) + cosp] (20)
(V)atier = B(x)c0sg {0 x + f(x) f(x)] + v} (2D)

where r= f(x) is the equation of the compression surface of
the body, and u(x)=[1+f?*(x)]”

The unsteady embedded Newtonian impact pressure in Eq.
(2) is thus expressed as

( Cp)impact =2e [( Vn )after ( )before]

=2p°f [‘—’ogof +(0+Y/go)(2eogo+2eogoglf

+e g2f )cosqb +28e,g,(x+ff )cosqb] (22)

V. Unsteady Embedded Centrifugal Force
Correction

We again follow the analysis process of Ref. 2 to determine
first the particle trajectories and then the centrifugal force
correction.

Fluid particles after impact are subject to move without
tangential acceleration. As given by Egs. (23) and (24) in Ref.
2, the equations governing the motion of the particles are

51[( )+'y[.l,f cosp =10 (23a)

%(,%) — (¥ +20%) fsing =0 (23b)
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The initial conditions of the particle in the embedded
flowfield at x =x,, ¢=¢,, t=1,; are

(x/n), =I1i[go,' + (0 +g(;)(gli —f,’gol_)coszpl.

- 9(xifi/
(ébf)i=[(0+Y/g0f)g0,+gxi]Sin¢i (24b)

The solutions to Egs. (23) and (24) are in the form

— f;)cos9; (24a)

x/p=A(x,x)+[0B(x,x;)+0C(x,x,)

+yD(x, x;) + YE(x, x;)]cos¢ (25a)
of=[0F(x,x,) +0G(x, x,)

+yH(x,x;) +¥J(x, x;)]sing (25b)
where

A= I 8o,

B= p’i(gl, - gO,-fi/)

e ) [t mn -0

D=B/g,
_(fi/—gZ,) x d
E= 80,- '/’L(g) I‘go [f f( )]
F=fzgo,./f(x)
__1 fi
o=ty n f sty 2/ 0]
H=F/g,
1 [£(&)-f]
I L % (26)

The normal acceleration of the particle after impact is

x\? %
a,= p.3f"( E) + 2000595( ﬁ) + picose (27)
Substituting Egs. (25) and (26) into Eq. (27), we have

a, =xA>+ 2cos¢

i

[KAB(0+g—)+A(KC+1)9+(KAE+ ) ] (28)

where k(x) = p*(x)f"(x) is the curvature of the meridian of
the compression surface.

Now we seek an expression for pdn from the law of
conservation of mass:

. w(x) 8 [f(x)%
aclednl ¥ 50 a_[ W () "d"]

+ 7y a6/ (x)pdn] =0 (29)

The boundary condition required can be obtained by applying
the law of conservation of mass across the shock at the outer
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edge. The mass flow rate before the shock is

drn, =f,{ €80, /7 + (0 +§%)005¢i(eo,goi +fig0,e,

+fleo,81,) + Bcose, | eq (x; +f,-'f,-)]} dx, d¢; (30)
The mass flow rate behind the shock is
amy= (1) flodn], do, (31)

From d#;, = dm, and after using Eqgs. (25a) and (26), we
have the boundary condition

€9, 80,

i

) 1 -
[pidn], =m{eo,go,.ff (0+g—0‘)005¢ (

0,%i
+f,-’g0ie1‘) +8cos¢, ( 2 )} dx; (32)

The solution to Eq. (29) with the boundary condition (32) is in
the form

pdn=-j,(é—§i){a(x, x;) +[0B(x, x;) +0n(x,x,)

+v8(x, x;) + yw(x, x;)]cos } ‘ (33)
where
a=eo fif /b
__eo,.fizf:’ d¢ f,( , )
b /M(ﬁ)f 0 T
_ 1 , 8 d§
= I’v;go»{ (f )./ #(5)
X fi & dA ¢
[+or® [f' il (A)”ff(”‘“]
¢ dA
-2 [ 5 Lo o
eOi.fixi
vt [y }
8=,3/g0‘,
1 [ (-%) x4t «
“__u,vgo,.{a %0, L,u(£)+u.-go,.

¢[ () f]
[f 1@+ (sf(s)f ey ]

P) prde e _dn
8o, Yy, p(£) x,#(k)fz(x)

(% vt
”ng(u f'g“)fx,-#(é)}
e f2f!
2

i

o)=L (% e | (349

and

P(x;)=
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Now we can obtain the unsteady embedded centrifugal
pressure increment

.
Cp(_=2_/;, a,pdn (35)

where P is the point on the body surface where pressure is
evaluated and P’ is the point at the outer edge of the shock
layer across from P.

Substituting Egs. (28), (33), and (34) into Eq. (35), we have

C, =Ry(x)+ [0R,(x) +6R,(x)

+vR;(x) + ¥R, (x)]cos¢ (36)
where
Ry( ( )/xa/ﬁdx,. (37a)
R( E ng(A,B+2aB)dxi (37b)
( )

R,(x) = fA(A'q+2aC)dx +f( )j;oAadx
(37¢)
Ry(x) = R(x)/80 (374)

x(x)
Ru(x)=2 fA(Aw+2aE)dx +2—E~%f adx,
(37¢)

where x, denotes the position of the fore section of the
compression surface.

If the flow condition before the secondary shock wave
becomes exactly the same as the uniform freestream condition,
ie, C, =0, eg=g,=1, ¢, =e, =g, = g, =0, the embedded
Newtoman impact pressure, Eq (22), and the embedded
centrifugal pressure, Eq. (36), are reduced to the correspond-
ing results of Ref. 2. This means that the present unsteady
embedded Newton-Busemann flow theory for the body of
revolution contains as a special case the unsteady Newton-
Busemann flow theory of Hui and Tobak.?

V1. Stability Derivatives of the Cone Frustum
Pitching Around an Arbitrary Pivot Position
In this case we have, for the cone frustum (Fig. 1),

r=f(x) =%+ (x- ¢)tanr
f(x) =tanr

p(x)=(1+77)
k(x)=0 (38)

1
=cosT

If the cone frustum is pitching around any pivot axis Cg
that is located at an arbitrary distance 4 from the hemisphere
center, the relation between § and v is as follows:

Ve=0n+y=0
yielding
y=—hb (39)

Now the derivatives of pressure coefficients with respect to
6 and @ for a cone frustum pitching around an arbitrary axis
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can be found from Egs. (22) and (36), after utilizing Eqs. (38)
and (39),

ac
(—aop ) = 2[ eogasin2 T + (2e0g0g1 + elgg)sinz'r] cosép
impact

(40)
()70 @

aC R d . .
(a—op)impact = 4(TN){ eogo( x+ ZstT - /0s1n27')tan'r

- %eogosinZT - h( €08082 +%e2g§)sin27}cos¢ (42)

8C Ry
( T ) 4( T )cosqS—tam;i
centr (x—/0+7cotﬂr)

Xf:eo(’g‘)go(g)(g—/0+gcot1-)d£ (43)

where L is the reference length for defining the nondimen--
sional pitching rate and the moment coefficient. Here we take
the extended sharp-cone length ¢ as L for the blunt cone and
the cylinder diameter 2R, for the hemisphere-cylinder-flare
configuration, in accordance with various experimental data.

Applying Eqs. (40-43), we obtain stability derivatives of the
cone frustum by integration,

acC
a e 9G,
—Cmo=ELO(W)impact'(x—h+rtan‘r)rdx (44)

T £ 3Cp
(-Cmo)impact —ﬁ'/{.’o(?—é_)impact . (x_ h+ rta.n'r)rdx

(45)

a ef 9C,
(— Cnm)ccmr =ﬁ_/;0(_a—é_)

It can be shown that in evaluating (= C,, ) impact 10 Eq. (45)
using Eq. (42), the last term in the brace of Eq. (42) contrib-
utes to a part of (— mpact that is equivalent to Ericsson’s
(- ) and the remam er of Eq (42) contributes to the
other part, equwalent to his (—C,,, ). For the cone frustum,
x =0, hence, (— G, )cenyy COmMES solely from the rotary motion.
Consequently, we Tote that for the cone-frustum configuration
the Busemann dynamic effect shares a definite contribution to
the damping-in-pitch derivative —C,,,, on which we will focus
our attention in Sec. VIL

In the limiting case, as the cone frustum approaches a
pointed cone, keeping its rear section (base) fixed, the blunt-
ness ratio € approaches zero and Eq. (19a) can be rewritten in
the form

-(x—h+rtant)rdx (46)

centr

x0=(tanza/1.2650§)NK2)( /R ”)[1+(R 5/x)e] !

=(tan20/1.265c%)NK2)[%(RiB) ~1+(RB/x)<] (47)

Thus, we see that x, — oo (except x =0) as ¢ = 0. Now, as
mentioned in Egs. (15) and (16), we put e;=g,=1 and,
hence, e, = e, = g; = g, = 0 for x, > 0.65. These relations will
be satisfied at every point on the pointed-cone surface except
the apex. Therefore, the blunt-nose effect due to the bow
shock disappears in the limiting case of a pointed cone, and
the unsteady embedded Newton-Busemann flow theory devel-
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oped above reduces to the unsteady Newton-Busemann flow
theory, as the blunt cone approaches the pointed cone, and the
results of stability derivatives for the pointed cone given in
Ref. 2 are included as a limiting case of the present theory.

VIL. Results and Comparisons

In this section we apply the unsteady embedded Newton-
Busemann flow theory developed above to predict the dy-
namic stability derivative of various shapes and compare them
with experiments and existing theories.

Figure 2 shows the predicted damping-in-pitch derivative
(—C,,,) vs the pivot axis position x_,/c (in proportion to the
extended sharp-cone length) for a spherically blunted 10 deg
cone with € =0.3 and M, = 6.85. Plotted for comparison are
also the numerical computation of Rie et al.'! and the experi-

0.10 | A o

e ~
0.05 |~ o (C )
- o
\\\ me.c /’//
0 A\ 1 i J
0.6 0.7 0.8
x /¢

cq

J  Experiment, Ref. 12
M= 6.85, 7= 10° ¢ =03, v=1.4
Present theory

— — — — Newtonian impact only, Ea. (45)

— - —— Rie, et al., Numerical, Ref. 11

Fig. 2 Damping-in-pitch derivatives vs pivot axis position of a blunted
10 deg cone. €= 0.3, M, = 6.85.
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Fig. 3 Normalized damping-in-pitch derivatives vs bluntness scaling
parameter for blunted cones.
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mental results of Khalid and East!? It is seen that the
Busemann centrifugal contribution, which is the difference
between the solid curve and the dashed curve in the figure, is
important and must not be neglected. It is also seen that with
its inclusion the present unsteady embedded Newton-Buse-
mann theory is in reasonable agreement with experiments.

Figure 3 shows a compilation of experimental data for
(=G )otunt/(— G,y )sharp Of cones vs Ericsson’s bluntness
scaling parameter as presented in Ref. 12. Here the Newton-
Busemann value for the sharp-cone damping derivative,> which
corresponds to the limit of gasdynamic theory, is used as the
normalizing factor. The present theoretical results for a 10 deg
cone with x,. /c=0.6, M, =7 and for a 5.6 deg cone with
X.,/¢=06, M, =14 are shown in the figure to be also in
good agreement with the available experimental data.

In Fig. 4 the present theory is compared to Ericsson’s
unsteady Newtonian theory’ in which the centrifugal pressure
is neglected. Both results are scaled by the same Newton-Buse-
mann sharp-cone value according to Ref. 2. It is seen that
Ericsson’s theory is similar to Newtonian impact theory alone
and underpredicts the damping derivatives when compared
with experimental data (Fig. 3). In passing we note that

PRESENT THEORY

T 100, x /e 0.6, M =7

————— NEWTORIAR IMPACT OMLY, EQ.(45)

—— - —— ERICSSIN, REF. 7 (Re-scaled)

§ sharp

0.6 - —

/¢,

)

s blunt

©p,
:

0.2

T 2.0 3.0 1.0
RLUNTNESS SCALING PARAMETER ],Q(FN/RR)/T/\N(

Fig. 4 Contribution of Busemann dynamic effect for blunted cones.
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OASRAVI & EAST, REF. 13
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+ \ /
\
0t ’
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0 L 1 i 1 JE— |
o 0.2 0.4 0.6 0.8 1.0
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Fig. 5 Damping-in-pitch derivatives vs pivot axis position of AGARD
Model HBS.
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Ericsson’ uses the sharp-cone Newtonian value as the scaling
factor, which is not the correct limiting value of gasdynamic
theory,!* to show the effects of nose bluntness of the cone and
obtained a similar trend (see Fig. 5 of Ref. 12) as in Fig. 3.
This seems to suggest that the nose bluntness affects the
Newtonian impact part and the Busemann’s centrifugal part
in the same fashion.

Finally, in Fig. 5 we present the damping-in-pitch derivative
(—C,,) of the AGARD Model HBS vs pivot axis position for
M, =7 together with the experimental data and simple New-
tonian impact results of Ref. 13. It is seen that the complete
unsteady embedded Newton-Busemann flow theory compares
better with experiments for the open base bodies than for the
closed base one, although the present theory cannot dis-
tinguish the two cases.

VIII. Concluding Remarks

A semiempirical unsteady embedded Newton-Busemann
flow theory is developed by extending the unsteady Newton-
Busemann flow theory of Hui and Tobak? to blunt bodies,
incorporating the embedded flow concept of Seiff® and Erics-
son.” It is shown that 1) the Busemann centrifugal effects are
important for the dynamic stability derivatives of blunt bodies
and must not be neglected, and 2) with its inclusion the
complete theory is in good agreement with experiments in
high Mach number flow. This agreement of experiments on
blunt cones for (—C,,)/(— C,,)sharp With the inviscid theory
suggests that the viscosity of the fluid affects the blunt-nosed
bodies much as it does sharp-nosed bodies, a point first
recognized by Ericsson.’ ‘
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