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ABSTRACT

The effects of shock-induced boundary-layer separation on cone-cylinder body aero-
dynamics have been studied. At high subsonic speeds, the local supersonic flow
region aft of the cone-cylinder shoulder is terminated by a normal shock. The re-

sulting boundary-layer separation is shown to change the vehicle aerodynamics

appreciably. At a certain critical angle-of-attack, complete leeward-side flow
separation occurs which drastically affects the vehicle dynamics, in particular
elastic vehicle dynamics. Analytical methods are developed that relate steady and

unsteady aerodynamics for the two types of flow separation.
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SUMMARY

At high subsonic speeds, even slender cone-cylinder bodies experience flow separation.
The flow expands to supersonic speeds when passing the cone-cylinder shoulder. The
supersonic region is terminated by a normal shock that causes the boundary layer to
separate. At increasing angle-of-attack, the leeward boundary layer is thickened and
more easily separated, resulting in a forward movement of the shock. On the wind-
ward side, opposite effects occur, and a negative forebody load is generated that
moderately affects the vehicle dynamics. When the angle-of-attack exceeds a critical
value, the leeward-side boundary layer can nowhere support the shock, and complete
flow separation occurs aft of the cone-cylinder shoulder. The associated jumpwise

load change is shown to severely affect vehicle dynamics.
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Section 1
INTRODUCTION

Slender cone-cylinder bodies are usually not expected to cause the aerodynamicist any
problems. The only problem arises in a very narrow speed range at high subsonic
speeds. At these speeds, the normal shock terminating the local supersonic speed
region aft of the cone-cylinder shoulder causes boundary-layer separation. When the
angle-of-attack (or nose-cone half angle) is increased, the separation suddenly jumps
forward to the cone-cylinder shoulder. The associated change of the aerodynamic

loads is large, especially in the unsteady case.

1-1
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Section 2
STATEMENT OF PROBLEM

Experimental data obtained by Robertson and Chevalier (Ref. 1) reveal the following
distinct terminal shock characteristics on cone-cylinder bodies: At high subsonic
speeds, a terminal shock appears downstream of the cone-cylinder shoulder causing
local boundary-layer separation (Fig. 2-1). When the angle-of-attack is increased

to 4°, the leeward-side separation jumps forward to the cone-cylinder shoulder. The
large jumpwise load change can best be appreciated by comparing it with the pressure
change when the angle-of-attack is increased from zero to @« = 2°. The jump to com-
plete leeward-side separation occurs at higher angles-of-attack the more slender the
conical forebody is (Fig. 2-2).

Figure 2~3 shows another characteristic of the interaction between the terminal shock
and the boundary layer. The leeward-side shock moves forward of the windward-side
shock, thereby creating a negative cylinder load. The terminal shock moves back with
increasing Mach number and with increasing cone angle (Figs. 2-4 and 2-5). Figure
2-6, in form of a carpet plot (Refs. 2 and 38), illustrates the opposite effects of in-

creasing Mach number and increasing angle-of-attack.

The resultant problem may be described as follows: In inviscid flow, the effects of
increasing Mach number and increasing angle-of-attack on the leeward-side shock

movement would be the same, both causing the shock to move downstream. The for-

ward movement of the leeward-side shockin viscous flow results because the leeward-
side boundary layer is thickened and weakened (thinner profile) when forebody cross-

flow occurs. Since the unsteady aerodynamic characteristics for inviscid (attached

flow) and for viscous (separated) flow are drastically different (Refs. 4 and 5), ability

to discriminate between viscous and inviscid effects is essential, The purpose of

this report is to illustrate how this discrimination can be accomplished for cone-
cylinder bodies.

2-1
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Fig. 2-1 Aerodynamic Characteristics at M, = 0.89 of a 20°
Cone-Cylinder Body With Separated Flow
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Fig. 2-1 Aerodynamic Characteristics at M_ = 0.89 of a 20°
Cone~-Cylinder Body With Separated Flow (Cont.)
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Fig. 2-2 Effect of Cone Angle on Occurrence of Complete
Flow Separation at Moo = (.89
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A a = -4
Qa =0
CP
0.4 — ODa =%

0.4 0.8 1.2 1.6 20 2.4 28 3.2 £
| | ] 1 | | l ]

TOP CENTERLINE PRESSURE MEASURED

———— o)

Fig. 2-3 Effect of Angle-of-Attack on Terminal-Shock Location
on a 20° Cone-Cylinder Body at M_ = 0.95
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Fig. 2-3 Effect of Angle-of-Attack on Terminal-Shock Location
on a 20° Cone-Cylinder Body at M_ = 0.95 (Cont.)
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Fig. 2-4 Effect of Mach Number on Terminal-Shock Location
on a 20° Cone-Cylinder Body at a = 0
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- Mo = 0,918 Moo = 0.943

Fig. 2-4 Effect of Mach Number on Terminal-Shock Location
on a 20° Cone-Cylinder Body at « = 0 (Cont.)
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Fig. 2-6 Combined Effect of Mach Number and Angle-of-Attack on
the Terminal-Shock Location on a 20° Cone-Cylinder Body
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Section 3
ANALYTIC APPROACH.

3.1 INTRODUCTION

The shock-boundary layer interaction, i.e., the viscous effects on the terminal shock
aerodynamics, will be governed mainly by how the approaching boundary layer is af-
fected by forebody crossflow and by external axial vélocity gradient. That is, in a
first approximation, the terminal shock strength can be assumed constant for smail
angle-of -attack changes. On the leeward side, an increasing angle-of-attack will
produce an increasingly thick boundary layer as well as an increasingly adverse pres-
sure gradient. The consequently weakened boundary layer profile cannot negotiate the
pressure jump through the shock. The shock therefore moves forward to a location
where the boundary layer is strong enough to accept it (Figs. 2-3 and 2-6). In prox-
imity of the cone-cylinder shoulder with the sharply increasing adverse pressure
gradient, no such equilibrium location can be found. Thus, the shock jumps all the
way forward to the cone-cylinder shoulder, with a resultant sudden and complete flow
separation on the leeward side (Fig, 2-1).

With the assumption of constant shock strength, analytic relations will be developed to
relate the unsteady aerodynamics of shock-boundary layer interaction to its static
aerodynamic characteristics, The following pages will also describe how the needed

discrimination is accomplished between viscous and inviscid static characteristics.
3.2 STEADY TERMINAL-SHOCK AERODYNAMICS
The pressﬁ:re distributions in Fig. 2-4 show some slight overpressure behind the shock

followed by an expansion down to free-stream preSsure. The overpressure is due to

the separated flow wedge, and,fin inviscid flow the pressure aft of the shock would be

LOCKHEED MISSILES & SPACE COMPANY
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the free-stream pressure as sketched in Fig. 3-1. (As will be shown later, the over-
pressure due to boundary layer thickening in attached flow is negligible.) The pressure

distributions in Fig. 2-4 indicate that the terminal shock is strong and can be treated

as a normal shock. Thus, the pressure jump pl/f)1 = pl/poo through the shock can

be computed using normal shock relations (Ref. 6).

p/H_ = (p_/H_)(p,/By) ] 1

~ -1

(py/By) ™ = 2wty + 1) M3 - (v - 1)/29] SR ;

: . -

my =y e fov - /2] M2 el -y - y/m] 4

That is, |
P, = (p, - p)/H_ = - (b /H_)/(1-p,/B)

| -1 v/ (y-1)

Po= - [ME - (v - 1)/2v] (1 - Mi) {1+ f(r - 2] Mi] (3.2) 7

If the inviscid pressure distribution P (&) ahead of the shock were known, the “¥

terminal-shock location ¢ in inviscid flow would be determined by ¥

P(ty,) = P (3.3) o4

Static data for cone-cylinder bodies at high subsonic and transonic speeds (Ref. 1) show

the P (¢&)-distributions for various cone angles to be very similar (Fig. 3-2). Borrow-

ing Syverton's and Dennis' concept of exponential decay from the shoulder pressure

PO (Ref. 7), one may express P (£) as follows:

LOCKHEED MISSILES & SPACE COMPANY
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Fig. 3-1 Sketch of Inviscid Terminal-Shock Aerodynamics
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Fig. 3-2 Transonic Pressure Distributions Over Cone-~Cylinder Bodies at a = 0
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-(ﬁ)o §/Po
P=P e
o
Defining (0P/d¢)  as (see Fig. 3-3)
(aP/ai)o = = P0/§0

makes P (£) take the following simple form:

- &/
P(£) = P e °

L-87-67-2

(3.4)

(3.5)

(3.6)

That is, P (£) is determined uniquely by the two parameters P0 and 50. The
pressure distributions in Fig. 3-2 (Ref. 1) are well correlated by one go-value
(Fig. 3-4). Also data obtained at lower Mach numbers and by other investigators
(Ref. 8) indicate that P () is satisfactorily given by Eq. (3. 6) using a value of

£, = 0.9 independent of 6, and M_ (Fig. 3-4b).

Combining Egs. (3.3) and (8. 6) gives the shock location gsh in inviscid flow

(ESh)inViscid = fln (PO/Pl)

3.7

P1 is given by Eq. (3.2). The shoulder pressure po/Hco is shown in carpet plot
form in Fig. 3-5. At higher than critical Mach numbers, M = Mc , sonic speed is

reached before the shoulder expansion and po/ Hao is well approximated by a 90 per-

cent effective Pfandtl—Meyer expansion, At lower Mach numbers, Moo < Mc , the

pressure drop through the shoulder expansion remains approximately constant.

That is,
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Fig. 3-3 Definition of P (&) — Distribution
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(a) EFFECT OF CONE ANGLE ON PRESSURE DECAY

Fig. 3-4 Pressure Decay P (£¢) From Shoulder Pressure Po at @ =0

LOCKHEED MISSILES & SPACE COMPANY



1.0

0.6

0.4

0.2

3 90 = 15.3° 22.5° 30°
o o A M
0.8 D o V.o M
0 o M,
X
0 0.4 0.8 1.2 1.6 2.0

L-87-67-2 : }

1t

1.00
0.95
0.90

I

2.4¢%

| i | ' ] 1 ] . | : | |
”////////”////////////_//////////////////////////////l///////////////|////////////////llf////////ﬂ/

(b) EFFECT OF MACH NUMBER ON PRESSURE DECAY

Fig. 3-4 Pressure Decay P (£) From Shoulder Pressure Po at o

3-8

LOCKHEED MISSILES & SPACE COMPANY

= 0 (Cont.)




L-87-67-2

pO/Huo
0.7 g
0.80
0.6 {—
\‘,- SONIC LINE -00
r'~ LOST EXPANSION
0.5 —

SONIC LINE
{ FULL EXPANSION

E—

DATA AS PRESENTED
IN CARPET PLOTS OF

REF. 19.
v 0,=10
xxxxxx o 0, =15
oo, =20
O o, = 25°
c
A o, =30
o 0 = 33°
c
G o0, =40

SOLID SYMBOLS REP-
RESENT DATA AS
READ FROM PLOTS
ORIGINALLY PRE-
SENTED IN REF. 1.

i o e LOCUS M = M for P
o c o,

min

Fig. 3-5 Shoulder Pressure P  as a Function of Cone Angle 6,
and Mach Number M _ at o = 0

3-9

LOCKHEED MISSILES & SPACE COMPANY



L-87-67-2

(po/Hw )6 -p/H_; M_ = M, B
Po = c
(Polyr_ =, M, <M, L 34
H = (p/H
(va/ °°)e (¥ °°)v=0.96
c c J

For the low supersonic range, 1 < Mco = 2, the following approximation of p/ H_
gives less than 3-percent error. (See a coming interim report under the present
contract NAS 8-20354.)

-2.76
(p/H_) ~ 0.528 e ~ (3.83)
v=0.99c

With P0 defined by Eq. (3.8), experimental data from Refs. 1 and 8 were plotted in
form of P(‘E)/P0 (Fig. 3-4). As can be seen, one value of £ (¢, =0.9) in Eq.
(3. 6) defines the attached flow pressure decay within the scatter of the experimental
data.,

When the cone-cylinder shoulder is spherically rounded (Ref. 9) the pressure decay

is approximately given by Eq. (3.6) if ¢ is substituted by £ + Ago , as sketched in
Fig. 3-6. That is,

—(.§+A§0)/0.9
P(f) ~ P e

Q

Af ) ~ (AE; + AL)/2

Il

(sin 9 + cosec 0, - cot 0,) rc/Z (3.9

3-10
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Fig. 3-6 Effective Shoulder for Spherical Shoulder Roundness
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The inviscid pressure distributions given by Eqs. (3.6) and (3.8) for sharp shouldered
cone-cylinder bodies at M _ = 0.88 are shown in Fig. 3-7. The steepening adverse
pressure gradient with increasing cone angle is amply demonstrated. Combining

Egs. (2.2), (2.7, and (2.8) for go = 0.9 gives the inviscid shock position (Fig. 3-8).
In attached flow the boundary-layer displacement thickness slope 86*/8x would cause

the pressure aft of the shock to be p', where p'/ p_> 1. Assuming a turbulent

boundary layer with one-seventh power profile gives (Ref. 10)

ad*)  _ 75 [96*
(ax ) = V3 '(ax) Flat Plate
cyl
= 0.0392 R;i/'?
The tests in Ref. 1 were performed at Rec ~ 0.4% 106 . The corresponding slope !
given by the above expression is: -
1.103 ; £ = 0.5 o
1 — . =
P / P, 1.096 ; & 1.0
1.089 ; &£ = 2.0

By exponentially decaying the shoulder pressure from P, to p' , the obtained at-
tached flow shock position would be identically the inviscid shock location shown in
Fig. 3-8. Because of the boundary-layer shock interaction and attendant local flow
separation, the terminal-shock location in viscous flow (Fig. 3-9) is well upstream of

the shock position in inviscid flow, as illustrated in Figs. 3-9 and 3-10.

The aerodynamic loads produced by the shock-induced boundary-layer separation are

determined solely by the terminal-shock motion along the vehicle. As shown in

Appendix B, the separation-induced load can be approximated as follows:

3-12
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Fig. 3-8 Combined Effect of Mach Number and Cone Angle on the
Terminal-Shock Location in Inviscid Flow Over Cone-
Cylinder Bodies at a = 0
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Fig. 3-9 Effect of Boundary Layer on Terminal-Shock
Locationat o = 0
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Fig. 3-10 Terminal-Shock Location in Inviscid and Viscous Flow

on Cone-Cylinder Bodies at a = 0
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. dale
Alc,, = AC 8
Na Py da

(3.10)

where ACps , .the pressure jump across thé shock, is a constant. The shock motion
derivative dAlZ s/ da is the difference between the viscous and inviscid motion deriva-~
tives, dAigs/doz dgs/da - dgsh/doz , where dgs/da is given by static experimental
data (Fig. 2-6) and dgsh/doe can be computed, Egs. (3.7) and (3.8). However, the
shock position at angle-of-attack is determined by boundary-layer buildup (d6/de) and

adverse pressure gradient (dP/d¢).* Before the shock position in unsteady flow can
be determined, one needs to be able to differentiate between these two effects, For

constant shock strength (see Appendix B for justification), the following relations exist:

daly  ealy . ealy 9Pr e
8 _ s do s S (3.11)
da - 96 duo 8P da ’
gS
dp L3
@ 95 Yac . s s
da = dc ' 3P, da (3.12)
Wy do ‘.
ap P P
s _(_ts s ds (3.13)
da 0 56  da BASS
5

*dP/d¢ = (v/2)M2, (p,/H,) 4C /d
Kk i . = ' i
The last term can be neglected, i.e., (86/8P§s> (dPgs/da> 0. Wao 18 the

crossflow at the aerodynamic center upstream of the shock position. That is,
forebody crossflow effects on boundary-layer buildup are lumped in the manner
described in Ref, 4.

3-17
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When Eqs. (3.11) through (3.13) are combined, the component of dAigs/da due to
boundary-layer buildup is obtained:

dals foals  aaly 9P ) dw
: 8 _ 8 . 8 S AC (3.14)
do 96 oP 9o da -
.\ T,
The component due to inviscid pressure gradient increase is B
oP A !
(3.15)

In the first approximation, the effect of angle~of-attack without boundary-layer buildup B
is equivalent to the effect of nose-cone angle (both effects given by a 90-degree effec-
tive Prandtl-Meyer expansion), i.e., o

i i |
A W L .16 é
b o a_ o e d
C (6] C

)

The boundary-layer buildup effect makes up the rest of the total angle-of -attack effect,
as illustrated in Fig. 3-11. When the shock moves closer to the cone-cylinder

shoulder with. decreasing M_, the effect of the boundary-layer buildup, (dAigs/da)B' L
decreases, This is the result of the decreased forebody length. Only the portion '
aft of the shoulder is effective in this buildup, since the shoulder essentially serves

as the starting point for a new boundary layer with or without reverse transition from

turbulent to laminar boundary layer (Ref. 11). At Moo = (.85, the boundary-layer
buildup effect has disappeared for 20° cone angle (Fig. 3-11). The force derivative

3-18
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Fig. 3-11 Effect of Boundary-Layer Thickness and Pressure Gradient
on the Terminal-Shock Movement on a 20° Cone-Cylinder
Body at @ = 0 and High Subsonic Mach Numbers
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induced by this shock movement is shown in Fig, 3-12, as obtained by use of the
shock pressure jump, shown by Fig. 2-4 and Eq. (3.10).*

The two force components are

aalcy aAigs
sa | = 2% (o (3.17)
5 P
dAiCN dAi’.;'S
B - ac, |5 (3.18)
B.L. B.L.

The pressure gradient immediately ahead of the point of separation ( {;S) , given by
Eq. (3.6), is

P
S S o]
Thus,
oP, P_ P
5 = _S .,__._.0. S
26 P 06 0
6] C
inviscid
P
° €g P 0P
oo = - f; 32 | %o (3.20)
inviscid

*The preliminary data used in Appendix C of Ref. 12 and in Ref. 13 deviate somewhat
from the more accurate data shown in Figs. 3-11 through 3-14 of this report.
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Movement on a 20° Cone-Cylinder Body at ¢ = 0 and High
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Equations (3.8) and (3.8a) give

55 = - 2.7p0/H°° (3.21)

Agsuming as before that (8P0/ 80:)6 is given by 8P,/00,, one obtains

9P /du = (8P /da) as follows:
( 5 )inviscid ( i )5 _
opP
gs Ps P
5o = 2.7 P H EO (3.22)
[0} 00
o
where
C AC
s _ P __ P
PO C - C
Py pmin
po -2.70
T = 0.528 e
(-]
Also, from Eq. (3.6),
Ps -£5/8,
B °
o]
where
50 = 0,9
3-22
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Hence,

oP
£ -(1.11¢ +2.70 )

S —"
55| = l-584e (3.23)

(=]

The measured total dPgS da may be determined as (see sketch in Fig, 3-13)

dPp dC

3 p
s s
— = P C (3.24)
do {gs do Py
where
PS Po -1.11¢
P =~ — = -111le
g:s Po Eo

For high cone angles 90 , the measured effect of angle-of-attack approaches the esti-
mated effect for constant boundary layer (Fig. 3-13). However, for more slender
nose cones, the boundary-layer buildup effect, ( dPis / doz)B. L’ has an alleviating
influence that at Gc = 15° is large enough to cancel completely the inviscid pressure
gradient increase with «. Thus the boundary-layer buildup effect dAlé /doz)
peaks out at 0 = 20° (Fig. 3-14). At lower OC , it decreases because of the in-
creased (dPg /da) B.L. = (ans/ 86) (d6/da) ; at higher 0 c? it decreases because
the decreasing magmtude of 8A1 /66 (dé/da), resultmg when the shock moves
closer to the shoulder (as noted earlier in discussing Fig. 3-11). With (aAl £ /801)
measured as dAlg /d 90 and (aP /801) predicted by Eq. (3.23), the effect of

inviscid pressure.gradient, Algs /an , is given by Eq. (3.15). The results for

M_ = 0.88 are shown in Fig. 3-15.
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L0

90% P.M. EXPANSION, Eq. (3.21)

dPg

S MEASURED (see inset)

da

Fig. 3-13 Effect of Angle-of-Attack on Adverse Pressure Gradient "
Around o = 0 at M_ = 0.88
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When the shock approaches the cone-cylinder shoulder, it will suddenly jump all the
way forward to the shoulder and complete flow separation occurs. The cause is the
weakening boundary-layer profile resulting from the very steep adverse pressure
gradient at the shoulder. This is well illustrated by use of the boundary-layer shape
parameter, as was done by Robertson and Chevalier (Ref. 1 and Fig. 3-16). The 30°
cone-cylinder illustrates how the leeward side on the 20° cone-cylinder would appear
at a moderate angle-of-attack. Further research by Robertson and Chevalier (Ref. 14)
revealed that the flow could alternate between retarded shock-induced separation and
complete separation. Their results, shown'in Fig. 3-17, indicate that this jump from
one flow condition to another could occur for a fixed model (within sting stiffness limi-
tations) in a large Moo - a region. For the blunter nose cones, only the windward
side had this alternating flow; on the slender 15° cone-cylinder body, only the leeward
side had it.

3.3 UNSTEADY TERMINAL-SHOCK AERODYNAMICS

The pressure gradient of the external flow at the edge of the boundary layer is given
by the complete Bernoulli equation '

op ouU oU
1 e e e
T . a, § (. (3.25)
pe 8x1 ot e 8x1
X, ,
Or with ¢ = Y ' (c = reference length, e.g. cylinder caliber)
ap I K:18) aU
e - . <€ c ,__€
5t = PeVel UNMET: (3.26)

For constant vehicle velocity, Ue changes only through body pitéhing or bending,
Thus, with Pg = P

5 au au

o) —_eca, e
F = P Uo| 5 Ue+ 57 | (3.27)
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That is,
ap _ (dp 8p . cd
ot (ag)&=0 * da U, | (3.28)

Equation (3.28) is also valid for Ps = (ps/Ha;) - (pw/Hoo) and gives, together with
Eq. (3.6),

% _ (8PS> P (26) 2% oq (3.29)

B BE +p05?.7'ue
a=0

where (aPo/ da) for supercritical Mach numbers, M _ > Mc , is defined by a 90-
percent effective Prandtl-Meyer expansion,

opP p
_o - _© 9 [P
(8a> 0.9 5 57 (p ) (3. 30)

M >M ] 0
© C

By use of Eq. (3.8a), BPO/ da can be approximated as

oP
o _ _ -2.Ta
5 1.43 ¢ ; M > Mc
(3.31)
8P0
da 0‘ : ; MaoSMc

The critical Mach number Mc is given in Fig. 3-5 as a function of cone angle BC .
It is apparent that only for Mm > Mc will the jump to complete separation occur.
Hence, only M _ > Mc is of interest and will be assumed for the remainder of the
analysis. It should be emphasized that for ec = 15° , for example, the leeward-side

effective cone angle is equivalent to ec + « ; and when the leeward-side jump to
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complete separation occurs for 6° <o <8° (Fig.2-2), the shoulder expansion takes
place at a supercritical (local) Mach number.

Equations (3.29) through (3.31) show that body pitching (or bending) motion,
(cdz/Ue) > 0 , will decrease the pressure gradient aPs/ag and will, therefore,

delay the boundary-layer separation. That is, the separation will in the unsteady
case lag behind its static or steady-state position. This lag, added to the lag in
the boundary-layer buildup, makes the separation have opposite effects on static
and dynamic stability and accounts for the sometimes drastic effect of flow separa~

tion on vehicle dynamics.

Quasi-steady methods are used to compute unsteady characteristics by use of experi-

mental static characteristics (Ref. 4). The treatment of the bdundary—layer buildup
1 effect in Ref. 4 is directly applicable to the present case. The quasi-steady means

i that accounts for the accelerated flow effect will be derived.

3
} Generally, the separation-induced loading is determined solely by the shock motion.
The shock strength remains constant within the approximations used here to compute

j first-order effects of the shock perturbations. The load Alc may, of course,

be distributed more realistically around &s rather than be cglsidered a point load.,

The effect of body pitching on the external flow pressure gradient is given by Egs. (3.29)
through (3.31). If the static force induced by a change in the pre'ssureA gradient were

“ known, the unsteady force inducéd through the accelerated flow effect could be com~

puted also. That is,

i oP .
ale, (p, ) = 2N s ca 3.32)
N\ Pe 5%, ,c& U :

where, from Eq. (3.29),
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9P:. P (&) 0P

o = —5 i (3.33)
G o}
e
Combining Eqgs. (3.6), (3.31), and (3. 33) gives
an -(1.11 §S+2.7oz) :
s = 1.43¢ (3.34)
ca
°T.
e

AlcN results from the shock pressure increase ACp acting over the projected area

and is simply (see Appendix B)

(3. 35)
How 8A1£S /ans can- be obtained from static data was discussed earlier (in conjunc-
tion with Fig. 3-15).

If the cone-cylinder body is describing pitch oscillations, 6 (t), around a certain
trim angle-of-attack, @, the motion of the terminal shock can be described as

follows, using quasi-steady methodology. (See Fig. 3-18.)

With U (M_) constant,
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) = Elag) + (B (2o * o) + Ale®
inv.
%k
. aale | aals (B) P .
i s\ .~ s s} .~ 8] _cd
A%0 "\Taa | T %act" 29 M5 |\ Toe %t * (aa) @)
B.L, s/ 5 6 8
(3.36)
~ 5 CO(t - At
Gpalt - At) = 6(t - AY) + (545 - ) _.i_ﬁ__l
: (3.37)
& = o + (¢, - H LW
For slow oscillations,
Buclt - A = 6(t) - A6 + (¢,q - ) H2
UAt z cf
(B

At = (& - gAC) C/I—]

where U is the convection velocity in a turbulent boundary layer at subsonic and
transonic speeds (0.8U = U = U, Ref. 15). Thus Eq. (3.36) becomes

*Only Alg g is of interest here, since the inviscid shock position is assumed to
adjust instantaneously to 6, and can be included in the attached flow characteristics.
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do
B.L.
aAigS 2P . aP>
8 =, C U cf
* 5P, v [9 * (&g - 8) F] +('5'§'> ) U (3.39)
875 5 6" s
OA'E anls
s _ i _ 8 U - F -
89—6 =A gse- - do [I—J (£ = fpc) * ¢ EAC]
u B.L
E)Aig‘s ans T 8Py U
+ BPE 53 (gs - &) + Ba (U ) (3.40)
s 5 5 6 \ s
\1 i . —‘ \ . ' i
A cNé = AC, - A gsé (3.41)

When the adverse pressure gradient at the intended shock position exceeds a critical

value, the shock jumps all the way to the cone shoulder. The critical value can be

expressed in the following form:

In the static case,

clPS
. s
crit
In the unsteady case, a higher angle-of-attack, it AP Qi 0 CA0 be

reached because of the delaying effect of flow acceleration on the pressure

gradient, and
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s
3P, \ _
gs>(.§ —§)cé+(aPs> cd
+ ] (55 L+ _8) & (3.43)
( da 5 U da b( e)S
That is,
a -
S
. 6 _U 0
Apacy = |8 -4 - 75D A %_ (3.44)
£s /s
da
0

For the blunter nose shapes, this comprises all the delay, since the d-effect goes
to zero near the nose (Fig. 3-11). For more slender nose shapes, however, the
boundary-layer buildup also has a delaying effect. I it were solely responsible for
the jump to complete separation, the delay for the pitching body would be determined
simply by the time lag At in the boundary-layer buildup. That is,

B

dé
0 =d6(a)+ 3= '« (t - Af) (3.45)
( S>crit o do AC
where
U
At = & (£ = Epg) ©/U
That is,’
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AB.L. %erit ~ [% (&g - Ep0) '5 -EAC].C—[?'  (3.46)

Using the shock motion sensitivity to boundary-layer buildup and P £ -changes (Fig.

3-11) as a guide, the total delay Aac may be expressed as folldws:

rit

i~ i
oA gs dA £
da do
o] B.L
Aa ., = ——2A g .. + ——="A a . (3.47)
crit dAlﬁs p“erit dAlES B.L. “crit
do do
and through Eqgs. (3.44) and (3. 46),
r ii
da &S
da
_ U - _ B.L.
Aayip = [ﬁ (bs = faQ) * ¢ gAC] anie
s
da
1 i h
8PS OA §S
da oa
- 5 U 5| ch
M —o4c? (3.48)
s opP U) i U
gs ®s da gs
da do
d (o] J
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How the unsteady aerodynamic relationships derived above are incorporated in the
equations of motion of an elastic vehicle has been described in detail in Refs. 12
and 13. Some of the results of these analyses are shown here to illustrate how the
shock-induced separation can affect vehicle dynamics.
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Section 4
DISCUSSION

The effect of the shock-boundary layer interaction on the aeroelastic stability at

a < oL it is very modest, causing slightly decreased damping (Fig. 4-1). The ef-

fect at Q=0 ‘however, is appreciable (Fig. 4-2) and may cause concern espe-
cially in regard to aeroelastic stability, where the allowable nose amplitude AGN is
small. Figure 4-2 shows separation-induced damping for a Saturn booster in its
second bending mode. Using 20° cone data (Refs. 1 and 14), the damping due to ac-
celerated flow effects alone would be as shown. This would represent the total effects

at o it < 0, where the boundary-layer buildup effect is negligible.

The loading caused by AGN corresponds roughly to the static loading at an order-of-

static ™ 10 AGN) . At Orit >0, the boundary-

layer buildup effect becomes dominant and greatly aggravates the undamping effect

magnitude higher angle-of-attack (o

(Fig. 4-3). For 0. 25° nose amplitude, the undamping increases from -0.5 percent

at Orit <0 to -1.5 percent at ot = 4° ., That there are reasons for concern is
obvious. For the structural damping 0.5 percent is a rather typical value, and

AGN = 0.25° is probably a representative value for the allowable nose amplitude.
Experimental verification of this undamping effect is hard to come by. Data obtained
at the NASA Langley Research Center on an 8-percent elastic model of the Saturn I
booster (Ref. 16) indicate the probable occurrence of this phenomenon (Fig. 4-4).
The 12,5° Jupiter nose cone by itself would not have experienced any complete sepa-
ration at reasonable angles-of-attack. However, the presence of the downstream
conical frustum with its adverse effects on the forebody pressure gradient is very
likely to cause the sudden, complete separation to occur. This would then account for
the large drop in damping at M = 0.9 for positive angles-of-attack.
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A more direct verification of the discussed adverse dynamic effects of the '"sudden
separation" is provided by dynamic wind-tunnel tests of rigid cylinder-flare bodies
(Ref. 17). Figure 4-5 shows the effects of the jumpwise change of flow pattern. Even
at the employed amplitudes of above 4°, the effect of catching the jump are drastic.
The separation-induced load change on a cylinder-flare body with a hemispherical nose
(Fig. 4-6) shows great similarity to the slender payload phenomenon (Fig. 2-1). The
associated undamping effect (Fig. 4—7) was largely due to the induced flare load with
its additional time lag effect (Ref. 17) — the time delay before the separation affects
the flare after it has taken place locally at the nose. The accelerated flow effect was
neglected on the cylinder-flare bodies (Ref. 17). However, the accelerated flow ef-
fects may well have been nonnegligible and could provide a more plausible explanation
than the shown 1° static a-hysteresis (Fig. 4-7).

It is certain that the "sudden 'separation” has a greatly undamping effect, and that the
effect could be catastrophic on an elastic vehicle (i.e., if the separation is caught).
If one considers this effect catchable only at discrete oz-Mw -combinations, repre-
sented by the boundaries shown in Fig, 3-17, then the probability of an aeroelastic
catastrophe is small indeed. However, in the regions of alternating flow, shown in
Fig. 3-17, the random separation occurrence for a fixed model (Refs. 14 and 18)
does not preclude the possibility that an oscillating model would drive the separation.
It is not unlikely that the alternating flow described by Chevalier and Robertson is
nothing but a body-flow response to a random disturbance at Qo= s €8, 2
tunnel flow disturbance. In that case, the regions shown in Fig. 3-17 would repre-

sent the aeroelastic danger zones, making the problem a great deal more serious.

LOCKHEED MISSILES & SPACE COMPANY




L-87-67-2

. 120 ~ 0 EXPERIMENTAL DATA

D

]

F 80 —— QUASI-STEADY ESTIMATE
o ._
S o UNDAMPED ag= %
<82 4} 4 8 = 4
Z o
Lol
a=
g O
K &
<a 4

2 g

A g0l ¢

DAMPED
4 p—

AERODYNAMIC
STIFFNESS, Cﬁ‘e

-16 | | | i |

0 2 4 6 8 10 12
AMPLITUDE A6°

0.4& a<ad

m
Tad(?
/

N
R
v
o

PITCHING MOMENT
COEFFICIENT, C
i
(o=
Qo
T
DISCONTINUITY

-1.2 |-
o ]
-1.6 |- o3~
~_
PSP I N S SR B YR

-4 0 4 8 12 16 20
ANGLE OF ATTACK, a°

Fig. 4-5 Dynamic Effects of Separation-Induced Pitching-Moment
Discontinuity on a Blunt-Nose, Cylinder-Flare Body at
Transonic Speed

4-7

LOCKHEED MISSILES & SPACE COMPANY



L-87-67-2
Q
Cp —_— = 0
—— a = 1.85°
0.8 —e— a = 2.2 SEPARATED FLOW
TOP CENTERLINE ;=
0.4
| \ 7 1 | | | |
0 “ : i -
c. %
p|\ //BOTTOM CENTERLINEF\
o _x /' N
3 hak ——
\ _poF | L L L |
0 -
\
0.4} \i —0— ADJ. TO @ = 2.2°
\ SECTIONC, © & = 1.85°
-0.8 o L) . a = 2'2°
Cx
§ AC,. = 0.25
0.2 - R . N3
-0.2}
-0.4} 013
N,
-0.6}

| ] l ] ] | i | ]
0 0.4 0.8 1,2 1.6 2.0 2.4 2.8 3.2 3.6 4.0 4.4

/

C.G., DYNAMIC DATA

el

4
L
MRP, STATIC DATA L

Fig. 4-6 Effect of Complete Leeward-Side Separation on Pressure ;
and Load Distribution Over a Hemispherical-Nose, i
Cylinder-Flare Body at M_=0.95

4-8 =

LOCKHEED MISSILES & SPACE COMPANY J



L-87-67-2

-
3] -
o 120
“““ =
& 80
Q
!
<2
o) 40 -
&
& .
0
1 2
Q
S -0k 8
Z
> | ]
] 5 w0 L
~
,,,,, =
] <
J —— NO a@ — HYSTERESIS
—eew 1.0°a@ — HYSTERESIS
L o
ao =0 A8
C.G.
(C.)
m'C.G. S
~ —-»Ao STING
\'0. 1-\ U A6° —
= [~ 4r L
68 \ 1 ] ]
- \ 4 8 12 a°
) 0 L‘l
=
= 0ad S
<] -4 - ~
~
=
[72] \
< -8 ~
=
Z
8 -12
&
< -16l 1 ] i | [ |
0 2 4 6 8 10 12

AMPLITUDE, A8

&
[
s

4-7 Dynamic Effect of Separation-Induced Pitching-Moment

Discontinuity on a Hemispherical-Nose, Cylinder-Flare
Body at Mw = 0.95

4-9

LOCKHEED MISSILES & SPACE COMPANY



L-87-67-2

Section 5
CONCLUSIONS

Slender cone-cylinder bodies are at high subsonic speeds subject to boundary-layer
separation caused by the normal shock terminating the local supersonic flow region
aft of the cone-cylinder shoulder. This separation can be a problem for elastic
launch vehicles.

A conical payload, even with a half-angle of 15° or less, can have two kinds of aero-
elastically destabilizing effects at high subsonic speeds. One is a commonly occurring
linear, moderately undamping effect caused by the continuous interaction between the
terminal shock and the separating boundary layer on the booster just aft of the cone-
cylinder juncture. The other is a rarely occurring nonlinear, immensely undamping
effect caused by the discontinuous load change due to a sudden jump forward of the
flow separation to the cone-cylinder shoulder. Analytical methods are developed that

relate steady and unstéady aerodynamic characteristics for the two types of separation,

5-1
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Appendix A
NOMENCLATURE

Variables and Constants

a

Zz 2 g 0 = ©

o

wm

speed of sound, m/sec¢

reference length or cylinder caliber, m

total pressure, kg/m2

boundary-layer shape factor

Mach number (U/a)

pitching moment, kgm [coefficient Ch= M/( pU2/2) Sc]
normal force, kg [coefficient Cx= N/( pU2/2) S]

static pressure, kg/m? [coefficient Cp =(p-p)/( pU2/2)]

P - P,
Hco

static pre-ssure ratio, P =
reference area, wcz/ 4
time, sec

vehicle velocity, m/sec
convection velocity, m/sec [see Eq. (3.38)]
crossflow, m/sec

horizontal’ coordinate, m

axial coordinate, m

angle-of-attack, radian or deg

trim angle-of-attack, radian or deg

local crossflow angle, radian or deg

LOCKHEED MISSILES & SPACE COMPANY
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0% specific heat ratio (v = 1.4 for air)

6 boundary-layer thickness, m

6% boundary-layer displacement thickness, m

A incremental difference

€ small fraction [see Eq. (B.12)]

4 structural damging, fraction of critical

¢ o e a aerodynamic damping, fraction of critical

0 body attitude, radian or deg

ec cone half-angle, radian or deg

v Prandtl-Meyer expansion angle, radian

£ dimensionless coordinate xl/c

p density of air, kg secz/ m4

P azimuth angle, radian

Subscripts 5
a attached flow

AC aerodynamic center
B.L. due to boundary-layer buildup

c and crit critical o
cyl cylinder

C total cylinder load

d discontinuity

e local external flow

N nose

A2
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o] at £=o0

o at a close to zero

P due to pressure gradient buildup

s separated flow or shock wave in separated flow
sh shock wave in attached flow

L undisturbed flow

Superscripts

i induced, e.g., A]‘CN = separation-induced normal force coefficient

Differential Symbols

oP
P, = =+
| ;- 5t
; - 90
uuuu E 6 (t) - 9t
c B dCN
} N =~ da
- a
1 aC aC
v ( 3 aN> = 85 at 6 = constant
8
§ i i
- dA gs da gs .
\% do = ~da at constant inviscid pressure gradient
J B.L
BCm
C = -
m.
0 9 co
U
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Appendix B
SHOCK-INDUCED CYLINDER LOADS

The normal force loading on the cylinder between stations &1 and £ 9 is in coeffi-
™ cient form (see sketch in Fig., B-1).

w;; ‘ '52 /2
* Oy - —% j 2 ] C, (£, ¥) 0.5 sin yayds (B.1)
ey £ -m/2
with
c, = P/ % Mi (p/H_) (B.2)

The corresponding normal force derivative is

( e & /2
“ ' 4/m : .
c ) - - j j P (£, ) sin ydyds (B.3)
N 2 o
?’ acyl %Mao (poo Hoo) 51 -1/2
| According to Eqgs. (3.6) and (3.8),
AAAAAA i
oP_ -t/t
P (£,9) = 55€ (B.4)

v po/Hw is given by Eq. (3.8a) where Oc now includes the a-effect, i.e.,

vy
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Fig. B-1 Shock-Free Pressure Distribution

B-2
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(Bc> = GC + o siny
effective
Thus Poz becomes
-£/k,
Pa(g,d)) = - 2.7 Po(Bc)e siny (B. 5)

and Eq. (B.3) gives

5.4 P (0)¢§ -t/ -t /¢
S P °[e2°—e1°] (B.6)
acyl 2 Mco (poo/Hoo)
For a long cylinder, the total cylinder load is (gz — 0, gl = 0)
5.4 P (0 )¢
Cy =-12°C° (B.7)
e 5 M_ (p/H_)

With a terminal shock standing at gsh the attached flow-pressure distribution is as
sketched in Fig. B-2. The pressure jump is, by Egs. (3.6) and (B. 2),

AC _ Po (8¢) e_gsh/go :

- (B.8)
Psh :2}1 M°2° (p /H_)

Assuming a constant pressure jump gives the following shock-induced load derivative

when the shock is moved because of angle-of-attack effects:

o L _Pal0) /g, gy
N Y gl da
o 2 Moo(poo/Hw)

(B.9)
sh
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gsh 3

Fig. B-2 Attached Flow-Pressure Distribution With Terminal Shock
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The total load on the cylinder in attached flow is then -

CN = CN (Ssh) + ACN

o o o'
C 5h C sh

| where ACNash is given by Eq. (B.9) and CNaC (gsh) is given by Eq. (B.6) with
. £y = by 8 = 0, Le.,

e

(B. 10)

i

P (0) dé -t /¢
Cx .0 5.4% - <5.4g - dSh> e SHCO
o %M (p /H ) © © «

4

Correspondingly, the total cylinder load in separated flow is

Cy = Cy (&) +AC

o N

C as

and is given by Eq. (B,10) if gs is substituted for gsh . The separation-induced force is

or
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-t /& . IR
i Po(ec) e °° dAlEs dgsh Algs/‘i’to
ACN = - Y 2 da da 5.450 1-e (B.11)
o M. (p /H) |
where
. ) . B
i, _ ‘ .
Ay = g - by, | .
and
-t /¢
P (0,)e s 0
-3 3 = Acp
5 M_ (p /H_) s
is the pressure jump through the normal shock in coefficient form. Thus, AICN
can be expressed as o
i dAigs
ACN = ACp 9 T eACN (B. 12)
o s a
where
P (6,) dt
AC - 0’ ¢ 5.4¢ - sh o
Na 1M2 (p. /H ) o do
2 o P/t i

is the difference between the attached flow cylinder loading without and with normal
shocks
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and

-alg fe, At
"I

€ =1-e
0 0O

is a fraction less than A1£ g . That is neglecting the term <AC in Eq. (B. 12)
) N
s/ "0 o

amounts to neglecting a few percent of the attached flow type loading, i.e., loads that
in the unsteady case have no associated lag. Hence, only a few-percent error in the

unsteady loading results when EACNa is neglected.
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