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Engine-Airframe Coupling in Liquid
Rocket Systems

K. J. McKenna,* J. H. WALKER,* aND R. A. Wivag*
TRW Space Technology Laboratories, Redondo Beach,

Calif.
Nomeneclature
A = propellant line cross-sectional area
A, = nozzle throat area
B, C, = spring constant and damping associated with accumu-

lator
nozzle characteristic veloetty
thrust coefficient
acceleration due to gravity
= propellant height in tank
= head rise across pump
= const
= propellant inertance
structure generalized mass
modal displacement
= pressure
propellant line resistance
Laplace operator
thrust
vapor volume
= propellant flow rate
displacement at thrust point
propellant density
= fraction of critical damping
thrust chamber time constant
struetural frequency

(]

Il

i

Il

i

[T

Il

I

Il

9 IONBRIVE EURDTS Q0
|

Subscripts

a = accumulator

¢ = thrust chamber

d = discharge side of pump
f = fuel

g = thrust point

0 = oxidizer

P = pump

s = suction side of pump

t = tank bottom

OW-FREQUENCY Jongitudinal vibration has been ob-

served on several large liquid rocket boosters. These
have included the Thor-Agena, Atlas-Agena, Titan I, and
Titan II. The vibration occurs during the latter portion of
boost flight and has a frequency corresponding to the fre-
quency of the fundamental longitudinal mode of the vehicle.
Fundamental mode frequencies for the forementioned vehicles
range between 10 and 30 cps. Oscillations at these fre-
quencies are also observed in propellant [eed system pres-
sures and in thrust chamber pressure.

The vibration results from limit cycling of a closed-loop
system that is formed by coupling between the flexible air-
frame and the booster engine.  The mechanism involved may
be described by assuming a disturbance in the thrust acting on
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the vehicle. This disturbance excites the vibratory modes of
the structure, thereby producing oscillations in propellant
supply pressures. These oscillating pressures cause varia-
tions in the propellant flow rate into the combustion chamber
and, consequently, cause variations in thrust that can rein-
force the original disturbance and cause the oscillations to
diverge. The amplitudes of oscillation are then limited by
nonlinearities in the system.

Vibration amplitudes can be reached that may produce
large axial loads in the vehicle structure, create a severe
vibration environment for delicate payloads, or degrade
propulsion system performance. The mechanism of the
phenomenon is such that it should be considered as a po-
tential problem on all liquid rocket systems. It is the pur-
pose of this note to present a simple linear mathematical
model that can be used to examine the longitudinal stability
of an arbitrary liquid rocket booster. The application of the
model to an analysis of the Titan II longitudinal vibration
problem and the methods used to eliminate the problem? 2
are briefly discussed. Other work in the general field of en-
¢gine-airframe coupling is given in Refs. 3~5.

Model Development

In formulating the linear mathematical model that follows,
a typical vehicle was separated into a number of elements,
and equations of motion were written to describe the dynamic
characteristics of the elements and their interactions. The
origin of the coordinate system is located at the center of
mass of the vehicle. The equations are written to give devia-
tion of the variables from their steady-state values; hence,
steady-state terms have been eliminated.

Structure

Hven though the vehicle structure is quite complex, modal
characteristics for the lower modes can be caleulated accur-
ately by considering the vehicle as a series of concentrated
masses and springs.  Propellants in the tanks are included in
the structural model, but propellants in the feed lines are
considered scparately. Techniques for constructing this
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Fig. 1 Longitudinal model block diagram.
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type of structural model are given in Ref. 7. Particular at-
tention should be paid to the mass-spring representation of
such components as the propellant pumps and the thrust
chambers, since the coupling between the airframe and engine
occurs at these points.

Based on the vibration frequencies that have been ob-
served on current vehicles, it is probable that only the funda-
mental structural mode will be of interest. The first mode
stuctural response in generalized coordinates is given by Eq.
(1) where modal frequencies and amplitudes are calculated
from the mass-spring model:
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(8? + 2twS + o)X = T — A

On the right-hand side of Eq. (1) are the generalized force due
to thrust and the generalized force that results when the pro-
pellant in the feed system is coupled to the structure at the
point p.

Propulsion system

The propulsion system consists of the propellant in the
tanks, the suction systems, propellant pumps, discharge
systems, and thrust chambers. The relation of tank bottom
pressure to structural acceleration is given by Eq. (2):

Py = (vh/g)($/¢:)S*X )

Titan II flight data shows that tank ullage pressure does not
oscillate during the vibration period; thus this term does not
appear in the equation. However, studies on the Atlas
vehicles indicate a coupled structural/pneumatic system
longitudinal instability immediately after lift-off when the
tank ullage volume is comparatively small and this pressure is
important.

The propellant suction systems are considered as separate
dynamic systems for two reasons. First, small vapor bubbles
can exist at the pump inlet due to pump cavitation.s Also,
extensive dynamic tests on the Titan IT pump-suction system?
revealed the existence of a characteristic frequency associated
with the pump-suction system that was dependent on the
pump cavitation index. The compliance in the suction sys-
tem is made up of contributions from conduit elasticity, fluid
compressibility, and vapor compressibility. Since no theo-
retical means have been found for estimating this compliance,
the suction system is considercd separately and the com-
pliance is lumped as a vapor bubble of volume V at the pump
inlet. The suction pressure is given by Eq. (3) and the vapor
volume is given by (4), which is a linearized perfect gas law:

P, =P, — LSW,+ LSW. 3
V = — PJ/K : (4)

Since the suction system was considered separately, it is
coupled to the structure through the use of a generalized force
as given in Eq. (1).

Continuity of fluid flow through the pump, including the
vapor bubble described previously, is given by

W, = Wa — vA($o/$)SX — SV (5)

If changes in pump rotative speed are neglected, the pressure
rise across the pumps is given by

oH OH

Py <DPS + 1> P, + deWd (6)
Tests performed on the Titan IT pumps? indicate that for the
frequencies of interest (0-30 cps) the values of the partial
derivatives in Eq. (6) can be obtained by taking the slopes of

steady-state pump performance curves.
Discharge systems of pump fed engines usually involve
short pipes and high pressures, so that compliance in the sys-
tem need not be considered. Therefore, considering only
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Fig. 2 Engine-airframe schematic for first stage of
Titan IT.

inertance of the fluid in the line and resistance (including in-
jector resistance), the equation for the discharge system is

(SLy + R)W4 = Py — P, (7)

Equations (8) and (9) are assumed to be a valid representation
of the thrust chamber for low frequencies and small per-
turbations:

(+S 4+ DP. = CWa/Ayg (8)
T = AC,P, 9)

Equations (1-9) comprise the mathematical model. The
linearized equations are amenable to standard frequency re-
sponse and stability analyses techniques. A block diagram
showing the interaction between the various model elements
of a bipropellant vehicle is shown in Fig. 1.

Application

A schematic of the Titan II Stage I is shown in Fig. 2.
The Titan IT is a bipropellant missile with two booster en-
gines, each fed by separate propellant lines. Linear system
equations were written as described previously and are repre-
sented in the functional block diagram (Iig. 1). Once the
constant coeflicients in the system equations were deter-
mined, frequency response and stability analysis techniques
were applied. These coefficients are readily caleulable or
available from system design data and engine performance
data. However, it was only after extensive testing of the
Titan II pump-suction system that characteristic suction
system frequencies were known. The coupling between the
propulsion system and the structure is highly dependent on
the proximity of the suction system frequencies to the struc-
tural frequency. The limit cycle amplitude, as observed in
flight, cannot be duplicated by the linear model. However,
the analysis does give the correct onset and cessation of
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vibration and gives information on the relative importance
of various elements to system stability.

To eliminate the vibration, hydraulic accumulators were
placed in the propellant suction lines near the pump inlets.
This is shown schematically in the left fuel line in Fig. 2.
The accumulator is a spring mass device that alters the
dynamic characteristics of the suetion line. By proper choice
of accumulator constants, the propulsion system can effec-
tively be decoupled from the structure. Mathematically,
the accumulator is included in the model through the equa-
tion

(LaS2 + CaS + B)Wa = _PS (10)

and the addition of the last term in Eq. (3). To date, ac-
cumlators have been incorporated in four Titan II flights and
have essentially eliminated the vibration phenomenon.
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Ballistics of Solid Propellants during
Thrust Modulation

B. Dusrow,* E. D. Gura,t anp M. W. Wonat
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Nomenclature
a = reaction constant from the Summerfield burning rate
relationship
Ay = area of propellant burning
A; = area of the throat, thrust modulating nozzle
Ay, = area of the throat, initial
b = diffusion constant from the Summerfield burning rate
relationship
Cw = mass flow factor
M = molecular weight
P = pressure
Py = initial pressure
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Fig. 1 Schematic diagram of experimental apparatus.

gas constant

linear burning rate of solid propellant

absolute temperature

time required for the pressure to change from P, to P
volume

propellant density

gas density
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Introdaction

HRUST modulation of conventional solid propellant
rockets can be made to occur through controlled pressure
excursions in the rocket chamber. The chamber pressure, in
turn, can be varied by changes in the propellant burning sur-
face area, the propellant properties, or the nozzle throat area.
Changing the nozzle throat area is considered as the method
that lends itself most readily to reducing the concept of thrust
modulation to practice. In order to determine the feasibility,
problems, and design criteria related to thrust modulation
of solid propellants by programed variations of the nozzle
throat area, the solid propellant ballistics must be character-
ized under transient conditions of pressure rise and decay.
The reported experimental investigations of pressure decay
did not appear to be devised for general analytical treatment.
Furthermore, the efforts were aimed at generating data under
the limiting conditions in the region of combustion extinction.
The analysis of programed thrust modulation requires more
inclusive experimental conditions. In the interest of arriving
at a general treatment of thrust modulation, an experimental
program was devised which could generate data required for
analytical assessment of the related ballistics.

Analytical Treatment of Transient Ballistics

The internal ballistics for a solid rocket can be expressed
analytically in general form by the mass balance equation:

Vdp,/dt = p4Awr — CwPA, 1)

If the propellant continues to burn during thrust modulation,
introduction of an expression of the burning rate as a function
of pressure permits Eq. (1) to be solved for time as a funetion
of pressure. The Summerfield equation for pressure-de-~
pendence of burning rate is a two-term parametric formula:

1/r = a/P + b/PY/3 2)

Equation (2) considers the combustion mode for solid propel-
lants as consisting of two rate-controlling phenomena. At
low pressure, chemical reaction is rate controlling, whereas
diffusion is the predominant rate controlling process at high
pressure.

Equation (1) can be solved when Eq. (2) is used to describe
the burning rate, yielding

‘= ZK_V{ a N
- RT Abp—a/CW(Aro“l_At) P(!
g[ Cw(dsy + 4) ]

2 Abp — aOW(A¢0 + At)

lnl: [Aip/Cw(dy + A)] — (@ + bpz/x):l}
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