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Effect of Various Misalignments
on Static Aeroelastic Characteristics

of Guided Launch Vehicles
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Massachusetts Institute of Technology,
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Introduction

AMATRIX formulation of the problem of static
aeroelastic analysis of guided slender launch vehicles

using a discrete analogous system is presented in Ref . 1 . The
purpose of the present Note is to extend this analysis to in-
clude the interstage, fin, and thrust misalignment effects
which occur due to mechanical tolerances and to varying
fabrication skill. This can be done by simply rewriting Eq. (1)
of Ref. 1 as

(1)(r=l,2,...,N)

where Cr is the additional term and is the resultant force at the
Ath station due to various misalignments. With the above
basic equation, we obtain the two unknowns Pn and a. in the
.following form (see Ref. 1):

xcp-xn
(2)

and

W

(3)

where Qr = CNa Sr/CN<x S; C=EjL'/Cr is the resultant mis-
alignment force; and xc = L?=JCrxr/C is its point of ap-
plication from the x origin. The third term of Eqs. (2) and (3)
represent the effect of misalignment force on the pitch control
force and the angle of attack respectively. Also, the final
equation for 0r's is written as
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The last three terms on the right side of Eq. (4) account for
the interaction of misalignment effects on the elastic behavior
of the vehicle, and they give rise to a fixed angle of attack at
various stations as do the inertia forces.

Misalignments
The term Cr in Eq. (1) is the summation of forqes due to

misalignments at the rth station and can be calculated in the
following way. We consider all the misalignment angles to be
measured with respect to the first stage axis. If <5, denotes the
misalignment angle of the (/+l)st stage, then the
aerodynamic force at x=xr due to this misalignment is given
by

xi<xr<xi+1

where K denotes the total number of stages; xf denotes the
distance to the junction of / and (/+ l)st stage from x origin;
and (Cy) int denotes the aerodynamic force at the rth station
due to interstage misalignment. Similarly, the forces due to
fin and thrust misalignments can be obtained from the
following relations as

Qin = CT=TdT

where CN Sf is the value of CN^S- of fins; and 5f and <5r
denote the fin and thrust misalignment angles with respect to
the reference axis. It is convenient to take two of N discrete
element stations: at the center of pressure of a fin; and at the
point where the thrust vector acts, so that Cfm and CT is
added to the vector of ( Cr ) int at the appropriate stations.

Discrete Representation
Reference 2 described a method of discretization of mass

and (CN(xS)x distribution properties. In that method, con-
centricity" of center of gravity and center of pressure at any
discrete element station was achieved by using different
station boundaries for mass and (CN(xS)x distribution
properties. Here an analogous method is presented which is
convenient for programming. This can be done in the
following way. Let / and /+! be two stations where some
continuous property, say /(*), is to be discretized. Then the
area under the curve between these two stations, Ait and its
center of gravity can be calculated. Let the center of gravity of
the area Aj be at a distance xf from the x origin. Now it is
assumed that A , is supported by two reactions at the / and / + 1
stations. These two reactions will form the discrete values of
the property at stations / and /+ 1 due to the f ( x ) distribution
between these stations. The total discrete value// of the f ( x )
property at the /th station is then written as

At the lower limit of /(= 1), */_/ =0 is the point where the x
origin is taken, and at the upper limit of /( =7V), xi+l =XN+\
is the distance to the nosecone end from the x origin. This
procedure can now be applied for discretization of mass and
( CNa S) x distribution properties.

This Note essentially complements the formulation
presented earlier in Ref. 1 by including the various
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misalignment effects. Also, a simple method of discretization
that is suitable for programming is discussed here. At this
stage, it is suggested that the entire problem of the static
aeroelastic analysis of guided launch vehicles, including
various misalignment effects, may be approached
systematically in order to find out which factor has the
greatest contribution to the aeroelastic behavior of the
vehicle. As a first step, one may analyze this problem by
including the flexibility of vehicle and assuming rigid joints.
Later, joint rotations, misalignment effects, etc., may be
included in succession. This will provide a clear picture to the
understanding of the problem. Also, it may be of considerable
help to the designer before he takes up the dynamic aeroelastic
investigations.
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Nomenclature
density-viscosity ratio, Eq. (5d)
friction coefficient = 2rw/ (peU2

e)
local diameter of nozzle, m >
Eckert number, Eq. (5j)
functions defined in Eqs. (5g-i)
ii/Ue
specific enthalpy, J/kg
specific total enthalpy, J/kg
dimensionless total enthalpy
heat conductivity coefficient, W/m-K
Mach number
heat flux, W/m2

Reynolds number based on 6 and 6#, respectively
recovery factor, Eq. (2b); local radius from axis
of nozzle, m
local nozzle wall radius, m
Stanton number based on recovery temperature
transformed coordinate along nozzle wall,
Eq. (5b)
temperature, K
freestream gas velocity, m/s
gas velocity components along and normal to
wall, m/s
dimensionless normal velocity, Eq. (5a)
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x,y = physical coordinates along and normal to wall, m
j8 = pressure gradient parameter, Eq. (5e)
7 = specific heat ratio
6* = displacement thickness = J* [1 - (pu/pe Ue) ] dy, m
dH • = enthalpy thickness = \" (pu/p.eUe) (\-h°) dy, m
e = eddy viscosity coefficient, m 2 /s
eh = eddy conductivity coefficient, m2 /s
r; = transformed coordinate, Eq. (5c)
0 = momentum thickness, m

= ̂ (pu/PeUe)[l-(u/Ue)]dy
fji = dynamic viscosity coefficient, kg/m-s
v = kinematic viscosity coefficient, m2 /s
i// = stream function, kg/m-s
p = mass density, kg/m3

TW = shear stress on wall, N/m2

w = viscosity-temperature exponent in relation \L ~ T"

Subscripts and superscripts

(~ ) = time-averaged property
e = inviscid flow property
r — property at recovery temperature or enthalpy
s,vi,x,y ~ derivatives with respect to the coordinate,

respectively
w = property at the wall
( )* = property at recovery temperature or enthalpy

Introduction

H EAT flux and boundary-layer thickness for a rocket
nozzle with real-gas properties are compared in the

present Note for the purpose of evaluating the applicability of
two approximate methods: fully developed turbulent pipe-
flow applied to rocket nozzles by Bartz,! and an integral
method by Bartz.2 A differential method,3 which has not
been applied previously to realistic rocket nozzle heat transfer
calculations, is used here for comparison. Inviscid flow
properties for one-dimensional equilibrium flow required for
all three methods were computed for a typical solid-propellant
rocket of about 75 cm exit diameter and an approximate
throat to exit area ratio of 0.2 (Fig. 1). All calculations were
done for the nozzle wall temperature of 300 K.

Not to scale

Fig. 1 Inviscid flow properties of a rocket nozzle.


