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A METHOD FOR PRELIMINARY DETERMINATION
OF COMPONENT STIFFNESS REQUIREMENTS FOR
GIMBALED ENGINE SYSTEMS

By Charles E, Lifer

ABSTRACT _
Jol6Y

To facilitate preliminary design of gimbaled engine systems which
will meet vibration requirements of hydraulic and electronic controls,
this report presents a method for approximate determination of com-
ponent requirements. The report is intended to show the required
relationships between the design frequency, the engine mass and stiff-
ness, the actuation system stiffness, and support structure stiffness.
In addition, it will present procedures for determining these com-
ponent properties,

Since the report is for preliminary study only, and detailed mass
distribution and stiffness information will not be available, a single
degree of freedom analysis method was chosen. The predicted masses --.
of gimbaled components are assumed to be concentrated at one location.
The support structure will be treated as a linear spring. Because of
these simplifying assumptions, the results of an analysis with this
method must be used conservatively.

It is recommended that, as designs are established and detailed in-
formation becomes available, more elaborate analytical techniques
which are fitted to the specific design be used for accurate frequency
determination,
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SYMBOL

KR

Ka

D:

Kz

DEFINITION OF SYMBOL.S

DEFINITION

Effective rotational stiffness of entire
engine gimbal system

Linear stiffness of engine actuator(s)

Linear stiffness of vehicle structure at
the actuator attach point in the direction
of the actuator loading

Linear stiffness of the engine structure
at the actuator attach point in the direc-
tion of the actuator loading

Effective moment arm of the engine
actuator(s) about the engine gimbal
support .

Rotational mass moment of inertia of
the engine about its gimbal support

Natural rotational frequency of the engine
system

Angular acceleration of the engine about
the gimbal point

Angular velocity of the engine rotating
about the gimbal point

Angular displacement of the engine
from its normal position

Circular rotational frequency

Total effective linear stiffness of system
components

Structural component of actuator
stiffness

UNITS

in-1b/radian
1b/in
1b/in
1b/in

in

lb-in-sec?
cycles/sec

radian/sec?

radian/sec
radian

radian/sec

1b/in

lb/in
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Definition of Symbols (Concluded)

Fluid component of actuator stiffness

O-ring and seal component of actuator
stiffness
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SUMMARY

This report was compiled to assist in the preliminary design of
first stage engine systems and engine support structure to meet
gimbal vibration frequency requirements. A method of determining
basic component physical properties is developed, and is presented
in both mathematical and graphical form., The basic.theory of a
typical system is developed, and the considerations involved in
deriving component stiffnesses are discussed.

Use of the method presented herein will enable the designer to
determine, for a particular engine, the required inter-relation between
system components (actuator, structure, and engine) in order to meet
the minimum gimbal frequency. These values can be used as a guide
in the design., It must be noted, however, that the design which is
evolved should be subjected to a detailed vibration analysis using
multiple degrees of freedom and accurate mass distribution.

INTRODUCTION

In the design of space vehicle engine gimbal systems and support
structures, it is necessary to establish physical requirements for the
various components which will cause the first gimbal resonant fre-
quency of the system to occur above a certain limiting frequency, f.in.
This requirement is normally imposed by control system characteristics,
and is necessary for stability and control of the vehicle,



The purpose of this report is to describe a method of determining
the component stiffnesses which will result in a desired frequency for
the system. The report is intended for use in preliminary analysis
only; and as the design is developed, a more detailed multiple-degree-
of-freedom analysis should be performed. Since this method involves
a single degree-of-freedom analysis, the results derived therefrom
must be treated ds limiting minimum values. (For more complete,
multiple-degree-of-freedom methods, the analyst is directed to
References 1 and 2),

DEVELOPMENT OF METHOD

A typical gimbaled engine system consists of an engine suspended
from the tail section structure by a gimbal block which permits
angular displacement of several degrees in any direction. This
displacement is controlled (normally) by actuators located at equal
distances along mutually perpendicular axes, as shown in FIG 1,
Extension or retraction of one or both of the actuators allows any
desired displacement to be accomplished, within certain limits.

The dynamic representation of this system is shown in FIG 2,
with the system components delineated. The geometry of this system
is such that the vibration analysis may be made of gimbal rotation
about an axis through one actuator-centerline and the gimbal point,
thus eliminating that actuator as an effective spring in the system.
The same approximate result would be obtained by considering
vibration about any other axis through the gimbal point,

For most vehicle structures, the translational frequency levels
involving KT and Kj, (see FIG 2) will be very high in comparison with
the gimbal frequency. Also, the gimbal support and the actuators
will normally tie into connected structure, and will displace as a unit,
For these reasons, the translational spring rates of the gimbal
point structure will be considered as infinite. The component stiff-
nesses of the engine will be lumped, and considered as one effective
spring rate, Kg, parallel to the actuator line of action., The simpli-
fied dynamic system thus obtained is shown in FIG 3.

This system may be simplified further by calculating a single
effective linear spring which is equivalent to the three springs in series,
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The equation for such a spring, Kz, is:

L= 1 + 1 4+ 1 (1)

The rotational spring constant is related to the linear stiffness
by the following equation:

KR = KZJ dz (Z)

The differential equation of free, undamped vibratory motion of
this '"pendulum' system is:

§.J tKg-06 =0 (3)
Therefore,
8 +(KTR) .9=0 (4)

One form of the general solution of this second order differential
equation is:
8 = A.sinwt +B .cos wt

Substituting this solution into the differential equation, we obtain:

0 . (-w?- + —KJB—)= 0 (5)

Letting 8 =0,

w2 = K__R- (6)
J



Since w = 27f
f= _1 KR (7)

In the preliminary design of the engine system, the approximate
engine inertia and the required frequency will normally be known,
so that the following form of the frequency equation will be more useful:

Kr=17J -(Zﬂf)z (8)

With this expression the entire system rotational stiffness may be
calculated from the mass properties and frequency requirement,

GRAPHICAL SOLUTION OF ROTATIONAL
STIFFNESS REQUIREMENTS:

A graphical representation of equation 8 [KR =J (an)z ]
is given by FIG 4, where nominal values of gimbal resonant frequency
(f), rotational inertia (J), and rotational stiffness (KR) are related.
This figure may be used for rapid approximation of the stiffness
requirement for given values of inertia and frequency., The inertia
value is located on the left side of the figure, and the intersection
of this value and the desired frequency curve is plotted. The corres-
ponding value of rotational stiffness is located along the top of the
figure,

GRAPHICAL SOLUTION OF LINEAR
STIFFNESS REQUIREMENTS:

Rapid determination of the total equivalent linear stiffness (Kx)
may be obtained by use of FIG 5, which is a graphical expression of
equation 2. The required value of rotational stiffness (KRr) is located
along the upper margin of the figure, and the intersection of this
value and the design moment arm (d) is plotted. The corresponding
value of linear stiffness (Ky) is read from the right-hand margin of
the figure,
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GRAPHICAL SOLUTION OF COMPONENT LINEAR
STIFFNESS REQUIREMENTS:

FIG 6 provides a method for rapid determination of component
linear stiffnesses which will result in the required total linear
stiffness, The required Ky value is located along the left margin of
the figure, and the intersection of this value with the appropriate
actuator stiffness curve (Kp) is plotted. (Note that the actuator
stiffness curves are located in the lower right-hand section of the
figure,) From this intersection a vertical line is projected upward
to the engine stiffness (Kg) curve, and their intersection plotted.

From this intersection point the required value of vehicle structural
stiffness (KV) may be read along the right margin scale,

CONSIDERATIONS IN DETERMINING
COMPONENT STIF FNESSES:

Actuator Stiffness, Kp

For the usual case of a double-acting hydraulic cylinder actuator,
the following must be considered in a prediction of linear stiffness:

(1) Actuator structure stiffness. The combined spring rate
of the cylinder walls, piston, and connecting linkage. (Kg)

(2) Compressibility of actuator fluid. This is a function of
the volume of the entrapped fluid in the cylinder, piston area,
operating pressure, and temperature, (KF)

(3) Stiffness of O-ring seals. These are the seals which retain
the actuator fluid. (Kgp)

The combined effect of these variables determines the actuator
stiffness, Kp, as shown in the equation below:

1 =1 4+ 1 4+ 1 | (9)
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Engine Stiffness, Kg

Determination of engine stiffness will depend upon the specific
engine design. The method of transferring actuator loads into the
engine must be considered. In most cases a laboratory test will be
necessary for accurate engine stiffness determination; however, for
most designs the following considerations will allow an estimate of
engine stiffness: '

(1) Attachment structure stiffness, including actuator attach
linkage and other structure external to the engine chamber,

(2) Chamber stiffness, which is a function of the manner in
which actuator loads are introduced into the engine chamber, bending
and ring flexure in the chamber, and local deformations at attach
points,

Vehicle Structure Stiffness, Ky

The calculation of vehicle attachment point stiffness is necessarily
dependent upon the particular vehicle design, This structure will
usually be redundant and the analysis will be complex. The analyst
is therefore referred to methods contained in References 3 and 4.
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