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The next generation of manned space boosters, the Saturn-Apollo family, presents the
structural dynamicist with the unique situation of having to analyze the response of vehicles
that are to a great extent submerged in separated flow. The problem is further aggravated
by the occurrence of maximum dynamic pressure in the transonic and low-supersonic speed
ranges wherein flow separations completely dominate the aerodynamics. Quasi-steady aero-
dynamic techniques are used to ascertain the effects that the various types of flow separa-
tion have on the aerodynamic damping of the Saturn I-Apollo launch vehicle. A single
degree-of-freedom analysis of each of the three lowest bending modes is presented. The
analysis uses as an input a lumped-force representation of the experimentally obtained static
load distribution. The resulting aerodynamic damping distribution can be related directly
to the static-load distribution, and the designer can trace any adverse damping effects back
to the static-load distribution and thus to the vehicle geometry. The net aerodynamic damp-
ing for part or all of the vehicle, obtained by integration of the damping distribution, agrees
well, in general, with available experimental results.

Nomenclature

A = axialforce, kg, coefficient Cs = A/(pU?%/2)8

rocket diameter, m

Dres = reference length, m

= aerodynamic damping derivative

driving function, m/sec?

imaginary number ( —1)2

= aerodynamic stiffness derivative

longitudinal distance, m

= Mach number

= gaxial force moment, kg-m, coefficient C,, = M4/
(pU2/2)SDref

generalized mass, kg-secz/m

normal force, kg, coefficient Cy = N /(pU?/2)8

generalized force, kg

static pressure, kg/m? coefficient Cp = (p — Pw)/
(pU?/2)

normalized coordinate, m

reference area, m?

time, sec

velocity, m/sec

horizontal coordinate, m

vertical coordinate, m

relative deflection, m

angle-of-attack, radians or degrees
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equivalent spike deflection angle, radians or degrees
boundary-layer thickness, m

difference

air density, kg-sec?/m*

free-free bending frequency, rad/sec

structural damping, fraction of critical
aerodynamic damping, fraction of critical

rotation angle, rad or deg

normalized modal deflection

normal mode slope
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Subscripts

attached flow

base, also buffeting flow
cylinder

quasi-steady

geparated flow

total

© = undisturbed flow

= ata =0
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Superscripts

% = induced, e.g., AiCx = separation induced normal force

Introduction

ITH the advent of manned space flight, astronaut es-

cape systems, blunt nose cones, and steep interstage
flares have become characteristic of space boosters. Each
geometric characteristic complicates the problems for the
aerodynamicist and structural dynamicist by producing large
regions of flow separation, which dominate the aerodynamic
loading over the vehicle in the transonic and low-supersonic
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a) Supersonic flow field at M = 1.43 tower on (o = 0)

b) Subsonic flow field at M

0.9 tower off (o = 0)

Fig. 1 Shadowgraphs of transonic flow fields.

speed ranges wherein the vehicle experiences maximum
dynamic pressure. The static loads as well as the buffeting
force input from the separated flow can be determined by
wind tunnel tests of a rigid model. The remaining informa-
tion needed, the aerodynamic damping, is more difficult to
obtain, however. To simulate elastic vehicle response in a
wind tunnel test is very complicated, and the results of this
expensive test may still be of limited value due to wind tunnel
noise and model-mount interference. Furthermore, the
elastic model necessitates a lead time of as much as one year,
and post test design changes in the full-scale vehicle required
for various reasons result in the test data being of little help.

These problems were recognized at the NASA Marshall
Space Flight Center (MSFC) in connection with the design
of the Saturn I-Apollo launch vehicle. Because similar
problems had been encountered on the Agena ascent ve-
hicle,l- 2 Lockheed Missiles and Space Company (LMSC)
was engaged by the NASA MSFC to develop analytical means
for prediction of full-scale vehicle dynamics. The method
is founded on quasi-steady techniques and uses static experi-
mental data as an input.

Method of Approach

The loads oceurring in a separated flow region fall generally
into two categories: 1) those due to the effect of forebody
attitude and relative displacement on the flow separation;
and 2) those due to local attitude of the submerged body
element. For the former loads there is a time lag before a
perturbation of the forebody has altered the submerged-
body loads, which may cause a phase shift in the dynamic
case such that statically stabilizing loads become dynamically
destabilizing. The latter loads are dependent upon the in-
stantaneous change in local attitude and displacement, and
are, for large regions of separated flow, significantly smaller
than the former.

In what follows, the aerodynamic loads in the various
separated flow regions on the Saturn I-Apollo launch vehicle
are analyzed. It is shown that a rational partition of the
static loads into local and forebody-dependent components
can be made, based upon the velocity deficit in the separated
flow region. These static forces are converted to unsteady
loads by quasi-steady methods. The quasi-steady force is

J. SPACECRAFT

Cn //
o8 | //
Vv
7
rd
v
.04 - /
7
0 2 ye & 5

ANGLE OF ATTACK, «

a) Effect of escape rocket on command module forees at

M =10

- - —’ EFFECT OF WINDSHIELD
ROTATION, C
NS
il 1
T T
4° 8°

3
1
12°

b) Comparison of angle-of-attack and spike deflection
effects of M = 2.93

Fig. 2 Wake-induced aerodynamic characteristics.

essentially the static force modified to account for slow
perturbations from the static (steady-state) condition.

Aerodynamic Characteristics

Tigure 1a is a shadowgraph of the flow field in the vicinity
of the Apollo escape rocket and command module, showing
the large region of flow separation produced by the escape-
rocket wake. Figure 1b illustrates the occurrence at the com-
mand module shoulder of extensive flow separation caused
by the blunt (33°) conical command module at subsonic
Mach number, M = 0.9. These two types of flow separa-
tion drastically alter the static force loadings over the sub-
merged afterbodies.? The impingement of the escape-rocket
wake on the command module produces the most severe
separated flow effect, very similar to that obtained with a
flow separation spike. Furthermore, the steep interstage
flares produce their own regions of flow separation, both
subsonically and supersonically.
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Spiked-Induced Separation

Figure 2a shows how the flow separation from the escape
rocket reduces the axial force at o = 0 (due to the reduced
average velocity in the wake) while increasing the normal
force derivative and producing a more stable pitching mo-
ment. The latter effects result from translating the wake
over the submerged body, thus exposing the windward side
to rapidly increasing velocities and the leeward side to re-
duced velocities. The wake-translating effects of o and of
spike deflection angle 8 should be the same (Fig. 2b) since
the relative spike tip translation is the same (z = oL = L
for small angles). Thus, the difference between the a- and
B-characteristics is due to rotating the windshield through
the angle «. That is, two force derivatives are generated
with angle of attack: an induced force A‘Cyg, proportional
to the effective spike deflection angle 8, and a local rotational
force Cw s due to the attitude e of the windshield. Lacking

experimental data for deflected escape rocket and tower, the
effect of local attitude may be assessed by considering the
command module pitched in the reduced dynamic-pressure
field of the wake. The reduced axial force on the command

module is a direct measure of the dynamic-pressure deficit.
Thus,

CA‘as/CNaa = qs/qw = CAoS/CAna (1)

where C4,. is measured with tower off, and C 4, is measured
with tower on. The induced derivative due to wake-source

translation is
AiCA'as = AiCNB = CNatotal - CNas (2)

Figure 3 shows how these command module forces vary with
Mach number. When the escape-rocket disk is removed, a

z
< L6
F TOTAL SEPARATED FLOW LOAD, C
< Ny
o total
o
&
> a2 ©
vl
. FOREBODY DEPENDENT LOAD
o g
z - aley =y - ON
g -8 | ey %otal a
=
S ry ATTACHED FLOW LOAD, CN
w
g A
o
« 4
2 c
—— ,:— (o)
S - ’ 1 4:{[% LY
z i y N
o 0 Ne, c g
g T8 1.2 1.6 Ao)a
| ATTACHED FLOW
° Dp
<
%) ( AO) a
-
z
3
o
o
bl
o
M SEPARATED FLOW
g ¢
Q ( "o)s
5
g ! ! ] L J
% 0

.8 1.2 1.6 2.0 2.4 2.8
MACH NUMBER

a) Disk on

~
1

e WAKE CORE

FORE
W@TRANSLAHONAL LOAD,
/L sley,

8+ \ S<

I3 YOYAI. FORESODY
N DEPENDENV LOAD,

NORMAL FORCE DERIVATIVE, Cyy . PER RADIAN

NONDIRECTING
WAKE CORE
Az oz

,q_ﬂ_
L

L " " " ]
8 1.2 ié 2.9 2.4 2.8

MACH NUMBER ACTUAL WAKE CORE

Directing Woke Source

b) Disk off
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further complication is introduced, viz. the wake-directing
capability of the escape-rocket flare. Figure 3b illustrates
how the wake of a directing spike tip is moved down-
ward an amount Az proportional to the wake source attitude
0;. The total wake-induced derivative is, therefore,

A":CNaa = AiC]\»"ﬁ + AiCN@S (3)

The disk-off wake-translation effect may be evaluated from
the disk-on data by adjusting for wake-size effects. Since
the a = 0 axial force reduction is indicative of wake size, the
disk-off derivative may be computed as follows:

(AioNﬁ)disk off/(AiCNﬁ)disk on = (A'C4y)disk ott/ (A'Cag)diskon  (4)

where AC 4y = Capa — Caps. The remaining induced deriva~
tive AiCy,s is simply ACy, = AiCy, — AiCNﬁ; Fig. 3b
shows the Mach number dependence of these local and in-
duced derivatives. The local and induced command-
module axial force moments are obtained similarly.

The wake from the escape rocket, after impinging on the
command module, reattaches on the service module aft of
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Fig. 5 Sketch of quasi-steady spike wake.

the shoulder. The pressure distributions of Fig. 4a indicate
that a negative shoulder loading is generated by the reattach-
ing wake, with the major contribution coming from the
leeward side through greatly reduced negative pressures
due to the upstream effects of the pressure rise at reattach-
ment. The loading induced by the wake-source translation
is always negative, whereas the local load may be either posi-
tive or negative depending on the initial (e = 0) wake con-
figuration (Fig. 4b). In comparing these loadings with the
command-module loadings in Fig. 3, it can be seen that the
negative shoulder load will dominate at subsonic and sonic
speeds, whereas at supersonic speeds the positive command-
module load is dominant.

The spike-induced quasi-steady force can be derived in a
straightforward manner. For a thin spike only the location
of the spike tip is important. In Fig. 5 the spike tip is
describing translatory oscillations relative to the conical
windshield, the relative displacement z being a function of
time. At time ¢ the spike tip has the lateral displacement
z(t). The wake impinging upon the windshield at time
t, however, was generated a time increment Af earlier, when
the spike tip had the relative displacement z(t — At). This
is the quasi-steady spike position, i.e., the static spike posi-
tion for which the wake will impinge at the same location on
the windshield as in the nonstationary case. The time lag
is the time required for the wake to travel from the spike
tip to the windshield ¢ = L/U. A representative average
velocity U can be derived from the dynamic-pressure deficit
given by Eq. (1):

U/U = (gs/9a)V? ®)
Since the attitude of the spike tip has no effect on the lateral

position of the wake, the quasi-steady force induced by the

—0=0°
S A ————[0 = 4° LEEWARD CENTERLINE

Fig. 6 Forebody pressure distribution with escape system
removed at M = 0.9.
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lateral wake movement is
AiCQS = (aCNs/aZ)Z(t - At)

(0Cx,/02) = (1/L) AiCy, (6)
The remaining quasi-steady force on the windshield is
Cos = OCx,/0as[8(t) + Z(1)/U] @

where @ and Z are the local instantaneous attitude and trans-
latory velocity of the windshield.}

On the Saturn I-Apollo configuration, the escape-rocket
disk corresponds directly to the spike tip. There is some
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! In studying Fig. 5 it is apparent that the nonsteady wake is
inclined relative to the quasi-steady wake. However, the un-
steady wake also has a translatory velocity relative to the quasi-
steady wake, negating the effect of the inclined wake axis.
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Fig. 8 Forebody supersonic pressure distribution.

influence of the escape rocket on the leeward portion of the
disk wake at angle-of-attack. However, this effect is small,
and Eq. (6) sufficiently describes the disk wake-induced
quasi-steady forces on the command module and forward
service module. When the disk is removed, the escape-
rocket flare attitude has a directing influence on the wake.
Thus Eq. (6) is modified as follows:

oCy, oCy

ACpg = aé 2t — AD + 5 0 0.t — AD) (8)

where 6, is the attitude of the rocket flare, and dCy,/08, < 0
is the directing effect of the rocket flare.

Nose-Induced Separation

When the escape system is removed, the flow separates
off the shoulder of the blunt command module at subsonic
Mach numbers (Fig. 1b). The boundary layer cannot
negotiate the steep, adverse pressure gradient over the
forward service module without separating. This nose-
induced separation is akin to the thin airfoil leading-edge
separation with its so-called long bubble.* Figure 6 shows
that the pressure is constant in the separated flow region
extending to the aft service module and flare, where the
reattachment process occurs. At angle-of-attack the wind-
ward boundary layer on the command module is strength-
ened and made thinner, and can therefore withstand a greater
adverse pressure gradient. This, together with the added
constraint of the external flow, permits the windward side
pressures to approach attached flow values, and the command-
module shoulder pressure becomes more negative. On the
leeward side, the effect is opposite but less drastic. The
resulting negative shoulder load is proportional to the fore-
body crossflow, which in lumped form can be represented by
the crossflow at the shoulder. On the aft service module
and flare the increased velocities in the windward side of
the wake produce increased pressures approaching attached

flow values. Again, on the leeward side the effect is the op-
posite. The effect of local attitude on the flare force Cx s is

determined by the drag reduction, Eq. (1). The remainder
of the flare force AiC'x , is induced by the wake changes, Eq.

(2), and is determined by the crossflow at the command-
module shoulder. The same ratio between local and induced
loads is used for the service module loading. Figure 7 shows
these forces, demonstrating the large effect of the nose-
induced separation at subsonic speeds. At supersonic speeds
the nose-induced separation disappears, and instead, a small
separated flow region caused by the flare shocks appears.
The pressure distribution in Fig. 6 shows that a negative load
exists aft of the flare shoulder. Tt is similar to the negative
shoulder load obtained aft of the command module in the
presence of the escape system and, therefore, is treated in
the same manner.

The forces AiCy, induced in the separated flow are deter-
mined by the crossflow at the command-module shoulder.
In the quasi-steady case a time lag At occurs before this
crossflow has affected the separated flow region aft of the
shoulder, i.e.,

AiCQS = AiCNas[gN(t — At) + ZN(t - At)/U] (9)

where 8y and Zy are the local attitude and translatory velocity
of the command-module shoulder. The time lag Af is again
agsessed by accounting for the velocity deficit in the wake,
evidenced by the flare drag reduction [see Eqs. (1) and (5)].

Shock-Induced Separation

The pressure distributions in Fig. 8 indicate that a region
of shock-induced separation oceurs forward of the interstage
flare joining the service module with the S-IV stage. The
separation induces a negative cylinder load at the start of
separation due to the differential windward and leeward
shock position. The positive loads induced on the cylinder
and flare immediately aft of the shocks result not only from
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the differential shock position but also from the difference in
windward and leeward side shock strength. The extent of
the separation forward of the flare is proportional to the
boundary-layer thickness § immediately ahead of the separa-
tion.® The effect of angle-of-attack is to increase the lee-
ward side boundary-layer thickness and decrease that of the
windward side (Fig. 9a). Consequently, the extent of the
separation is increased on the leeward side and decreased on
the windward side, resulting in a negative cylinder load (due
to differential shock position), and a positive flare load (due
to the changed separated flow extent). Moreover, at angle~
of-attack, the windward shock gives a higher pressure rise
than the leeward shock (Fig. 9b), with a correspondingly
higher pressure in the windward separated flow region than
on the leeward side, producing positive aft body loads on the

J. SPACECRAFT

cylinder and flare. The negative cylinder load is all in-
duced and dependent upon the forebody influence on the
boundary layer at separation. The effect of local flare atti-
tude Cu_, is assessed as before. The remainder of the flare

force A*Cy,, is induced by the separation. One part AiCy

is determined by the forebody crossflow ahead of the separa-
tion, and the other part AiCy_, is dependent upon the local

crossflow at the shock location. The cylinder-flare load, with
its local and induded components, is shown in Fig. 9¢. The
figure indicates that a definite flare-induced separation exists
even at subsonic speeds (produced by the tower-wake re-
attachment shocks). When the separated flow reattaches
on the cylinder aft of the flare a negative shoulder load is
obtained as described earlier for the nose-induced separation.

The quasi-steady boundary-layer thickness at the separa-
tion point at time ¢ is dependent upon local crossflow up-
stream at earlier time instants t — At,, where Af, is the time
required for the boundary layer at the separation point to
respond to the upstream crossflow change. The forebody
normal force distribution is a measure of the local crossflow
effects, and, therefore, the forebody crossflow is represented
in lumped form by the crossflow at the aerodynamic center
X ac of the forebody attached flow loading. Thus, the quasi-
steady boundary-layer thickness at the separation point at
time ¢ is determined by the local crossflow at X4c at time
t — Al, where At = L/U is the time required for the cross-
flow effect to be transmitted through the boundary layer the
distance L = X4¢ — X¢ down to the separation point
Xe¢. U is the convection speed, which in a turbulent bound-
ary layer at transonic and low supersonic speeds is U =
0.8U.5 (The average velocity defined earlier in the separated
flow regions gives U = 0.87U for a +th power profile.) Thus,
the quasi-steady force at X¢is

(AiCQs)c = AiCNaC&AU(t - At) (10)

The term @&ac is the crossflow angle at Xa¢ defined by the
local attitude f4¢ and translatory velocity Zac, ie., dac =
0sc + Zac/U. Likewise, the two quasi-steady flare force
components at X, are defined as follows: 1) force induced by
the shock movement

(AiCos)r = ACn u@ac(t — Al — Aty) 1

Aty is the additional time lag through the separated flow re-
gion (X¢ — Xy, ie., Aty = (X¢ — XU, where U, is the
average wake velocity and 2) foree induced by the shock angle

(AiCos)s = AiCly adic(t — Ab) (12)

@c is the crossflow angle at the shock location X¢, i.e., &e=0c+
Z¢/U. The quasi-steady induced negative load on the flare
shoulder is freated the same way as the positive flare load,
the only difference being the additional time lag to cover the
distance from flare to shoulder load. The shock-induced
quasi-steady force is difficult to assess, and it is fortunate that
the forces always appear in pairs, a negative cylinder load
followed by a positive flare load, resulting in a moderate
net effect.

Vehicle Dynamics
The dynamiecs of the elastic vehicle are analyzed for single
degree-of-freedom oscillations in one bending mode.
Equation of Motion

The equation of motion can be written in the following form
using standard notations:

() + 2 wi®) + «’¢@®)] = P 13)

The generalized force P(f) is given by the virtual work done
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by the aerodynamic forces on the vehicle§:

P(t) = fdV o(X)dX + fd‘u’* S(N)AX  (14)

There are three different types of gencralized force
P@t) = P(t) + Pa(t) + Pu(t) (15)

Both Pu(f) and P.(f) can be defined by well-established
methods. Py(t) is a forcing function, a random function for
the case of buffeting forces. P.(¢), the generalized force in
attached flow, can be estimated by use of first-order theory.”
P,(t) is, however, more difficult to determine, and the main
effort here is devoted to describing how this force can be
estimated by the use of static cxperimental data. In Fig.
10 it is assumed that the flow is attached aft of body station
X.. The forces in the separated flow forward of X, are
represented in lumped form. In general, the force N, and
the axial force moment M, will be dependent not only upon
the local angle-of-attack «, but also upon the angle-of-
attack ax at the nose and the relative displacement z =
—(Zy — Z) between nose and frustum. For small de-
flections one may write N, in the following form (a similar
expression is obtained for A1,):

Yz . A
”;’ S {OC“ ay 4+ 25, 4 a% a\} (16)

:\fs DOZN : b

In the unsteady case ay and Zy in —(Zy — Z,) will be the
values at a time At earlier than the instantaneous value for

o, l.e.,
. oCy,
N,(@) = b {b

ay(t) -+

ag;\'s [Z‘V(t - At) - Zs(t>]} (17)
2

ac\\ anll — A —
o

At is the time required for the force N, to respond to changes
in ay and Zy. For the elastic vehicle in Fig. 10, « = 6 +
Z/U, Z = —eX)q(®), and 6 = ¢ (X)g(®). The contribu-
tion to the generalized force P,(f) from the force N, and mo-
ment M, of the frustum in the separated flow can then be
expressed as follows, using the lumped version of Eq. (14):

Py = 2 Sso(X){aaC”s [ et — ooy 8]+
o gt — a0 = 55 vy WA
PN [ Xalatt = 8) — (a1} +

(1)
oL D (X, {baa”*[wf)q(t) = oor) 807+
%% PO = 8) = 550 () ‘f—“{]ﬂ +

oC.,.,

S leXnalt — A9 — ¢(X)g(®)]
Z

The foree on the nose is dependent only on the local angle-of-
attack. The force on the shoulder aft of the frustum, where
the separated flow reattaches on the cylinder, is composed
the same way as the force on the frustum. How the time
lag At is evaluated has been discussed earlier.

The term P;(f) in this form, Eq. (18), together with Eqgs.
(13) and (15), can be used in a real-time analytical simulation
of the vehicle ascent. Equation (18) can, however, be simpli-
fied further, as the structural stiffness usually is one order of
magnitude larger than the aerodynamic stiffness, and the
structural and aerodynamic damping as a rule are two orders
of magnitude less than critical. That is, the vehicle may be

§ If W is the work done, P = 0W /0q.
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assumed to oscillate with the natural free-free bending fre-
quency w and ¢(f) can be expressed as follows:
gt — A = e~ wlg(t) = cos(wAb)q(t) — sin(wAl) [ig(®)]
(19)
where ¢(t) ~ wlig(t)]. (This assumption also makes 2{wq(?)

equivalent to 1gw?q(t) in Eq. (13), where 2 = ¢g.) Equation
(18) can now be written

Pt = [K t + D, g):l
o(X,) {OCNS (X + 255 LX) coswat) —
Ol 00_,\*
oCx bC . )
d(Zx \/U) Mw sin(wAl) + = [¢(Xy) cos(wldt) —
me
o(X )]} + Deeso’(X5) { o'(Xs) +
Wy Cy @
60— (XN) CO\((,OAt) (Z-N/U,) (p(}yx} U Jl’l(a.At) +
oC,., -
5 [¢(Xx) cos(wAl) — 50(‘\&)]} (20)
D = — (X {aCM o(X) + [ai o(Xx) +
O, oy
oCx, o dCy,
aN (M)} = sin(wAf) + 5, A/L) e(Xx) co>(wAt)}
oC.,, . 0Chs .
Deut ¢'(X0) { Coe X + [ o (X) +
oC,., L Cms
> (XA):I sin{wAtl) + ——= 5w/ U) e(X¥) co\(wAt)}
Similarly, P.(t) may be expressed as

Pa(t) = (pU%/2)S{Kuq(®) -+ Dald(®)/ U]} (21)
Combining Eqgs. (13, 15, 20, and 21) gives

00 -+ 20 [f 2w+ D»] i) +

o [1 -5 ks Ka)} O = ) 22

B = (pU*/2)8/m J©) = P&}/

Aerodynamic Damping

One requirement for stability is that the amplitude iq(?)] is
bounded, i.e., does not increase with time beyond all bounds.
This implies that the coefficient for ¢(¢) in Eq. (22) cannot
be negative, i.e.,

¢ — (B/20U)(Ds + Do) > 0 (23)

Fig. 10 Coordinate system for the elastic vehicle.
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Fig. 11 Correlation of static and dynamic load distribu-
tions at M = 1.1 for the second bending mode of the
Saturn I-Apollo with escape rocket, disk on.

In the presence of the driving function f(Z) the requirement of
an amplitude below a certain limiting value gives a more
severe criterion for stability :

g‘ - (B/ZOJU)(Ds + Da) 2 g-min (24)

D, and D, are the aerodynamic damping contributions from
regions with separated and attached flow, respectively. They
correspond to the damping derivative for a rigid body, a
negative value indicating damped oscillation, The multipli-
cation factor —B/2wU brings the aerodynamic damping into
the same form as the structural damping {. Thus, the damp-
ing contributions from the separated and attached flow re-
gions have the following ratios to the critical damping:

& = —(pUS/4wm)D,

{a

For the lower-frequency bending modes the expression for
D, in Eq. (20) can be simplified further by approximating
cos(wAt) 1, and sin(wAf) = wAi. In discussing the
spiked body aerodynamics it was shown that 0C,/0z =
1/L(sz/bB), where L = Xy — X, and 8 = (Zy — Zs)/L
(8 is the angular relative deflection). The time lag At is
determined as At = L/U, where the average velocity U is
determined by the velomty deficit in the wake as was dis-
cussed earlier. Using these simplifications and definitions
in Eq. (20) gives the following expression for {; of Eq. (25):

£ = 805 (o0 {3 o +

and

— (pUS/4wm) D, (25)

UloCy, , aCy,
EY _DBN @ (XN)(XN - Xs) + B SO(XN)] +
aCNS ms
SGLT ¢(XN)}+ Dot ¢'(XJ) {ac (X 4
UoCn, 3C,
ff | 20, o' X)Xy — Xo) + 28 ‘P(XN)] +
Cn,
o w(XN)}> (26)

It has been outlined earlier how the information necessary
for formulating D, is obtained for the various types of separa-
tion. D, is estimated by use of first-order theory.” The
total aerodynamic damping s + (. for the elastic vehicle
in single degree-of-freedom bending oscillations is obtained
by summing the contributions to {’; and {. over the vehicle.

Launch Vehicle Damping Distributions

The single degree-of-freedom damping distribution for the
second bending mode at M = 1.1 is shown in Fig. 11. The
static load distribution is also shown for reference, and the
interplay between the static loads and the mode shape is
clearly illustrated. In general, positive static loads con-
tribute positive damping, and negative loads give negative
dampmw The exception is the separatlon—lnduced loading
for the case when there is a nodal point between the separation
source and the location of the separation-induced force.
Then there is a sign reversal, and positive static loads con-
tribute undamping, negative loads contribute damping.
The disk wake-induced force on the command module and
forward service module shows this sign reversal. The
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Fig. 12 Aerodynamic damping at «=0 of the Saturn
I-Apollo vehicle with escape rocket.
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damping distribution, as illustrated in Fig. 11, tells the de-
signer which characteristics in the vehicle geometry adversely
affect the vehicle damping.

Comparison with Experimental Results

At the NASA Langley Research Center, Rainey® and
others have undertaken the difficult task of simulating
elastic vehicle dynamics in a wind tunnel test. An 8%
dynamically scaled model of the Saturn I-Apollo vehicle was
excited by an electromagnetic shaker in each of its first three
bending modes, one at a time, and the aerodynamic damping
was measured. In general, the quasi-steady predictions
agree reasonably well with the measured damping for the
three configurations tested (see Figs. 12 and 13). This is ab
least true for the first and second bending mode. The some-
what poor agreement for the third bending mode is probably
attributable as much to the sensitivity of forebody damping
to the high modal deflections and slopes as to limitations of
the quasi-steady method to predict damping for the third
mode because of its higher reduced frequency.

Treating the measured static loads as if they all were de-
pendent only on local crossflow, as in the case of attached
flow, gives obviously the wrong damping values. This is
especially true for the second bending mode, where the
trend with Mach number then becomes opposite to that
measured. On the whole, the agreement between measured
and predicted damping is acceptable considering the scatter
in the experimental data.**

At the NASA Ames Research Center, Cole,? in his “partial-
mode” testing technique, has dynamically simulated the for-
ward portion of the Saturn I-Apollo configuration in its
second bending mode. In Fig. 14a the quasi-steady pre-
diction of the forebody damping for the second bending
mode of the Langley configuration is shown for disk on and
disk off. The predictions agree generally with the trends
measured by Cole. The damping is positive for both con-
figurations at subsonic speeds, whereas at supersonic speeds

A O QUASI-STEADY PREDICTION

£, TXPERIMENTAL RESULTS —
REF. 10
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.8 1.0 1.2 1.4 1.6 1.8 2.0
MACH NUMBER

Fig. 13 Aerodynamic damping at « = 0 of the Saturn
I-Apollo vehicle without escape rocket.

9| The pertinent characteristic length for the reduced fre-
quency (wd/U) is the loecal cross-sectional diameter d < Dres.
For the third bending mode (wDy:/U) < 0.75 and the require-
ment for “quasi-steadiness,” (wd/U)%* < 1 is not satisfied over
the whole vehicle.

** Tt should be pointed out that the total damping is the result
of an ill-conditioned process of summing a number of positive
and negative damping contributions (see Fig. 11), and may,
therefore, be expected to be inexact. The large scatter in the
experimentally measured damping (see Fig. 12) may be inter-
preted as evidencing the existence of the same problem when
summing the contributions aerodynamically.
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Fig. 14 Forebody damping at « = 0 for the second bend-
ing mode of the Saturn-Apollo.

the disk gives a large negative damping contribution. In
Fig. 14b the computed forebody damping for the tower-off
configuration is shown for the second bending mode. When
the loads aft of the flare are neglected, the results are com-
parable with the pitch damping measured on rigid bodies of
similar geometry, i.e., flare-stabilized blunt-nosed cylinders.
Large subsonic undamping and moderate supersonic damp-
ing are typical for these bodies. Furthermore, the allevi-
ating effect on the undamping of an added cylindrical skirt
is verified by experimental results for rigid bodies.

Conclusions

By using quasi-steady theory and experimental static
data, one may successfully compute the aerodynamic damp-
ing of a vehicle that is dominated by separated flow. The
damping so computed agrees well with experimental data
in the transonic speed range. Whereas the supersonic damp-
ing has not been substantiated quantitatively, due to lack of
experimental dynamic data, there appears to be substantial
qualitative evidence supporting the predicted trends.

The results of a quasi-steady analysis of the Saturn I-
Apollo vehicle reveal the following important dynamic
characteristics of flow separation: 1) large regions of
separated flow are capable of dominating both the static and
dynamic characteristics of an elastic vehicle, and 2) the effect
of mode shape is such that a sign change occurs between the
separation-induced static loading and its corresponding damp-
ing contribution if a node is located between the separation
source and the induced loading.

This method provides the designer with a powerful adjunct
to dynamic testing, not only for the prediction of over-all ve-
hicle damping, but also, which is more important to the de-
signer, to show the effect on the damping of each region of
flow separation.
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Laminar Boundary-Layer Growth on Slightly Blunted Cones at
Hypersonic Speeds

R. E. WiLson*
U. 8. Naval Ordnance Laboratory, White Oak, Stlver Spring, Md.

A momentum-integral method is given for calculating the subject boundary-layer growth
for the zero-angle-of-attack case. Available flat-plate boundary-layer results permit calcu~
lations for slightly blunted cones for wide ranges of hypersonic Mach number and surface
temperature. Although perfect gas data are used, real gas data for equilibrium air can be
introduced. Numerical results are presented for a slender cone. The results show that
slight blunting greatly affects conditions at the outer edge of the boundary layer. The Mach
number is markedly decreased at long distances from the tip. This is accompanied by an in-
crease in temperature and a decrease in unit Reynolds number. The distributions through
the boundary layer of parameters such as temperature and electron density will be affected.
Both local skin friction and heat transfer are significantly reduced by slight blunting.

Nomenclature
a = shock radius of curvature
b = tip radius of curvature
¢y = 27p/mu® = local skin-friction coefficient
Cfe = 27w/ pctic?
F, = function defined by Eq. (13)
F, = function defined by Eq. (16)
H = 8%/ = boundary-layer shape parameter
M = Mach number
P = pressure
Pr = Prandt]l number
g = local heat-transfer rate
r = local cone radius
rs = radius of streamtube in undisturbed flow
R = Reynolds number, R, = pucx/pe, Ro. = pctucd/pe; Boc =
pcch/ e, Ror = prnd/m ’
St = local Stanton number
T = temperature
z = distance along cone surface measured from apex
y = distance normal to surface
v = ratio of specific heats
8 = boundary-layer thickness

Received May 13, 1964; revision received September 10,
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8 U

§* = fo (1 — :7 dy = boundary-layer displacement thick-

1U1

ness
8 U U

6 = fo (ﬁ)(l — 14_1) dy = bounAdary-layer momentum
thickness

w = absolute viscosity

¢ = Igcleﬂc/Rbc2

p = density

o = cone half-angle

7 = shear stress

» = shock-wave angle for sharp cone

ws = local shock-wave angle for blunt cone

Subscripts

¢ = conditions at the outer edge of the boundary layer on a
sharp cone

w = conditions at the wall

= local conditions at the outer edge of the boundary layer

o = freestream conditions

T = stagnation conditions

Superscripts

" = reference value

0 = sharp-cone values



