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Launch Vehicle Gust Penetration Loads
L. E. ERICSSON,* J. P. REDING,! AND R- A. GUENTHER|
Lockheed Missiles and Space Company, Sunnyvale, Calif.

The gust penetration loads on Saturn launch vehicles in sinusoidal gusts have been investigated. An analytic
theory is presented that includes the effects of separated flow and associated convective time lag, and which
accepts static experimental data as an input, thereby providing realistic gust load predictions. It is shown that
the commonly used quasi-steady treatment that neglects the separated flow time lag can give very unconservative
estimates of the gust induced loads even when experimental static load distributions are used. It will, however,
give realistic gust load predictions for many launch vehicle geometries of practical interest.

Nomenclature

a = speed of sound, m/sec
c = reference length (maximum body diameter) m
f = gust function of inertial space coordinate X
Lb and Lg = body length and gust wavelength, m
M = Mach number, M = U/a
MA = axial force generated pitching moment, kg-m coefficient

CmA - MA/(pU2/2)Sc
M, N = maximum number of summation terms, Eqs. (14) and

(16)
N = normal force, kg

coefficient CN = N(/pU2/2)S
P = generalized force, kg-m/m, defined in Eq. (15)
q(t) = amplitude, m of normalized bending deflection, 8 =

9000(0
S = reference area, m2, S= nc2/4
t = time, sec
/* = time to reach maximum gust load, sec
U_ = vehicle velocity, m/sec
U = average wake velocity or boundary-layer convection

velocity, m/sec
Wg — gust velocity normal to vehicle path, m/sec
X = inertial space coordinate, m (Fig. 4)
x = body fixed coordinate, m (Fig. 4)
Y = inertial space coordinate, m (Fig. 4)
y = body fixed lateral deflection, m
a = angle of attack, radians or degrees
5 = body deflection, m,& = cp(x}q(t)
A = amplitude or increment
6 = body pitch, radians or degrees
k — time lag parameter defined in Eq. (14)
p = air density, kg-sec2/m4

y(x) = distribution of normalized bending mode deflection,
8 = <p(x)q(t)

Subscripts
a = attached flow
A = axial force
b = body
g = gust
i — numbering subscript for body station
L = local
max = maximum
N = nose
s = separated flow
o = apex of launch vehicle

Superscripts
i = induced, e.g., = separation induced normal force

Differential Symbols
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Y(t) =dY/dt
CNx = dCN/doc
Cm-Q ^dCm/d(6

Introduction

AS the size of the launch vehicles used in the manned space
xV.program has grown, long wavelength gusts have started to
become of more and more concern. For the Saturn-I and
Saturn- V boosters, so called sinusoidal gusts1 can cause large
gust penetration loads. Previous investigators2"4 have
assumed attached flow when defining the aerodynamic charac-
teristics. This assumption is highly unrealistic. Flow sepa-
ration occurs over much of the Saturn launch vehicles (Fig. 1).
The multiple regions of separated flow have a dominant in-
fluence on the aerodynamic loads5 (Fig. 2). Because of the
separated flow time lag, the effect on the vehicle dynamics is
even more dominant, as is illustrated by the damping of an
early Saturn booster5 (Fig. 3).

These results indicate that one cannot use attached flow
estimates and expect to get a realistic assessment of the elastic
vehicle dynamics. Likewise, when considering the gust re-
sponse of the elastic vehicle, one should not expect realistic

Fig. 1 Shadowgraph of flow
over Saturn-V launch vehicle a
Af= 1.46.



20 ERICSSON, REDING, AND GUENTHER J. SPACECRAFT

ACTUAL'LOAD DISTRIBUTION
' THEORETICAL LOAD DISTRIBUTION (REF. 3l

40 60

STATION, XQ - x(m)

Fig. 2 Static load distribution on the Saturn-V launch vehicle at
M-1.3.
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Fig. 3 Aerodynamic damping at a = 0 of a Saturn-I launch vehicle
with disk-on escape rocket.8

results unless the effects of flow separation are properly
accounted for.

Analysis

The usual linearization approach is used, i.e., the environ-
ment is assumed to change slowly such that the time varying
coefficients in the equations of motion can be represented by
constant coefficients for finite time intervals in the trajectory.
When the full coupled equations of motion are considered this
procedure may not always be justified.

The present analysis is intended to assess the effects of
sinusoidal gust on the structural loads of the elastic vehicle.
As the total gust load can be determined by superposition,6
only the linear analysis of one degree of freedom bending
response to sinusoidal gusts will be discussed. The aerodynamic
loads in regions of attached flow are determined by combining
first-order momentum theory7 with quasi-steady instantaneous
load estimates8'9 representing the cruciform fins by an equi-
valent cross-sectional area distribution.2'8

The local loads in separated flow regions are represented in
a similar manner by an effective cross-sectional area.10 The
separation-induced loads are extracted from static experi-
mental data and converted into dynamic loads using quasi-
steady techniques that account for the effects of convective
time lag5 • 8 » * ° •1 1 and accelerated flow. *2-14 The transverse gust
velocity Wg and the vehicle velocity U are assumed to change
negligibly during a time interval large enough to define the gust
penetration load, e.g., the time interval required for the vehicle
to travel one body length. Thus Wg is a function of the inertial
space coordinate X only.

Wg=f(X-Xgo)
With t0 — time of gust entry,

0)

For the time interval with constant vehicle velocity, the gust
penetration depth is simply

Or, with / set equal to zero at time of gust entry,

X0 - Xgo = Ut (4)

Attached Flow Regions

In regions of attached flow, first-order momentum theory is
used. It is assumed that the body is slender enough that the
axial velocity over the vehicle surface deviates negligibly from
the freestream velocity. The lift per unit length of the vehicle
is then the reaction to the substantial rate of change of momen-
tum of the virtual mass per unit length.7 With the coordinate
system of Fig. 4, the lift can be expressed as follows

dL/dX = - (dldt)(dI/dX) = ( U d / d X - d / d t )(dI/dX) (5)

The momentum per unit length is

dl/dX = -pAW = PA(dY/dt- Wg)
= PA(d y/a/ - U a Y/dX - Wg) (6)

Thus,

- d/dt)[PA(-UdY/dx+ ar/a/- wg)}
(7)

Fig. 4 Elastic body
coordinate system.
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With the gust stationary in space, dWgjdt = 0, and Eq. (7)
can be written

dL_
dX

W9 (8)

With L = (pU2/2)SCN(CN = CL for the small cross flow angles
of interest), Eq. (8) can be expressed in the following form for
time interval during which U and p remain constant.

^cv= /_a__ j__a
~dX ~ \dX ~ U dt dx + u dt "

5 J

Separated Flow Regions

A typical separated flow region on the Apollo-Saturn launch
vehicles is sketched in Fig. 5. The flow is separating at XN and
reattaches at station xa. The aerodynamic forces in the
separated flow region forward of xa are represented by
lumped normal force and axial force (couple) moment vectors.
In particular, the normal force Ns and axial force moment MAs
generated on the conical frustum in the separated flowfield are
dependent not only upon the local angle of attack as, but also
upon the angle of attack a^ at the separated flow generator,
and upon the relative displacement, y = YN — Ys, between
nose and frustum. For small angles of attack one can write
7VS in the following linearized form (a similar expression is
obtained for MAs)

(10)

In the nonstationary case, OLN and YN (in ̂  = YN — Ys) are the
values at a time increment A/1 earlier than the instantaneous
value for as, i.e.,

Ns(t) = 2

Fig. 5 Definition of
separated flow para-

meters.

where A/ = (XN — xs)/U. A/ is the time required for the force
N& to respond to changes in a^ and YN.

For determination of the gust penetration loads on the
ascending rigid vehicle in Fig. 5, the variables a and y are as
follows

a - WQ\U\ y(t) = (XN - xs)a(t - A/) (12)

Eq. (11) can then be written as follows

Ns(t} =
i/

(13)
where

Thus, the gust penetration loads in the regions of separated
flow on the Saturn-Apollo launch vehicle can be summed as
follows

^ N«(t) + £ MA,j,t)
i = 1 i = 1

U

U

Wg(Ut~[x0- XSI]K)\
U

K = 1 + (U/U - 1)(XNI - XSI)/(X0 - XSi)

(14a)

04b)

(14c)

(14d)

When the convection velocity in the separated flow region
is not very different from the external (freestream) velocity,
UK U, K = 1, the gust induced load depends only upon the
total load, Cvatotal = CNo,L + A'CNa, and is independent of the
composition of the load. That is, it does not matter whether
the load is all induced, CNaL = 0, or all local, A'CNa = 0. This
in turn implies that the standard§ quasi-steady application of
experimentally measured static load derivatives would give the
correct gust induced load also in regions of separated flow.

The gust induced generalized force for one degree of freedom
elastic vehicle bending is determined by the virtual work done
by aerodynamic forces and moments.

dN , ^ ,

In regions of separated flow this gust induced bending mo-
ment is determined as follows

=5: N5i(t)<p(x,) + MASl(tW(x,) (16)

NSi(t) and MASi(t) are defined by Eq. (14)

Discussion

The gust induced normal force on the Saturn-V is shown in
Fig. 6 as a function of penetration depth into a sinusoidal gust.
The maximum load is obtained after full penetration into the
gust, and the transient load response at gust penetration does
not produce the highest loads, as has also been observed by
other investigators.2'3 The variation of this maximum gust
penetration load \N\m** with sinusoidal gust wavelength^! is

§ In which separated flow time lag effects are neglected.
U Lb/Lg is the number of sinusoidal gust waves per body length.
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Fig. 6 Saturn-V gust induced normal force as a function of penetra-
tion depth into sinusoidal gust (Lb/Lg = 1.05) at maximum dynamic
pressure (M = 1.6).

Fig. 8 Saturn-V maximum gust induced normal force as a function
of gust wave length at M = 0.9.

shown in Fig. 7. The actual position of the launch vehicle in
the sinusoidal gust for peak and bottom values of 1 N \ max are
shown in the insets.

The effect of neglecting to account for the fact that the
convection velocity is less than freestream velocity in regions of
separated flow (K = \ compared to K =£ 1) is negligible for the
Saturn-V gust penetration load (Figs. 7 and 8). The Saturn-
I launch vehicle exhibits similar characteristics when the escape
rocket is the same (Fig. 9), but shows distinctly different
characteristics when the escape rocket has a flow separation
disk (Fig. 10). Not only is the /c-effect much larger, in
addition, the largest load | N\ max is no longer obtained for the
(infinite penetration into a) step gust (Lb/Lg = 0), but for a gust
with a wavelength of approximately 1.2 body length.5

The results for K = 1 in Fig. 10 represent the results ob-
tained if one uses static experimental load distributions in this
standard type quasi-steady analysis.4 As is seen, this will
underestimate the actual maximum gust load at Lb/Lg « 1.2 by
40%. There are several reasons for the large gust loads
and large /c-effects obtained with a disk-on escape rocket. The
disk increases the escape rocket wake, thereby increasing
the separation induced loads on the command module and

0 1.0 2.0 HA'g 3-°

Fig. 7 Saturn-V maximum gust induced normal force as a function
of gust wave length at M = 1.6.

O

A

Fig. 9 Maximum gust induced normal force on the Saturn-I with
disk-off escape rocket at M = 0.9.

Fig. 10 Maximum gust induced normal force on the Saturn-I with
disk-on escape rocket at M= 0.9.
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forward service module8 (Fig. 11). The larger velocity deficit
in the wake causes a large increase of /c, especially at sub-
sonic speeds (Fig. 12).

After all this display of large separated flow effects, it is
surprising, to say the least, to find that the Saturn-V gust pene-
tration load at maximum dynamic pressure is very well pre-
dicted by attached flow theory2 (Fig. 13). It is obvious that
the good agreement is fortuitous. The theoretical load distri-
bution, although deviating very substantially from the measured
distribution, gives the same total CNx (Fig. 2); and the max-
imum dynamic pressure occurs at a speed where the /c-efTect is

NOTE: FIN LOADS OMITTED FROM C DISTRIBUTION

Fig. 11 Supersonic flowfield and normal force distribution for
Saturn-I launch vehicle with disk-on.

A ESCAPE ROCKET WITHOUT DISK

Q ESCAPE ROCKET WITH DISK

Fig. 12 Effect of flow separation disk-on K for command module load.

MAX
3000

(kg)

PRESENT THEORY
GLAUZ-BLACKBURN (REF. 2)

negligible (Fig. 7). As the wavelength decreases the difference
in load distribution starts to show up (Lb/Lg > 1.25 in Fig. 13).

The gust induced bending loads for the first bending mode
of the Saturn-V launch vehicle is shown in Fig. 14 as a function
of the gust penetration depth. As for | N\ max (Fig. 6), the maxi-
mum gust load is reached after full penetration into the sinu-
soidal gust. The variation of the maximum gust-induced
bending |P| max with gust wavelength is shown in Figs. 15 and
16. As earlier for \N\ max, the /c-effect is negligible. The data

0 50 100 150 200
GUST PENETRATION DEPTH, Ut (IT

Fig. 14 Saturn-V gust induced bending loads (1st bending mode) at
maximum dynamic pressure.

Fig. 13 Saturn-V gust induced normal force at maximum dynamic
pressure (M= 1.6).

Fig. 15 Maximum elastic body gust induced bending on the Saturn-V
at M— 1.6 (1st bending mode).
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Fig. 16 Maximum elastic body gust induced bending on the Saturn-V
at M= 0.9 (1st bending mode).

P M A X ( P u 2 2 > S ( 4 U g

l .Or-

Fig. 18 Maximum elastic body gust induced bending on the Saturn-I
launch-vehicle with disk-on escape rocket at M=0.9 (1st bending

mode).

Fig. 17 Maximum elastic body gust induced bending on the Saturn-I
with disk-off escape rocket at M= 0.9 (1st bending mode).

for Saturn-I is shown in Fig. 17. Figure 18 shows the gust
induced bending for the Saturn-I with disk-on escape rocket.
As earlier for \N\ max (Figs. 9 and 10), the disk causes a large
increase in the Ac-effect, and reverses the wave length trend,
i.e., gives the largest bending at short wavelengths (large Lb/Lg).
The relatively larger effect of the disk on the gust induced bend-
ing than on the normal force (Figs. 17, and 18 compared to
Figs. 9, and 10) is explained by the negative service module load
(Fig. 19). At subsonic Mach numbers** the negative service
module force forms together with the positive command module
load a powerful force couple. It is obvious that this force
couple will have a large effect on the gust induced bending
loads, the effect being very sensitive to bending mode shape and
gust wavelength.

It is seen that in many cases the standard quasi-steady
theory9 in combination with experimentally obtained static
load distributions can provide a realistic estimate of the launch
vehicle loads induced in sinusoidal gusts. However, this is
not true when considering the elastic vehicle response to the
gust loads.15 The reason for this is that unconservative aero-
dynamic damping values are obtained if the separated flow
time lag effects are neglected5 (Fig. 3). The attached flow

LOCAL LOAD, C

FOREBODY DEPENDENT LOAD, A *

TOTAL SEPARATED FLOW LOAD, C.

Fig. 19 Local and forebody-dependent negative
command module shoulder loading.

*The positive command module force is much less Mach number sensitive. *
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treatment data in Fig. 3 are obtained using static experimental
data in combination with standard quasi-steady theory. When
it is possible to describe the gust induced forcing function by
the standard quasi-steady theory, the analysis is simplified
greatly, something that can be appreciated when considering
the space shuttle vehicles with their very much more compli-
cated unsteady aerodynamic characteristics.16

Conclusions
A study of gust penetration loads on Saturn launch vehicles

in sinusoidal gusts has given the following results: 1) The
strongest effect of the separated flow is the distortion of the
static load distribution; and 2) The effect of the separated-flow-
induced time lag is less dominant. However, for vehicles with
large separated flow regions its neglect can lead to highly un-
conservative estimates of the gust penetration loads, especially
for the elastic vehicle. As a consequence, existing quasi-steady
methods in combination with experimentally measured static
load distributions will provide realistic estimates of gust pene-
tration loads only when the separated flow time lag effects are
small. This will, however, be true for many launch vehicle
configurations of practical interest.
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