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Fig. 1. Misaligned nonspinning rocket.

(a) c. g. of propellant is not on the longitudinal axis.
(b) c. g. of metal part is not on the longitudinal axis.
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'Fig. 8. Numerical values of functions which
are used in trajectory calculation.
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Trajectory of a Nonspinning Rocket Which is Misaligned.

by Tsutomu Murata and Kazumi Tanaka

1. Introduction.

The motion of a nonspinning rocket is
largely affected by a misalignment such
that the center of gravity (c. g.) of
propellant or of metal part is not on the
longitudinal axis, and the trajectory of
such a rocket may deviate from the
direction of firing.

We have introduced the equations of
motion of a misaligned rocket, and
obtained their general solutions. Moreo-
ver, we have calculated, as an example,
the trajectory of 7cm. rocket.

2. Velocity of a normal rocket.

In a normal rocket, the c. g. is on
the longitudinal axis, so the rocket flies
straight-forwardly unless it is guided.
The equation of motion of a rocket during
combustion is given by

mfi:T—-D

dt (1

where m=the mass of a rocket,
vr=the velocity of the rocket,

27

T=the thrust,
D=the air drag
=Kapd'e’.

Here p is the density of the air, d a
diameter of the rocket and K, a drag
coefficient which is generally a function
of the rocket velocity . When D is a
function of the second order with respect
to v, the Eq. (1) can be solved and gives
a relation between rocket velocity v and
time ¢ which is measured from the start
of combustion.

Usually, as the function K, takes
a different form according to an increase
of the rocket velocity or its Mach num-
ber, the solution must cover the different
formulae which correspond to different
ranges of velocities,

3. Equations of motion of misaligned
nonspinning rocket.

Misalignment or deviation of c. g. from
the longitudinal axis of rocket, causes a
couple around the perpendicular axis to
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longitudinal one. The couple affects the
direction of rocket flight, and the change
of direction # follows the next relation.

PO it (2)
where I is the moment of inertia of roc-
ket at the c. g. around the axis of couple,
p is deviation of the c. g. from the longi-
tudinal axis or the axis of thrust asshown
in Fig. 2. The misaligned nonspinning
rocket moves in a two dimensional plane,
then two equations are necessary to
determine the trajectory of rocket, Eqs.
(1) and (2) give a set of equations of
motion in such a case.

A solution of Eq. (2) gives a formula

'3
1.'x=J.° —,}idt 32

where ¢ is the curvature of trajectory
curve. As the integrand of the right
hand of (3) is composed by known fun-
ction of time {, vc is obtained also as a
function of . And finally, coordinates of
the trajectory are given by the next form-
ulae,

z(z):J':vcos(r;) dt

y(¢)=J.: vsin (ve) dt (4)

Eqs. (4) are derived on a initial condition
that the direction of firing is in accord-
ance with the z-axis of the coordinates
without loss of generality.
4. Numerical example.

As an example, we calculated the tra-

jectory of a 7cm rocket of which chara-
cteristics are as follows:

m,=2.35(1—t/r)kg.,

A;=—25.0cm.,

A,=7.0cm.,,

I,=3200(1—t/r)kg.-cm?.,

I,.=6400kg.-cm?®.,
burning time

r=1.5sec.,,

specific impulse

I,,=224sec.
where suffix 1 relates to the propellant and
2 to the metal part, and A is the coord-
inate distance of c. g. on the longitudinal
axis choosing the origin of coordinate to
the boundary plane of the two parts.

In the calculation, the drag coefficient
K. is chosen from a report of R. A,
Struble and H. D. Black?, resultant traje-
ctory is shown in Fig. 9. Four curves in
the figure show the trajectories correspon-
ding to deviations 05mm. and 1.0mm.
both of c. g. of the propellant and of the
metal part.

The results explain that the deviation
of metal part gives a stronger contribu-
tion to the course of rocket than does the
deviation of propellant part. Of course the
results shown are extreme cases, because
our calculation has neglected the effects
of wings, spinning, and other resistances
to the flying direction.

[Nihon Yushi Co., Ltd., Taketoyo Plant.]

1) R. A. Struble and H. D. Black: Jet Propul
sion, 27, 151 (1957).



