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FOREWORD

This is the final report in compliance with Article II, paragraph D,
of Contract NAS7-7L9. This work was carried out at the Rocketdyne,
Canoga Park Facility during the period from 30 June 1969 to 30 June
1970. The objective of this work was to mathematically model the
dynamic operation of the pressurization system and the pneumatic
pressure regulator in various small propulsion systems and in test
systems. Through the use of this model, the interactions between
the regulator and the feed system are predicted. The contract was
issued by the National and Aeronautics and Space Administfation,
NASA, Pasadena Office, and was administered under the technical
direction of Mr. Hartwell Long of Jet Propulsion Laboratory. The
program manager was Mr. J. Friedman of the Rocketdyne Small Engine
Division, and the principal engineer was Mr. L. E. Sack of the
Dynamics Unit, Design and Development Engineering, Rocketdyne. Con-
tributions of Mr. A. A. Liebman and Mr. E. F. Sowell, also of the
Rocketdyne Dynamics Unit, are acknowledged.
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ABSTRACT

A generalized method for the dynamic modeling of the pressurization
system and the pneumatic pressure regulatof in a pressure fed liquid
propulsion system is developed herein. The entire pressurization
system is represented by a series of compressible volumes with in=-
termediate restrictions representing valves; orifices, regulators
and other pressurization system components. The fluid; thermal and
mechanical equations describing the physical system are developed.
The system equations are normalized and scaled for solution on the
analog computer. The normalization method employed results in the
system being completely determined by a set of dimensionless co-
efficients. Thus, once the physical model is established, the
analog computer model represents not a single physical system but the
family of all geometrically similar physical systems. A particular
solution generated by this analog model thus is applicable to all
physically similar systems. It is notable that by this method,
system variables such as absolute pressure levels, and thrust levels

cease to be important parameters.

The generalized modeling technique developed herein is applied to two
specific systems for the purpose of verifying the techniques employed.
The Mariner Mars '69 midcourse=-correction propulsion system was
selected as the first example case, being representative of mono-
propellant propulsion systems in the 50 pound thrust class. The
model was successful in duplicating system performance of the Mariner
169 system, as represented in both accumulator flow bench test re~
sults and water expulsion system test results. In particular, certain
abnormal regulator performances were reflected in model results
exactly as observed in the test results. As a direct outcome of
these model studies with the Mariner '69 system, it was possible to

make recommendations for improvement of this regulator design to
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eliminate the abnormal performance characteristics of the regulator.
The Mariner Mars '71 midcourse-correction propulsion system was
selected as the second example case, being representative of bi-
propellant pressure fed propulsion systems in the three hundred pound
class. Again, model results were shown to agree closely with test

results for this system.

The application of models developed according to the suggested tech-
niques to the parametric study of future propulsion systems, with
emphases on the pneumatic pressure regulator and pressurization
systems, is also demonstrated herein. In these example applications,
again, the Mariner Mars '69 and the Mariner Mars '71 midcourse pro-
pulsion systems were used as baseline cases. Important parameters
which determine system dynamic performance were varied about this
baseline case for each of these systems; over ranges sufficient to
cover a range of possible geometrically-similar designs. It is
anticipated that these parametric results will be helpful for de-
signers of future propulsion systems and in selecting system
parameters such as pressure losses and regulator characteristics.

In particular, the importance of the slope of the regulator reference
spring force versus deflection curve is shown. Another sensitive
parameter revealed by the parametric studies is the pressure ratio
between the regulatér and the propellant tanks being pressurized.
Both the spring slope and this dowhstream pressure can effect the
dynamic stability of the pressurization system.
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INTRODUCTION

SYSTEM DESCRIPIION

This study is concerned with propulsion systems similar to the one shown
in Fig. (1). The upper portion of this schematic shows the pressur-
ization system, consisting of the high pressure storage tank, some type
of an isolation valve, filters, the pressure regulator, and necessary
fittings to connect the gas flow system to the propellant tank. The
pressurization system provides a flow of pressurizing gas to the
propellant tank, or tanks, depending upon whether it is a monopropellant
or bipropellant system. The liquid flow branch or branches of the
system is of secondary importance here, and need be considered only to
the extent necessary to provide a compiete system in which to analysze
the pressurization system. Typically, the liquid flow portion consists
of propellant isolation valves, filters and orifices and finally the

thrust chamber, in which combustion or reaction takes place.

The purpose of this entire system on a space craft is to provide a
predictable thrust over the specified period of time. In order to
achieve the desired predictability in system thrust, these systems are
typically designed to operate at a constant chamber pressure through-
out the burn period. This is achieved by insuring a constant pressure
in the propellant tank during system operation. The propellant tank
pressure is controlled by the pressurization system, and in particular
by the pressure regulator. The pressure regulator is designed so as
to regulate the pressurization gas flow in such a way as to maintain
the desired pressure in the flow system downstream of the regulator.
It must do this in the presence of a constantly-decaying pressure level
at the input, due to outflow from the storage tank.
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Figure 1. Typical Bipropellant Pressure-Fed Propulsion System



SYSTEM OPERATION

Systems such as shown in Fig. (1) have two easily distinguishable
modes of operation. One of these modes may be called the pressuriza-
tion mode, in which the propellant tank is brought from its initial
low pressure level to the nominal design pressure level. This mode
is characterized by higher-than-nominal gas flow rates, and the
regulator is generally open further than is necessary at the nominal
operating level. The second mode of operation is that during which
the regulator is maintaining the tank pressure at the design level.
This may be considered to be a quasi-steady state mode in that, at
least for an ideal pressure regulator, the system downstream pres-
sures remain constant. During this mode the entire system operates
closest to its nominal conditions, and thus thrust is most accurately
maintained. Certain non-ideal characteristics of the regulator (which
will be discussed later) result in slight deviations of system pres-

sures from their nominal value during this mode.

During the second mode the pressure at points upstream of the pressure
regulator are constantly falling, making it necessary for the regula-
tor to open wider and wider to accommodate the necessary flow to main-
tain the propellant tank pressure at its desired value. If the
pressurization storage ténk is sufficiently large, this second mode con-
tinues until all propellant is expelled from the pfopellant tank or
tanks. A smaller pressurant storage tank introduces the possibility of
a third mode. As the upsiream pressure continues to fall, the regulator
in this case reaches its maximum flow area, while attempting to maintain
the desired propellant tank pressure. As the upstream pressure drops
beyond this point, it becomes impossible for the regulator to maintain

‘the required flow and thus the downstream pressure begins to fall below



the desired regulated values. The point at which the regulator
reaches its maximum flow area may be referred to as the breakpoint,
and the third mode occurring thereafter is essentially an uncontrolled
blow-down mode.

OBJECTIVES OF INVESTIGATION

Figure 1-b is a model of a typicel system which accounts for
compressibility of the pressurization fluid. The flow system is
divided at points of local restriction, and the volumes of the flow
system between these points of restriction are represented by localized
lumped compressible volumes. The pressure within edach of these
compresgible volumes is designated Pi and the incoming flowrate is
designated &i' This model lends itself to mathematical analysis.

With this model it is immediately recognized that such a system has
many degrees of freedom. That is, there is not a single flowrate at
any instant in time in the system; rather, the flowrate through each
point of restriction is an independent, time variable. This large
number of degrees of freedom mekes it possible for there to be an

equal number of modes of dynamic operation, some of which are desirable
and othefs perhaps not. That is, there exists the possibility of
undesirable dynamic interactions between the system components, such as
the regulator and the propellant tank ullage volume. It is the objective
of this investigation to develop a gener#lized technique of analysis
for determining such undesirable interaction of system components in
advance of hardware development for future propulsion systems. The
underlying motivation is that such analyses may make it possible to
select system design parameters so as to yield the desired dynamic
performance of the pressurization system, and to avoid unexpected

interaction phenomena.



METHOD OF INVESTIGATION

There are many possible methods of carrying out such analyses. Among
these methods are simplified linear analyses, simplified non-linear
analyses and complete simulation of the entire system. Each of these
analytical methods has certain desirable features, certain undesirable
features, certain areas of application and certain areas where they
would not produce the desired results. Simplified linear analyses are
often attractive because of their inherent ease, and because of the
large body of existing techniques in classical control system analysis
(Ref. 1). However, the simplified linear analysis will not always
produce the desired results since a) the linearization makes the
analysis valid only for small amplitude disturbances, b) a single
operating point of the system is assumed at which the linearization

is carried out. If there is interest in other operating points of the
system, separate analysis must be done for each point, c¢) the simpli-
fied linear analysis, as in any simplified analysis, creates the pos=
sibility of omitting a significant factor due to lack of initial insight

into the system characteristics.

Simplified non-linear analysis avoids the limitation of small amplitude
disturbances. Also, there is a large body of classical control system
analysis techniques for non-linear systems of certain characteristics
(Ref. 2). However, the method still has the limitation of being
applicable only to a single operating point and again leaves the
possibility of omitting significant factors.

The method of analysis selected for this investigation is a simulation
of the entire system. Since the equations are not linearized in this
method, there is no limitation on amplitude. The analysis encom-

pases the entire range of system operation; furthermore, many factors



commonly omitted in simplified analyses are included. It must be
noted, however, that any analytical model is to some degree a depar-
ture from reality, and therefore there still exists the possibility of
omitting some significant factor, although this possibility is lessened
in this technique as compared to simplified analyses. Also, it must be
pointed out that this inclusion of additional detail can possibly ob-
scure certain causative factors, sometimes making it difficult to
interpret results. However, a complete system simulation will in most
cases reveal much more information about the dynamic performance of

the system than either of the simplified analyses.

The simulation approach employed in this investigation entails defini-
tion of a generalized system in terms of typical components, develop-
ment of the equations of these components and development of an analog

model representing the simultaneous solution of these equations.

Since any analytical model is a departure from reality, and there ex-
its the possibility of error due to omission of significant factors, it
is always necessary at some point to compare the results of the model
with test data. However, this need not be done for every analysis.
Confidence in the method of analysis and techniques employed can be
obtained by the careful analysis and subsequent comparison with actual
test data for a particular system. Then future systems may be analyzed
employing the same techniques of analysis and these analyses will pro-
duce similar levels of confidence in the results obtained. In this
investigation, this is done by performing an analysis of two specific
propulsion systems, the Mariner '69 midcourse-correction propulsion
system and the Mariner '7l midcourse-correction propulsion system. The
results of models of these two systems are compared to test data ob-

tained from test systems representing these two propulsion systems.



Once the analytical techniques and methods of analysis of systems such
as shown in Fig. (1), have been established, they will have many
applications. One possible application is the use of such a model of

a particular system to carry out parametric investigations during the
preliminary design phase of a planned propulsion system. Such parametric
investigations will serve to identify sensitive system parameters; to
show the effects of these sensitive parameters on system dynamic
operation, and to permit tradeoffs among conflicting system require-
ments. This particular application is demonstrated herein. Other

applications are suggested or may occur to the reader.



DEVELOPMENT OF THE GENERALIZED MODEL

In this section a system of subscripting and schematic representatisn
is developed which makes it possible to represent a large number of
pressure-fed propulsion systems in a uniform and generalized way. First,
it is shown that these propulsion systems can be described in terms of
composite parts connected in a way indicated by the system schematic

for any particular system. Then the fluid, thermal and mechanical
equations which describe the physical operation of each of these
components are developed. This set of equations, repeated as often

as is indicated by the schematic of a particular system, constitutes
“the mathematical model of the generalized pressure-fed propulsion
system. These general equations are then normalized and scaled for
solution by means of an analog computer. It is shown that the

process of normalization results in the definition of certain dimension-

less parameters which characterize the system.



SYSTEM DESCRIPTION

Figure (1) indicates how a complete system represented by a schematic
can be divided in such a way that it may be described by the serial
connection of a number of discrete parts. Furthermore, many of these
parts have similarities with respect to the governing equations. The
two major classifications of these components are a) tanks and other
compressible volumes, and b) orifices and other types of flow resis-
tance elements.

It is convenient to distinguish among three different types of flow
resistance elements. One type is the fixed-area or scheduled-area
orifice~type restriction. In this category fits valves, fittings,
calibrétion orifices, and other elements of this general type. A
different kind of flow element often found in pressurization systems
is the laminar filter. Due to the small flow areas necessary for the
filter to perform its function in the system, the flow is laminar,
and therefore the pressure loss through these devices is a linear
function of flow, and varies inversely with the fluid density. This
is in contrast to the orifice-type flow device, which obeys different
laws. Another type of flow device which is basicélly different than
either of those mentioned previously is the pressure regulator. This
device is different in that the flow area is neither constant nor a
predetermined function of time, but is a function of local flow

variables such as pressure.

Figure (2) shows a set of generalized system elements. Any complete
system such as shown in Figure (1) can be represented by the proper
‘interconnection in series of elements as indicated in Figure (2).
Two basic elements shown in Figure (2) are the lumped compressible

volumes and the localized restrictions.

10
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A convenient subscripting system is necessary to facilitate analyses.
In order that this method be applicable to any system, it is best to
use a subscript .i with a range determined by the particular system.
The convention adopted here, therefore, is that each compressible
volume,whether it is a tank or simply the lumped volume of a length
of the flow system, is designated by Vi. The smallest value of i is
that corresponding to the pressurant storage tank, and the subscripts
of volumes downstream of that tank have ascending values.

Certain system variables have values which can be associated with

these local compressible volumes. As indicated in Fig. (2) these

arej pressure, temperature, volume, and local heat flux across the
boundary. These variables are all designated by the subscript i when
referring to their local wvalues in the vicinity of the i-th compressible
volume. System flow rate differs from variables such as pressure and
temperature in that it is a "through" variable. That is, the flow

rate must be thought of as a quantity which occurs between two points

in the system. In the convention indicated in Fig. (2) the flow rate

is therefore associated with a particular restriction. Also by
convention, the restriction immediately upstream of the i-th compressible
volume is designated by the subscript i.

It will be noted in Fig. (2) that the central volume is composed of
two regions; one occupied by the gas, and the other occupied by a
liquid. This is the most general case of the localized volume and
permits the representation of propellant tanks in a manner consistent
with the established conventions. Thus, in the most general case, the
localized volume has associated with it a value of liquid volume,
liquid density, and liquid outflow rate, in addition to the previously
mentioned variables of pressure, temperature and volume of the gaseous
medium.

12



While the schematic shown in Fig. (2) is the most general case, in that
it allows for the compressible volume with gas inflow, gas outflow,

and liquid outflow, this particular combination may not occur in an
actual system. A more likely arrangement is the common case where the
gas flow system terminates at the propellant tank, in which case the
last gaseous compressible volume has gas in=flow and liquid out-flow.
This case is easily handled with the terminology established by Fig. (2)
simply by eliminating the gas outflow system and appending the liquid
flow system where the liquid outflow is indicated.

The possibility of a branching of the system to permit representation
of a bipropellant system suggests a slight modification of the sub-
scripting system, as indicated in Fig. (3). In the gaseous portion
of the system below the branch point, the subscript consists of two
elements. The first of these elements is simply a continuation of
the numerical index established in the gaseous system upstream of the
branch. The second subscript element is a letter designating the
branch. For example, since the branch is generally due to the
bipropellant system, the letter subscript can be an abreviation for
the particular propellant.

In order to avoid ambiguity in the subscripting systems for the
propellant tanks themselves, it is necessary to establish a new index
system for the liquid portion of the systems. The convention adopted
herein is again a two part index in which the first part is a letter
representing the particular propellant. The second part is & numerical

index which increments in the downstream direction.

In order to complete the nomenclature and subscripting conventions, a
generalized pressure regulator must also be described. The hypothetical

regulator shown in Fig. (L) contains all of the elements accounted for

13
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in regulators to be considered in this investigation. Perhaps the most
distinguishing feature of this regulator is that it is a single-stage
design. That is, it has a single flow control element, namely the
seat, and a single pressure sensing element which of course may be
either a bellows, a diaphragm, a piston or any other device which
allows a change in position in response to a pressure. In this regulator,
the flow enters at the left, passes through a filter device and then
through the seat at which flow regulation occurs, and then to a cavity
downstream of the seat. The nomenclature convention employed herein
for this flow path is a simple continuation of the numerical indexing
technique established above. If the subscript for the compressible
volume immediately upstream of the regulator is k-2 then the pressure

between the filter and the seat is P, ., the pressure downstream of

the seat is Pk, and the pressure in thi compressible volume immediately
downstream of the regulator is Pk+1' In some cases, the pressure sensing
element is isolated from the flow by means of a special cavity, connected
to the downstream pressure Pk by means of a small orifice. This cavity,
in which the pressure sensing element operates; is designated by the sub-
script r, and is called the reference pressure cavity. The pressure on
the opposite side of the pressure sensing element is usually ambient,
since this region is usually vented. This pressure is therefore
designated by the subscript a.

It will be noted that the hypothetical regulator shown in Fig. (L) is
characterized by a radial flow filter at the inlet, a lever arm between
the ball actuator and the pressure sensing element and poppet, and by a
helical reference spring. The analytical techniques developed herein
are by no means restricted to regulator components such as these. The
equations developed will be equally applicable to any type of inlet
filter employed, to designs without & mechanical ratio between the

15
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poppet and the ball actuator, and to regulators with different kinds
of springs and different kinds of pressure sensing elements. In
particular, note that a regulator without a lever is in every way
equivalent to a regulator with a lever having a mechanical advantage
of one.

The generalized system is completed by the thrust chamber. This is a
device which accepts the liquid flow and produces thrust. While this
is of course a very important element of the propulsion system, it is
of only secondary importance in the analysis of the pressurization
system. Insofar as the analysis of the pressurization system is
concerned, its only function is to provide a realistic loading of the
pressurization system. That is, the thrust chamber serves to establish
downstream pressure as a function of liquid flow rate. In the case of
a monopropellant system, this pressure is a function of a single flow
fate, whereas for a bipropellant system it is a function of both the
oxidizer and the fuel flow rate. Both of these cases are considered
herein. The pressure, temperature and volume, and any other local
variables associated with the thrust chamber, are designated simply

by the subscript c.

The components described above, and the nomenclature and indexing system
presented, are sufficient to describe any simple pressure-fed propulsion
system to the degree necessary to analyze the pressurization system, and
in particular the pressure regulator. These elements may be connected
in any order whatever corresponding to a particular system schematic.
Note that test systems can also be represented. This can generally

be done simply by the omission of certain elements, in particular,

the thrust chamber,; in which case the model represented might be that

of a water expulsion test system. A flow bench accumulator test system

17



could be represented by simply eliminating the liquid outflow and down-
stream liquid flow system from the propellant tank, and instead,

representing a downstream system composed of gas flow elements.

18



SYSTEM EQUATIONS

In this section, equations are developed for each of the system components
described above. The fluid, thermal and mechanical equations of operation
are developed for tanks and other compressible volumes, flow restriction
devices, and the mechanical elements of the regulator. The equations
describing the operation of monopropellant and bipropellant thrust
chambers are also developed. All equations developed in this secion

are summarized in Table I.

Tanks and Other Compressible Volumes

Figure (2) shows a typical tank with gas flow in and out, liquid outflow
and heat addition. Application of mass conservation, energy conservation,
and the equation of state relationships will yield the desired thermo-
dynamic conditions within such a tank at any instant.

By conservation of mass for the gas system,

(1)
dw.
—_ = W, - W
dt i i+l
where Wi is the stored weight, and ﬁi and *i+l are gas inflow and out-

flow respectively. Integration of this equation yields the instantaneous
stored weight of gas in the Ith tank or compressible volume.

By conservation of energy with respect to the gas system in this tank
(Ref. 3), neglecting potential and kinetic energy,

d _ . _

It [UTOT] = -A [H‘”’J v Q- Wy (2)
where\UTOT is the total internal energy of the gas mass. H represents
the enthalpy per unit weight, and the A represents the change from
inlet to outlet. Qi is heat added, including convection from the walls
or liquid interface, or mass transfer from the liquid interface. WKi

is the external work, i.e., the work done by the gas on the liquid surface.
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The external work is
W o= Pigp = Py oW/l (3)

where it is noted that the rate of change of gas volume, Vi, is simply
the negative of the rate of change of liguid volume.

Substituting Eq. (3) into (2) and applying the relationships

Upgr = C, W T

H =C_T
p

Yo o= G/C

it is found that,

dT,
i

dt

=~

[OVT; g = Ty = O-10Ty Wy, - Py /P Co+ Q/C 1 (4)

1
This equation can be integrated to yield the instantaneous temperature
of the gas within the i-th tank. Note that the absence of liquid
outflow or inflow, or heat addition, can be represented simply by
striking out the associated term in Eq. (L).

The instantaneous volume occupied by the gas is found from

dv.
i

& = /e (5)
Equations (1) and (5) are sufficient to determine the density of the
gas in the tank, which is a thermodynamic property. A second thermo-
dynamic property, temperature, is obtained from Eq. (L). Assuming a
single phase, these two properties are sufficient to determine all

other properties, specifically pressure. That is

Pyo= P (W /Vy, Ty) (6)

which is an equation of state.

20



If it is assumed at this point that the gas is at a temperature suffi-
ciently above its critical temperature, the equation of state can be

approximated by an ideal gas form. That is

. i (1)

where Z is a compressibility factor. The compressibility factor can be
taken as constant for a sufficiently small change in temperature and
pressure. The validity of this approximation must be examined in each
case, making reference to reduced properties charts, or other represen-
tations of actual gas behavior. The alternative would be to include

a curve-fit expression for the equation of state. The remainder of this

development will employ Eq. (7).

Gas~-Flow Device Equations

Many flow devices can be represented by the compressible-~-flow orifice
equation. A convenient form of this equation is, for the flow rate

through the i-th device
W= Gy Py g Ay (Ry/Ry /YT (8)

where ® is the compressible flow function, Fig. (5). Letting the

_.pressure ratio Pi/Pi~1 be o , & can be expressed as,

2ve, 2/y Y+1/Y.]1[2
®= koD <°‘ - )J P2 0% (9)
® = O ax = @ (ac) ;a<al
5 \ Y/v-1
o, - (ﬁ) (10)

21



uoj3oung Mo|4 @|qissaltdwoy °G aunbig

© ‘01lvd 3UNSSIHd

0°t 6°0 8°0 L°0 90 S0 LY £°0 (ALY 10
|
4o/ NI 199 = ¥
1°1 =4

1°0

€°0

"0

§°0

()¢ ‘NOILINNA MO

22



In this equation Y and R are the specific heat ratio and gas constant

for the gas being used in the system.

Equation (9) can be represented within 2% by the curve-fit expression,

~ - /2, > .5
d = 2®max (a(1-a)) ;o> .
= & ; O < .5 (11)
max
The value of ® nax ©80 be determined by combining Eqs. (9) and (10).
This gives
1/2 1/2 (y+1/v-1)
o = I?s] 2 (12)
max R ] Y+1

g. 396.04 in./sec2

R

RO/MW in./°R

This is a function of Y , and is plott
(R = 661 in./°R).

Filters in the gas flow system are gen
therefore obey a linear flow-pressure
expressed as

)

w, =K ey - Py

Assuming an ideal gas density
p = P/RT

results in
W= K Py g By - piyﬁTi-l

when Ki is a proportionality constant.

ed in Pig. (6) for nitrogen

erally laminar flow devices, and

loss relationship. This can be

(13)

23



olley 3esy d1jidadg YliM WNWiXel UOjIdUN] MO|4 @|q|Ssa4dwo) jo uojlejdep °9g @4nbjj

£ °01ivY LV3IH 214103dS

8l

L°1 9° ! g i g1 1| 21 i°1 0°1
Y T T T T Y T on°0
-154°0
(4e/°Nl 199 = d) N3IDOWLIN N
£
X)
Hel
-09°0 ~
N~
w
a
s
~469°0

09°0C



Regulator Mechanical Equations

The gas flow rate through the pressure regulator can be determined by
an equation such as Eq. (8). In this equation however, there appears
the quantity Ai which is the flow area of the regulator, i.e., the area
between the ball and the seat. By examination of Fig. (kL), it is
apparent that this seat area is a function of the position of the moving
assembly within the regulator. Indeed, this is the way in which the
regulator performs its function in the system, that is, the poppet
assembly moves in response to the reference pressure thus modulating
the seat flow area and hence the regulator flow. It is, therefore,
apparent that the position of the moving parts within the regulator
must be determined. This can be done by considering the moving mass
within the regulator to be a rigid body and writing its equation of
motion. It will be found that the position of the regulator and its
velocity are unique functions of the initial conditions and the time-

history of the sum of all forces acting on the moving assembly.

Examination of Fig. (L) shows that the moving mass consists of the
poppet assembly, including some portion of the pressure sensing element
or diaphragm, the mechanical linkage between the poppet and the ball
actuator, the ball actuator itself, and the ball. A number of forces
act at different points on this moving assembly. The most important
forces are, of course, that force exerted by the reference spring, and
that force opposing the reference spring force which is a result of

the reference pressure acting over the effective area of the pressure
sensing element. An ideal regulator would have only these forces
acting on the moving assembly. However, in any regulator there are a
number of other forces at play. All of these must be accounted for
when writing the equation of motion on the moving assembly. For example,

there are fictional forces at all points of sliding contact, such as
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between the ball actuator and the housing. Also, there are pressure
forces acting on.the ball actuator due to the difference in pressure
between the ¥olume downstream of the seat and the reference cavity.
There are also pressure forces acting on the ball due to the difference
between ball upstream pressure and ball downstream pressure. Finally,
the force exerted by the ball retaining spring also acts on the moving
assembly.

The equation of motion of the regulator moving assembly can be written
by equating the sum of all forces acting on the moving assembly to the
mass~-acceleration product. This is done in Eq. (14). In this equation
it has been assumed that all elements of the moving assembly move in '
unison. That is, unless the ball is actually resting on the seat, the
ball, actuator, lever and poppet assembly all move together. The
implications of this assumption will be discussed later. With this
assumption, there is a single position variable X, which is measured
from the position at which the ball is seated.

mX = Fo = A, (P, - P) - F_ sgn - BX-

(1k)

8 . ,
@ (B, + F,. + F, sen x-+ BX] UXX)

pr
Equation (1L) will now be discussed term by term. The first term on the
right hand side, Fs, is the force exerted by the reference spring. As
indicated by Eq. (15),this reference spring force can be a function of
both poppet position and poppet velocity. The position dependent term
is an expression of the spring characteristic curve. The velocity
dependent term is a means of accounting for hysteresis of the reference
spring.

F = F', (0 + (0 (15)

3
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The second term on the right hand side of Eq. (1lL) is the force exerted
on the pressure sensing element. Here Ae is the effective area of the
pressure sensing element. The third and fourth terms of Eq. (1l)
represent friction terms. The third term is Coulomb type friction,
i.e., a frictional force which is always constant and acting in a
direction opposite to the motion. The fourth term is a viscus friction

term, i.e., ordinary damping.

The bracketed terms in Eq. (1L) represent all forces which act on the
floating portion of the assembly, that is, the ball actuator, ball,
and lever arm. It will be noted that these forces are diminished by
the mechanical ratio of the lever arm. Also, this entire bracketed
expression is multiplied by the unit step function as defined in

Eq. (16).

UX) =1, X >0 (16)

This has the effect of applying these forces when the poppet is actually
supporting the ball actuator and ball, i.e., in normal operation, and
removing these forces when the ball comes to rest on the seat and the
ball actuator and poppet assembly are further retracted. The first

term within the bracket, Fbs’ is the ball spring force. Due to the
usual small travel of the ball, it is possible to represent this ball

spring force by a linear equation as expressed in Eq. (17).
Fbs - Fbso * kbs X (17)

The second term in the bracket Fpr represents pressure forces which act
upon the ball and upon the actuator, as indicated by Eq. (18).

Fpr = Ab (Pk_1 - Pk) + Ap (Pk - Pr) (18)

The third and fourth terms within'the bracket are friction terms which

are completely analogous to those discussed previously.
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The equation of motion as indicated in Eq. (1l4) considers the entire
moving assembly to be a rigid body except when the poppet is retracted
past the point where the ball rests on its seat. This is usually a
very good assumption, since common design practice must be to make the
ball-retaining spring of sufficient strength to always maintain the ball
in hard-contact with the ball actuator. A regulator designed otherwise
would give unsatisfactory performance, due to the ball floating, i.e.,
assuming a position bearing no relation to the pressure sensing element.
It will be noted that the ball pressure forces, during most operational
conditions, also tend to hold the ball firmly against the ball actuator.

The reference spring force, Fs’ as a function of the poppet position and
velocity, is among the most important parameters of a pressure regulator.
It is therefore important to give special attention to the representation
of this force. One method of representing this force is as indicated in
Eq. (15), where it is seen that the force is divided into two additive
components, one representing the function of position and the other
representing the function of velocity. The function of position is
simply the force-deflection characteristic of the spring, which can be
quite non-linear as is the case of a.Bellville-tjpe reference spring, or
can be linear. For any linear spring, or for any small motion in the
vicinity of linear regions of a non-linear spring, the function of
position can be represented as indicated in Eq. (19). The velocity
dependent term Fh in Bq.(15) is included to account for internal energy
losses within the spring, commonly referred to as hysteresis losses.

F' =F' -k X (19)
S
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A& typical spring characteristic curve showing the effect of hysteresis
is shown in Fig. (7). Several things may be observed from curves of
this type. First, it is notable that a closed figure is defined. The
ares within this figure represents a conversion ¢f mechanical energy to
heat, strain, or some other form of energy. That is, not all work done
in the compression of the spring is recovered during spring expansion.
It is also observed that at the points of maximum compression, i.e.,
where expansion begins, the exerted force drops to the lower return
curve. It is this characteristic that supports the assumption of the
hysteresis force as a function of velocity, since obviously the force
exerted by the reference spring changes as the velocity changes sign.
For this reason the characteristic curve, as shown in Fig. (7), is
conceived as the summation of a position dependent term and a velocity
dependent term as indicated in Eq. (15).

The position dependent term in Eq. (15) may be thought of as simply the
average of the compression and expansion force values at each point of
deflection. Then the hysteresis induced force is simply a quantity to

be ‘added during compression of the spring and subtracted during expansion
of the spring. Figure (8) shows a possible form for the hysteresis
portion of the reference spring force. The exact form of such a curve
could be determined by experiments in which the force exerted by the
spring during repeated expansion and compression was plotted as a
function of the velocity of the head of the spring testing machine. In
the absence of data from such an experiment, it is only possible to

somehow approximate this hysteresis curve, such as by a linear function.

It is notable that with this representation the hysteresis has the

effect of adding damping to the system. That is, the velocity dependent
term of the spring force equation is simply another linear term in ig

the coefficient of which is directly additive to other viscous damping of
moving assembly.
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It will be noted that the effect of the mechanical linkage or lever arm
in the regulator in Eq. (1L) is simply a multiplying factor on the forces
which act upon the portion of the moving assembly not ridgedly attached
to the poppet assembly. In regulators which do not have such a lever,
Eq. (1L) still applies and it is necessary to simply set the mechanical
ratio of the lever equal to one.

Equation (1L) is versatile enough to reflect most regulator designs
(single state regulator). For example, in a particular regulator,
certain terms may be thought insignificant, in which case the terms are
simply eliminated from Eq. (1h). As discussed above, any reference
spring characteristic can be included. Also, extraneous pressure forces
acting for example on the ball and the ball actuator can be accounted
for by modifications to Eq. (18).

Regulator Reference Cavity Equations

The reference cavity greatly influences'the dynamic operation of the
pressure regulator. It is only through the pressure in this cavity that
the regulator moving assembly responds. The pressure within this cavity
is effected by the system pressure to which its connecting orifice is
exposed, the size and geometry of this connecting orifice, and the

motion of the diaphragm or pressure sensing element itself.

The pressure within the reference cavity can be determined from an equation
such as Eq. (7). However, special conditions here indicate the use of

a modified version of this equation. Unlike other compressible volumes
within the system, this cavity does not have a thru~flow, and hence the
temperature within the cavity may generally be considered constant and
equal to the regulator housing temperature. Thus temperature ceases

to be & significant variable in the pressure equation for the reference
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cavity. However, the volume of this cavity is a variable, being linearly
related to the position of the pressure sensing element. By considering
temperature to be constant,and stored mass and cavity volume to be

variables, Eq. (7) can be linearized to yield Eq. (20):

P =p rwr + AVrn AX
T rnl—w av_ AX

™ (20)

where

AV = A AX (21)
™M e n

In this linearization, the pressure is the sum of its nominal value plus
increments due to changes in the stored mass and changes in the poppet
position. Ecuation (20) is derived from Eq. (7) by performing a Taylor
series expansion and keeping only the linear terms. Here A X répresent
changes in the poppet position from its nominal value. Subscript n
refers to the nominal values of each of these parameters. AV represents
the maximum change in the volume of the reference cavity due to motion
of the poppet, as indicated in Eq. (21). Z&Xn represents the difference
between the maximum value of the poppet position and the nominal value
of the poppet position. For convenience the change in poppet position
has been normalized by AXn.

In Eq. (20), W, is simply the integral of the flow rate thru the orifice
which connects the cavity to some point in the flow system. It is
determined by integration of Eq. (1), recognizing that there is no
outlet port, and that the flow through the inlet port is bidirectional.
This flow rate could be determined by an equation such as Eq. (8).
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However, by design, this orifice is generally sized such that the
pressure ratio across the orifice is nearly one. That is, the pressure
within the reference cavity is never largely different from the pressure
outside of that sensing port. 1In this case a simple flow rate equation,
as indicated in Eq. (22), can be employed.

3
n

r- % \/lpk‘prl sgn (Pk_Pr) (22)

where

K
T

(23)
2 A, ¢ P /T

In this equation, the compressibility of the medium is ignored and the

flow rate is simply proportional to the square root of the pressure
difference across the orifice. In order to make this flow rate bi-
directional it is necessary to take the absolute value of this pressure
difference before extracting the square root, and then use an algebraic sign
the same as that of the pressure difference. The constant of proportion-
ality is given by Eq. (23), which can be derived from Egs. (8), (9),

(10) and (11). Cr is the discharge coefficient for the reference orifice,
and ¢h is plotted in Fig. (6). A is the area of the reference orifice.

Regulator Flow Area

Equation (1L) defines the position of the regulator moving assembly as a
function of its initial position in the time history of all forces acting
upon this assembly. It is obvious from Fig. (L), that the flow area of
the regulator is a function of this position. This relation between

regulator flow area and poppet position is an easily-derivable function
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of the geometry of the ball in the seat in which it rests. This geom-
etry for a typical design is shown in Fig. (9). The throat area between
the ball and the seat as a function of the height of the ball off of the
seat, X, is given by Eq. (2L).

A = 21r (a/b) V1 - (/RZ X5 AL <AL (2L)
The usual small stroke of most regulator designs permits the use of this
linear equation. The mechanical ratic between the ball position and the
poppet position has been accounted for by the factor % in this ex-
pression. R is the radius of the ball and r is the radius of the bore
in which the ball rests.

For large opening of the regular seat, the primary restriction may oc-
cur at some point other than the seat itself. The most likely place
for this to happenvis in the annular area caused by the ball actuator
extending through the bore. For this reason, the actual relationship
between effective regulator flow area and the position of the poppet
might be as indicated in Fig. (10). 1In the linear portion, the con-
trolling area is that between the ball and the seat and is given by
Eq. (2L). However, when the area predicted by this relationship ap-
proaches the annular area between the ball actuator and the bore
‘diameter, the effective flow area reaches a limit. This may be ap-

proximated by a two segment curve as indicated in Fig. (10).

Liguid Flow Elements

Liquid-flow portions of the propulsion system require different mathe-
matical representations than the gaseous portions. The differences
arise due to the large difference in compressibility between the two
mediums. The two equations required are for flow rate through a liquid

line, and for pressure within a lumped volume.
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The dynamic equation for incompressible liquid flow can be found by
making a force balance on the fluid column. For example, flow between
a tank and a flexline storage volume i$ denoted by ﬁii’ and the fluid
column between these two points is the line length times its cross-

sectional area. The mass is therefore,

- (25)

The acceleration of the fluid column is,simply the time derivative of
the velocity. Forces acting on the column are the area times the
pressure difference and the frictional resistance; the latter depending
on the square of the velocity. From these considerations,

BLA v p (b - Ri?) (26)
g dt
C
Noting that
v = Ww/pA
it is found that
t 2
w = w(0) + A gc/L-/‘(AP - Rw?) dt (27)
(o]

This equation is applicable between any two points where there is no
storage. HNote that in the steady state the integrand is zero and the
familiar equation

AP = Ry (28)

is enforced.
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System storage can result from liquid compressibility and from felxibility
of the line walls. The model accounts for this at discrete points
corresponding to lumped volumes in the actual system. The pressure with-
in these lumped wvolumes can be found by noting that

dPy; By W (29)
dt ~ W .. dt
nLi

where PLi and Wii are the pressure and stored weight of liquid respectively
in the i-th volume. The factor Bi' is the effective bulk modulus of the

line filled with liquid. It is found from

1 1 1.25
?—:- = E + (T/B-E (30)

where
B = bulk modulus of liquid
t = 1line wall thickness
D = 1line diameter
E

= Young's modulus of line material

The derivation of this relationship is presented in Appendix II of
Ref. (L).

Noting that the stored weight is the integral of inflow minus outflow,
the final equation for pressure is

B', t
_ i . e
Py = / (Vg - Wpgep) 4t (31)
ni o

where'wni is the nominal stored weight in the line.
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It should be noted that there are other definitions of effective modulus
than that given by Eq. (30). The form used here is based upon an assump-
tion of longitudinal deformation being independent of circumferential de-
deformation. Reference (};) gives a more complete discussion of this
formulation.

It is felt that the secondary importance of the liquid flow system on
regulator performance does not warrant further improvements in this area.

Monopropellant Thrust Chamber Equations

In a monopropellant propulslon system the single propellant enters a
catalytic bed within the thrust chamber and decomposes exothermically.
This process is shown in the schematic diagram of the monopropellant
thrust chamber in Fig. (11).

In order to construct a model for study of the pressurization system of
such a propulsion system, it is nécessary to develop equations for the
thrust chamber pressure as a function of propellant flow rate. Consid-
erable simplification is in order, since the thrust chamber is only of

secondary importance to the performance of the pressurization system.

The dynamic equations of the thrust chamber can be found by making mass
and energy balances on the system shown in Fig. (11). It will be
assumed that:

(a) There is no mass storage in the catalyst bed.

(b) A1l heat of reaction is released in the catalyst bed.

(¢) Gas leaves the bed at the temperature of the bed.

Under the first assumption the gas flow rate out of the bed is always
equal to the liquid inflow, i.e.,

(32)
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where ﬁLi is the feed system flow rate. However, there is mass storage

in the chamber, and it is necessary to write
Wo = Po Ap Cnaxd/T (33)

where ¢ __ is given by Eq. (12).

It is recognized that Y and MW, in Eq. (12), are strong functions of
percent decomposition and weak functions of temperature (Ref. 6). How-
ever, for the purpose of this study, these will be considered as secondary

factors and Qmax will therefore be taken as a constant.

The instantaneous stored mass in the reaction chamber is then

t

W, = W_(0) +£ (o, - W) dt (1)

and the pressure, by the ideal gas law, is

P, =R T, W/V, (35)

It is now necessary to calculate the temperature, TC. By assumptions
(b) ana (c) above, all heat of decomposition is released in the bed.

An energy balance across the beu gives

a (36)
My Sy gt = Wpp Hpp - Wy He + Wy Hy

b1~



where HL2 and HC are the enthalpies of the liquid inflow and gas out-
flow respectively, and Hr is the heat of reaction. Note that this
equation also assumes a uniform temperature profile in the bed. Other-
wise it would be necessary to divide the bed into a number of axial
elements and write a series of equations similar to Eq. (36)*. It is

felt that Eq. (36) is sufficient for the purpose here.

Equation (36) can be further simplified by noting that in the steady
state,

Wo o =W, Ho+w, H =0 (37)

Further, by Eq. (32),
H,-H+H =0 (38)

Since it is the temperature which is desired, substituting

H = C_ T, (39)

into Eq. (33) gives
T = HL2 * Hr
c(ss) —
c (Lo)
where T is the steady-state exit gas temperature with the nominal
c(ss)

(design) flow rate and C. is the steady-state specific heat of the
decompoéition products. Involking assumption (c) and substituting this
relationship into Eq. (36) gives

L4

dlT  _ wC
_E% = - 8 (Tc(ss) - Tc) (L1)

b'b

#The steady-state axial temperature profile problem is discussed in
Ref. (3), Pg. 279.
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The steady-state temperature and specific heat of the decomposition
products can be obtained from Ref. (5). The bed mass and specific heat
capacity are characteristics of the design.

Bipropellant Thrust Chamber Equations

A bipropellant thrust chamber is a chamber in which the two propellants
mix and reaction takes place, developing a chamber pressure and temperature
which are functions of the propellant combination, mixture ratio,
propellant flow rates and chamber geometry. Insofar as the modeling of
the pressurization system is concerned, the bipropellant thrust chamber

is an element in which the downstream pressure of the propellant tank
outflow system is determined as a function of the propellant flow rates.
The equations developed here are simplified in accordance with this
limited requirement. It is not intended that these equations accurately
reflect all dynamic phenomena within an actual thrust chamber.

The fundamental equation for the pressure within the combustion chamber
is again Eq. (7). The stored mass in this equation, w, is now the
integral of the inflow rate of both propellants minus the outflow rate
of the combustion products. The temperature is the combustion temper-
ature of the propellants at the instantaneous mixture ratio, and the

volume is the volume of the combustion chamber.

In determining the instantaneous value of stored mass in the combustion
chamber for use in Eq. (7), the inlet flow rate is simply the sum of
the flow rates of both propellants. This is expressed in Eq. (L2). The
instantaneous value of each propellant flow rate is determined by the

flow equations for the feed system discussed previously

(L2)
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The chamber outflow is determined by an equation similar to Eq. (8).
The formulation of this equation as commonly found in discussions of
rocket thrust chambers is presented as Eq. (L43).

Woue = Po Ay 8./CH (L3)

%
In this equation A, is the throat area, Pc is the chamber pressure, and C~

is a function of tﬁe propellant combination, the mixture ratio, and

the chamber pressure. For the purpose here, the dependence of C* on
these factors will be ignored, and this quantity will be considered as
a constant. With these assumptions, the equation for chamber pressure

given as Eq. (LL) results.

RT .
Pc =5 /(wtot - Pc A, gC/C*) dt (L)
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SYSTEM MODELING

The equations developed above, in combination with the schematic for a
particular system, form the basis for-a mathematical model of any
pressure fed propulsion system, which is adequate for study of the
pressurization system and all of its components, including the pressure
regulator., These equations could be used directly for creating an

analog or digital computer model of any system. However, there is some-
thing to be gained by further operations on these generalized equations.
In going from the equations to the analog model it is always necessary to
scale the equations in order to achieve voltage amplitudes compatible
with the actual analog computer. In some instances time scaling is

also required in order to achieve reasonable solution time and adequate
representation of the dynamics of the system giving consideration to

the dynamic capabilities of the computer employed. In this section,

it is intended to take these generalized equations and perform a general-
ized scaling, which will be applicable for ény system and any analog
computer. This scaling method is equation normalization, in which each
system variable is normalized (divided by) its nominal value. The nominal

value of each parameter thus becomes a scaling factor for that variable.

The concept of a nominal value of each system variable is based upon the
existance of a steady state sclution to the entire set of equations at
some point in time. The nominal point at which this steady state solution
or system balance is performed is arbitrarily chosen at the start of the
burn period, when the propellant tanks are at their design pressuresa*
Thus, in terms of these normalized variables the "design conditions” of
system operation are characterized by a value of unity for all normaliied
system variables. The machine variables are then conveniently taken as
even multiple of these normalized variables.

# Actually, this is quasi-steady state, since conditions in the tanks
are slowly changing with time.
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It will be seen that the normalization results in the appearance of
certain dimensionless groups*br parameters which then characterize

the system. This characterization of the system by these dimension=-
less group has two distinct advantages. First, it generalizes the
results. That is, the results obtained by the solution of the equations
for a particular set of these dimensionless parameters represents the
solution of an extremely large number of geometrically similar physical
systems, with the only requirement being that they have equal values of
the dimensionless groups. Also, this system removes dimensional para-
meters such as, system pressures and thrust levels. A second advantage
of the normalization and the resulting dimensionless parameters is that
it is not necessary to explicitely specify the system details such as
the flow areas of restrictions. Instead of specifying actual flow
areas, it is simply necessary to specify the desired pressure schedule
at points in the system represented by the discrete compressible volume

lumps.

Equation Normalization and Scaling

A normalized variable is defined as the ratio of the actual instananeous
value of that variable to its nominal value. The nominal value of each
variable is defined by the simultaneous solution of the steady state
equations of the system at the beginning of the burn period. As an
example of equation normalization; consider the equation for the
pressure within a compressible volume as given by Eq. (7). Assume

that the compressibility factor and the gas constant for the medium

are constant. Then, denoting the normalized variable by an overbar, we
have that |

P, = Py/Pyp

W, =W M, | (L5)
Vi = ViV

T = Ty/Ty

# These groups are dimensionless if in an algebraic equation, or have
LLé}mits of reciprocal-time if in a differential equation.



By substituting the normalized variables defined in Eq. (L5) directly
into Eq. (7) we have the normalized equation for the normalized

pressure in the i-th compressible volume:

P. =W, T./V, (L6)

Note that if any of these quantities are constant, the corresponding
normalized variables are always equal to one and can be left out of

the normalized equation.

It will be noted in the above development that the constant terms cancel
one another due to the definition of the nominal or normalizing values,
So long as this set of nominal values represent a solution of the steady
state equations this procedure, applied to all equations of the system,
will produce a completely analogous set of dimensionless equations in
which all variables have a nominal value of one.

As another example, consider the equation for the instantaneous mass
within a compressible volume as given by Eq. (1). Note that the
nominal value of mass outflow is equal to the nominal value of the
mass inflow due to the definition of the nominal point as being a
steady state solution to the equations, i.e., the rate of change of

W, is equal to 0. Thus we have for the normalized version of Eq. (1),

aw,  fw s
ot AW Gy - W) (47)

in
In Eq. (L7) we see the appearance of the parameter “n . This parameter
in

has units of reciprocal seconds and is therefore similar to the inverse
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of & time constant. Thus, the typical compressible volume has a time
constant which is equal to the ratio of the nominal value of the stored

weight within the volume to the nominal flow rate through the volume.

In some equations with additive terms; the normalizing quantity is
different for each term. In this case each additive term in the
normelized equation has a different coefficient. An example is the
equation for the total flow rate in a bipropellant system, Eq. (L42).
When each of the variables in this equation is normalized by its own
nominal value there results Eq. (L8).

u
= _ n - 1 =
Ytot T <Lﬂﬁl> Wox T <1+un) Y (L8)

In deriving Bq. (L48) from Eq. (L2), use was made of the fact that the
nominal total flow rate is equal to the sum of the nomimal values of
the oxidizer and fuel flow rate. Also; use was made of the definition
of the nominal mixture ratio

u (L9)

n v"'oxn/‘;”i:‘n
In some cases, the normalization of a variable is not desirable. An
example of this is in the case of Egs. (8) thru (11). The compressible
flow function, ¢, is a function of pressure ratio which is identical
for all points of restriction in the gaseous flow portion of the system.
Since each of these points of restriction has a different nominal
pressure ratio; normalization of the ¢ function at all points would
produce a similar but different equation for ¢ in each case. In
building an analog model of the pressurization system, it is more
desirable to have a single @®- function which is applicable to all

points of restriction. This introduces the possibility of time-sharing
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of a single generation of the function. In order to achieve this benefit,
rather than a direct normalization of Eq. (8), it is preferable to leave

it in the form shown in Eq. (50).

P A o) (50)
W, =
i VG%;jI @(ain)

In this equation the pressure, area, and temperature are normalized
variables, but & is an unnormalized quantity, and a constant appears
in the donominator which is equal to the nominal value of the com-

pressible flow function = 9,

In order to use a common generation of the compressible flow function for
all points of restriction, it is also necessary to work in terms of
absolute pressure ratios rather than normalized pressure ratios. How=~
ever, since other equations involving the pressures require the use

of the normalized pressure variables, it is necessary to convert to

the absolute pressure ratio according to Eq. (51).

o = Py/Piy = 04 Pi/Pi (51)
Here the absolute pressure ratio is denoted by diwhich is equal to the
i-th pressure divided by the pressure immediately upstream of the i-th
pressure. This absolute pressure ratio is found by multiplying the
nominal pressure ratio by the ratio of the normalized pressure variables
as indicated in Eq. (5L).

In some cases the method of normalization described above, i.e., simply
dividing the actual variable by its nominal value;is not well suited

for problem simulation. One example of this is the case when the nominal
value of the system parameter is zero, such as in the case of the flow
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rate into the reference cavity, Eq. (21). In these cases, a convenient
alternative is to use the local value of a similar variable as the
qormalizing variable. In the case of the reference orifice flow rate,
the normalizing parameter is thus chosen as the nominal value of the

system pressurant flow, ﬁh’ Thus Eq. (21) normalizes to give

LW K\/q e L
wr=ﬁi=<rwn n)/lpk_prl sgn (Pk-Pr) (52)

Another example of a case where it is more convenient to chose a
different normalizing parameter is in the case of the poppet position.
The equation of motion of the poppet takes on a more convenient form

if the normalizing method for the position variable is as indicated

in Eq. (53).

X = —02 (53)

Here it is seen that the normalized position variable is the ratio of
the difference tetween X and its nominal value to the maximum value of
this difference. Thus, when the poppet is against its forward stop X
has the value of 1,and when the regulator is operating at the nominal
point, the position variable X is the value of 0. For poppet positions
less than the nominal value, for example, when the poppet is closed, X
has a negative value.

The normalization techniques described above can be applied to all system
equations previously developed. This results in a new set of equations
which are completely analogous to the basic equations which define the sys-
tem. Table I summarizes all of these equations as developed in their basic
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form, and also in their normalized form. The basic equation in each
case is denoted by the letter "a" and its number, and the normalized
version of the equation is denoted by the letter "b". The third form
of each equation shown there, denoted by the letter "c", represents the
scaled normalized equation suitable for analog computer mechanization.
The analog scaling is discussed in the nekt section. Scale factors for
the normalized variables are presented in Table II. Miscellaneous
formuli for the constants appearing in the equations of Table I are

presented in Table III.

Analog Scaling

If the normalized system equations are to be solved by means of an analog
computer, consideration must be given to the range expected for each
normalized variable and the allowable voltage range for the particular
analog computer. If the analog computer had an unlimited voltage range,
the normalized equations could be used directly and no further amplitude
scaling would be necessary. However, most analog computers have a
voltage range of £ 100 V or £ 10 V, depending upbn the machine. It is
therefore necessary to estimate the maximum value of each of the nor-
malized variables and multiply it by an appropriate factor so that the

voltage range will not be exceeded.

In pressurization systems it is found that system pressures seldom ex-
ceed their nominal values by more than the factor of 1.5, but that
system flowrates can often reach values as large as 7 or 8 times their
nominal values. Temperatures seldom exceed their nominal values. This
establishes a basis for amplitude scaling all of the variables in

most pressurization systems, as indicated in Table II1. Normalized
pressures are scaled by a factor of .5, normalized flow rates are
scaled by a factor of .1, and normalized temperatures are scaled by

a factor of .5. Thus an analog computer with a range of t 100 V

would have nominal values of pressure voltages equal to 50 V, which

would therefore allow pressures to reach a maximum of twice their
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nominal values without exceeding the machine voltage limits. Similarly,
flow rate voltages would be nominally 10 V with a possibility of going
to ten times this value without ezceeding the machine capability. For
analog computers with a range of 10V these nominal values would be
5V and 1 V respectively. This scaling method should be universally
applicable for any pressurization system and any analog computer.

Table I shows the amplitude-scaled, normalized equations, along with
the basic and normalized forms.

Depending upon the particular system under consideration and the dynamic
capabilities of the particular analog computer employed, it may be
necessary to time scale the model in addition to the amplitude scaling
discussed above. The subject of time scaling in analog modeling can

be approached from at least two different viewpoints, the relative
merits of each being evaluated differently by each different programmer.
These methods are discussed in Ref. (6). One of these methods is to
introduce a nondimensional time variable, defined as the ratio of real
time to & convenient time scale factor. The introduction of this new
time variable changes the numerical value of the coefficients in all
differential egquations of the problem. The second method is to approach
the analog computer with the equations and coefficients as derived and
simply acknowledge the desired time scale by the gains patched

for each integrator in the problem. The difference in the two methods
is purely in the viewpoint assumed by the programmer. There is how-
ever & slight advantage for the second method, which is commonly

called "machine time scaling,® in that it is completely compatible

with the automatic time scale feature of many analog computers. This
advantage is appreciated to the fullest degree when it becomes necessary
to change the time scaling at some point during the analysis. In the
first method; a change in time scale requires a change in the formulas
used for calculation of potentiometer settings, whereas with the second



method it is simply necessary to change the capacitors of the integrators
on the computer, which on many machines is possible with a single control
relay. For this reason, the machine time scaling method is recommended.

It will be noted in Tabel I that certain groups of parameters, consisting
of the nominal values of the system variables and properties, occur in
many of the formulas. For example, the time constants of compressible
volume, &hfﬁhn, occurs in Eqs.(1) and (2) of Table I. In some cases

the method of calculation of these parameters is evident from the
equations as shown in Table I. In other instances it was found cumber-
some to include.a more detailed formulae for the coefficients of the
equations. For this reason, Table III presents a summary of miscellaneous
formuli that will be found useful in calculations of the constants in the
equations of Table I.

Determination of System Parameters

The coefficients of the scaled, normalized equations as shown in Table I
correspond directly to the coefficient potentiometer settings for the
analog computer model. Thus numerical values for each of these coeffi-
cients for the system under consideration must be calculated before the
analog model can be completed. It is only the value of these coefficients
which distinguish the model for one physical system from that of another
geometricélly similar system.

The system coefficients or potentiometer settings can be grouped into
three basic areas. These are system pressures, i.e., the pressure
schedule through the actual system, flow system time constants, and
regulator characteristics. Pressure ratios are required for coeffi=
cients whenever the flow equations are applied. It will be noted that
it is the pressure ratio across each flow device which is important
rather than the actual pressure level. The time constants for each
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compressible volume in the system are determined by the nominal pressure
and flow rate and that portion of the system divided by the nominal stored
weight of pressurant in the particular volume. By use of the ideal gas

law, Eq. (7), this time constant can be expressed as

= =W RT g z/P. V.
in n n “c in "1in (5)4)

It is seen that these coefficients have units of reciprical seconds.

It is thus seen that the flow rate through flow restriction devices and .the
pressure within the lumped compressible volumes are completely determined
by specification of system pressures, nominal flow rate and pressurant
properties, and that system geometry enters only in the volume factor in
the demoninator of the time constant expression. This gives some insight
into the way in which systems of this type can be scaled from one thrust
level to another. First, if two systems of different thrust levels are
compared it is seen that if pressure ratios are the same for both
systems, the representation of the flow devices remains unchanged. The
time constants vary as the ratio of nominal pressurant flow rate to the
volume of the localized compressibilities. It is notable, however, that
if the velocity of the pressurant in the flow lines is maintained as a
constant design parameter between the two systems of different thrusts,
then the ratio of pressurant flow rate to volume varies only with the
length of the pressurization lines. It is, therefore, to be expected
that system pressures (actually system pressure ratios across flow
devices) are much more important design variables than system thrust.
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TABLE I
SUMMARY OF GENERALIZED EQUATIONS
a) Basic equation, b) Normalized form, c¢) Scaled normalized form

Stored mass within i-th volume

W, =W, (o) + f(wi -, ) dt (1a)
W, = W.(0) + - f(wi - W, dt (1b)
[.5 ] [.5 W (0©)] + 5 _——>-/t 1w 1-1. 1w1+1]) dt (1c)

Temperature within i-th volume

=)
1}

;= Ty (0 {(YTi_l—Ti)v'vi—(Y-l)Tiwi+1—PiwLi/pLCV + Qj/CV}/Wi dt (2a)

=
i

=T, (0) + >/{(yT T W -(-1) TR - (v-1) P

1

(y- l)Q

<w RT_ (2b)
[ST] [5T(o)] % >/[10{(2Y[5T ]-2[5T]){1w]

- 2(y-1)[. 5T 11w, ] - 2(y-1)[.5ﬁi][.1w‘u]

1+1

2(y-1)Q.
+ (‘W;_R'T—ﬂ> [.5Q. ]}]/[ 5w ] dt (2¢)

Instantaneous compressible volume

Vi = V(o) + wai/pL dt (3a)
W W
V. =V, (0) + (pL\lff‘ >f Wy idt = T, (o) + <Wn—> W s dt  (3b)
L in in
[.05V.]1 = [.05V. (0)] + & ' [.1w,.] dt 3
A0SV, 1= 1,05V, (o) + 5 W f'wLi (3¢)
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TABLE I (Continued)

Pressure within i-th volume

P, = ZRW,T./V, (4a)
B, = W,T,/T, (4b)
(57, =[t.0sw,1/1.057,1] [.5T,) (4c)

Gas flow rate through i-th orifice device

Wy o= GiPi Ay 0 (O‘i)/\/ Ti1 (52)
W =P A0 (“i}/%¢(“in)v T;.p) (5b)
[0] = {[.5F;_ 10.1a,1/0.5VT, ;11 () /¢ (e, ) (5¢)

Pressure ratio

a, = P./P, 4 (6a)
o = %, Py/Py (6b)
[.Soti] = (.50, ) [.5'1?1]/[.5?1_1] (6¢)
Compressible flow function
6=2¢ (@ a-an¥? a5
(7a)
= ¢m ; o< .5
6 =46 (Ise] (.5-[.501)%2 ;5 [.50] > .25
) (7¢)
= ¢ ; [.50] < .25
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TABLE I (Continued)

Laminar-flow filter flow rate

=
|

1= KiPig (Pyg - PyI/RTy (82)

Q.
= 5 1 = in = =
Wi =P <Tia— Piil ™ T, Pi>/ri—1 (8b)
in in

a.
[.19;] = l.z[.si’i_ll (T_—él—; [.5P, 1 - 35— [.sﬁi]>]/[.sfi_1] (8¢c)

in

Reference cavity pressure

AV N
P.=P_ (W/W_ +< VZ) AX/AX ) (9a)
Po=W_ + | X (9b)
m
_ B W
[.spr] = [.swr] + Tr; [.5X] (9¢)

Reference orifice flow rate

W= K \/'|_p;-pr| sgn (P -P_) (10a)
Wr = (Kr,/Pkn/Wn) Vv l“ﬁk-Frl sgn (Fk-‘p‘r) (10b)
[.5%) =VK_[.5P,] - k_ [.57,] sgn ([.57,] - [.5P,)) (10¢)

¥
(Kr is defined in Table III)

Regulator flow area

- 2 .
A = 2mr (a/b) V1-(r/R)" X 5 AL <A (11a)
A =1+ (8X /X)X s AL <A JAL (11b)
[.lAs] =1+ (2 X /X)) [.5X] ; [.lAs] < .lAsmax/Asn (11c)
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TABLE I (Continued)

Regulator equation of motion

mk = F_ - A (P-P) - Fy sgnX- BX
a . .
- @ [Fbs + Fp + Foy sgn X + B2X] U (x) (12a)
. an T Aeprn 7 o+ Aepa _ FCI s )—( _ _B_l_-)—(—
X mAX_ s~ TmAX_ 'r = mAX mAx_ S8 m
m m m m
F F F B X
a bsn = Prn = Cc2 2 = n
- l:mAXm bs * WA Tpr *max_ SEm Xt X U(’“Ki) (12b)

Bl [ ——] a | bsn ] FPrn =
“\m X1 - (l—)—) “mAX [. SF * mAX ['SFPI‘]
F B . X
+ l(mAX) sgn [. S—j <—IZH> [.5X] l « U ([.5X] + ;—(ﬁ-)) (12¢)

Linear reference spring

Fg = F - kX (13a)
_ kAXY
Fg=1- ( T X (13b)
sn
_ k AX
[.SFS] = .5 - ( - > [.5X] (13c)
sn

Fbs = Fbso + kbx (14a)
— kbAX —
Fbs = 1 + Fb X (14b)
sn
_ kpAX
[.5F,_ 1= .5+ [.5X] (14¢)
bs F
bsn
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TABLE I (Continued)

Regulator pressure forces

Fpe = Ay (g = P+ A (P - P) (152)
(e—l)ak €0,

— 1 — - k) =

Fpr = (F&;) Pe-1 (’T&k—“) Py - (l—oak> Pr (15b)

(e-1) €
[.5Fp ] = <1—é-k~> [.5P, ;1 + (T%) [.5P ] - <1_z>[.sb‘r] (15¢)

Total pressurant flow rate for bipropellant system

wj = wj+1,X + wj+1,F (16a)
u :
- v - {1 -
Wy = <?:a“> Mie1,x <TIﬁ_> Mie1,F (16b)
v Y
- My 1
[.1Wj] = m‘; [ 1WJ+1 X] + (1.’_—“1‘- [ le"'l F] (16C)
Pressure in liquid line
Pri = PLio) * j(le " Wpgep) dt (17a)
'l
= = BiWLn -
Pri *PLico) "W .o f(WLi - W) 4t (170)
Lin Lin

_ _ 5B1wLn
['SpLi] = ['SPLi(o)] +

Flow rate through liquid line

>j Lo, 1 - [ 1wL1+1])dt (17¢)

L1n Lin

Aigc 2
M T Vo) Y I [(PiL " Piaan - R ) de (18a)

Li Li(o) LiwLn l—uLi iL l-aLi' 1+1L L1

A.g AP. o .\
= T i®c 1 1 L 5
L5031 =050, o)1+ < Lo )f{(l-uh>[ 5Py 1 (l—al.>['spi+1L]

L1

-2 ['SW—Li]ZE dt (18¢)
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TABIE I (CONTINUED)

Monopropellant thrust chamber out-flow

W = PCAtcbm/\/"ITc (19a)
W, = Ec/\/?c (19b)
[.5%1 = .5 [.5P_1/[.8/T_] (19¢).

Stored mass in monopropellant thrust chamber

W, = W_(0) + f(win - W) dt (20a)
W ]
W= W (o) + (-Wl‘ﬂ j Gy, - W) dt (20b)
¢ \"en
[.5W.] = [.5W_(0)] + YEP- f([ 5w. ] - [.5w_]) dt (20¢)
e c ch *“7in o}

‘Monopropellant thrust chamber pressure

P, = RTN/V, (21a)
FC = TCWC (21b)
[.sﬁc] = 2 [.sT‘C][.SWC] (21¢)

Monopropellant thrust chamber temperature

T =T (o) + (WT“C°> f(T ST ) dt (22a)

c c mbC SS c

_ _ W

Tc = TcGo) + < mbC > ./-(1 -T ) dt (22b)
w

[ST] [5T (0)] + “‘bC f(s-[ST]dt (22¢)
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TABLE I (CONCLUDED)

Bipropellant thrust chamber in-flow

tot oX f

W =(““>W > 1>v'_v_
tot 1+un ox 1+ “n f

= _ un = 1 hond
[.Swtot] = T'-"-U: ['SWOX] + 'i:q [.5wf]

Bipropellant thrust chamber pressure

RcTc Atgc
P. = VC ./.(wtot T T Pc) de
. RcTcwtot,n IPV(W ] Atgc ) dt
c PchC . tot c* c
RTw A g

51 . € c tot,n = _ _tc

['Spc] TPV jﬂ(['swtot] c*
cn c

[.SFC]) dt

(23a)
(23b)

(23c)

(24a)

(24b)

(24c¢) ‘
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TABLE II

SCALE FACTORS FOR WORMALIZED VARIABLES

Symbol Quantity Scale Factor
A Area .1
F Force 5
P Pressure 5
Q Heat flow rate .5
T Temperature .5
i Volume .05
W Stored mass .5
W Mass flow rate .1
X Poppet position .5
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TABLE 111
MISCELLANEOUS FORMULI FOR PROBLEM CONSTANTS

Time constants for compressible volumes (Egs. (1), (23), Table TI)

W ) w RT Zg, sec_l
Ws TPV,
in in "in

Gas constant:

R = R /MW in/°R

Rate-of-Expulsion time constants (Eq. (3), Table I)

Yiin Yn -1
v = W—_ secC
pL in in

This relationship derives from the requirement that volumetric gas

flow must equal volumetric liquid flow during nominal conditions.

Maximum value of compressible flow function (Eq. (7), Table I)
1/2(y+1/v-1)

1/2
d = z.g_c. __._2_ °R1/2 sec_1
m | R (y + 1)

Plotted vs vy in Fig. (6).
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TABLE III (cont'd)

Volume coefficient for reference pressure (Eg. (9), Table I)

Avrm ) Vrm - Vrn ) Ae (Xm - Xn)
\ - Vv - \)
™ ™m ™m
Vrn = nominal reference cavity volume

Proportionality constant for reference orifice (Eq. (10), Table I)

. 2
2 Cr Ar Pkn
Kt = 20 —_— (dimensionless)

Seat flow area vs poppet position (Eq. (11), Table I)

Nominal seat flow area (Eq. (11), Table I)

- VGIfo; in 2
en CS Pk~1 @m
Nominal pressurant flow rate (all Egs.)

P . w P, W

. oxnh ~oxn fn "fn
W= — + 1b/sec
n R T&npox R Tn Pe

oxn, an = tank nominal pressures
woxn, We = propellant nominal flowrates

o p _ , L

ox’ £ = propellant densities

Nominal Poppet Position (Eq. 11, Table 1)

X =

sn .
== 1N,
D gar (a/0)V1 - (2/R)°
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TABLE III {cont'd)
Poppet - ball pressure force (Eg.(15), Table I)
e = Ap/hy

Poppet area

Ball seat (bore) hole area

Volumetric mixture ratio (Eg. (16), Table I)

pv = pf wox/pox wf

Liquid Effective compressibility (Eq. (17), Table I)

i1, 1.2

B! B (t/D)E
B = liquid bulk modulus
t = wall thickness of line
D = diameter of line

E = Young®s modulus for line material
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APPLICATION AND VERIFICATION

The generalized methods developed in the previous section find appli-
cation wherever it is necessary to perform dynamic analysis of pressure-~
fed propulsion systems. There are many instances when such an analysis

is desirable or necessary. One of these is the case where it is desired
to perform preliminary analyses of propulsion systems which are yet to

be designed. Due to the normalization of the equations and the resulting
description of the system in terms of dimensionless groups, it is possible
to proceed with such a preliminary analysis of a planned propulsion system
well in advance of firm hardware designs. Once the general schematic of
the desired system is specified, the model can be constructed and the
various constants required in the model can be treated parametrically.

For this type of an application, the approach is to vary each of these
constants in a systematic way so as to determine the value of each
parameter required to produce the desired dynamic and steady-state
performance of the final system. Once the desired performance has been
achieved, these dimensionless parameters can be used to calculate actual
hardware sizes necessary to achieve that performance in the real system.

Another application of the method is in the case when it is desired to
provide analytical support for the design effort during the development
of a new propulsion system. In this case the model is developed for
some base-line schematic and set of parameters, with the thought that
as the design advances the effects of each and every design change can
be readily evaluated by slight modifications to the model.

Still another application is the case where an existing system exhibits
performance which is abnormal or otherwise undesirable, and it is desired
to determine the causative factors. In this case the schematic of the

system is well known, and also since all physical dimensions are
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established, all of the model parameters can be calculated. Assum=
ing that there have been no gross oversights in the construction of
the lumped-parameter model from the system schematic, the model will
exhibit the same abnormal performance characteristics as the real
system. It is then possible to vary the parameters which are suspect
and determine the changes which are required in order to achieve the
desired performance. Once the factors have been determined, it is a
simple matter to make corresponding changes in the actual system
schematic or parameters in order to achieve the desired performance

in the actual system.

In this section it is shown how the previously developed generalized
methods are applied to actual systems, with objectives similar to

those described above. The Mariner Mars '69 and Mariner Mars ‘71
midcourse propulsion systems were chosen as candidate systems in order
to demonstrate the techniques employed. Using these systems as ex=
amples also permits verification of the analytical techniques employed.
This verification is accomplished by comparison of the model results
with actual test data previously obtained for these propulsion systems,
and various test systems which were devised to simulate the actual pro-
pulsion systems. The correlation obtained as the result of these
comparisons validates the approach taken, and lends considerable con-
fidence in analytical results which might be generated in the analysis

of future propulsion systems using these same techniques.
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MARINER MARS '69 SYSTEM APPLICATION

Systems Considered

The Mariner Mars '69 midcourse correction-propulsion‘system is a mono-
propellant system using hydrazine as the propellant, and nitrogen as
the préssura.n’bo A model schematic representing this propulsion system
is shown in Fig. (12a). The pressure regulator employed in this
system is shown in Fig. (13). Figures (12b) and {18c) represent test
systems in which the regulator of Fig. (13) has been tested; all three
of these systems have been modeled. The two test systems were modeled
in order to permit correlation between model and test results. The
propulsion system itself was modeled in order to permit parametric

studies to be carried out.

Development of Equations

Regulator. The MM'69 regulator shown in Fig. (13) consists of a gas
flow system and an interacting mechanical system, i.e., the poppet.

The dynamic model of the regulator can be obtained by developing a
model of each of these systems separately, and joining them by coupling
variables.

The gas flow system can be represented by a series of compressible volumes
separated by localized restrictions. In the MM'69 regulator, the only
significant points of restriction are the filter and the seat, and there-
fore the models shown in Fig. (12) are representative.¥* Here the volume V3
represents the‘volume between the filter and seat. The Volume Vh repre~
sents the volume within the regulator downstream of the seat, plus that

of the outlet tube to the next point of restriction.

# At points other than the seat, gas velocities in the regulator are
low. The annular region downstream of the seat represents the next
most important point of restriction, and amounts to about 1.3 psi at
nominal flow conditions.
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The pressures and temperatures at the lumped volume or nodal points can
be determined from the equations of conservation of mass and energy.
The flow rate between nodal points can be determined by a flow equation
as indicated by experimental data. Data for the filter, for example,
indicate that laminar flow exists and the flow rate is related to
pressure by Eq. (8) of Table I.

Flow rate through the seat follows the compressible flow orifice equation,
Eq. (5) of Table I. In this equation Ch is the discharge coefficient, which
can be assumed to be constant due to the small changes in ball position.

The factor @ is a function of upstream and downstream pressure given approxi-
mately by Eq. (7) of Table I.

The stored weight of gas in the lumped volumes is found from the con-
servation of mass equation, Eq. (1) of Table I. The same equation is
applicable for the stored weight downstream of the seat,'wh, The temper-
ature within each lumped volume can be calculated from the conservation
of energy. Assuming perfect gas behavior and an adiabatic process, this
is represented as Eq. (2) of Table I. Once the stored weight and
temperature within each volume have been determined, the local pressure
can be calculated from the perfect gas law, Eq. (L) of Table I.

The lumped parameter model of the gas flow equations for the MM'69 regulator
does not have a separate volume representing the diaphragm cavity. An
early model included the diaphragm cavity and accounted for flow in and

out through the provided passages. However, due to the large flow

areas of the passages, the pressure difference between the cavity and

the reference volume was found to be negligible (less than 1 psi) even
during high-frequency oscillation of the diaghragm. The model was there-
fore simplified to that shown in Fig. (12) by elimination of the diaphragm
cavity. In this model the diaphragm pressure is assumed to be the pressure
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immedistely downstream of the seat, Pre It is notable that if the
passages to the diaphragm cavity were smaller, this simplification would
not be possible.

The mechanical system consists of the poppet diagrahm, spring assembly,
and ball. The forces acting on the poppet are the disphragm pressure
force, the balancing spring force, and the force transmitted through
the ball. The sum of these forces determine the instantaneous acceler-
ation, integration of which yields the velocity and position. Position
of the poppet is limited by mechanical stops, and that of the ball by
the seat.

If it is assumed that the ball follows the poppet perfectly, there is
only one equation of motion. Assuming a position variable ¥ which is
positive as the ball is lifted from its seat, the equation of motion
is given by Eq. (12) of Table I. In this equation Fs is the reference
spring force, which is a function of spring deflection and rate of
change of deflection. The dependence on rate of change is indicated
by the hysteresis of the experimental force~deflection curve. The
second term is the diaphragm pressure force, which is the effective
area times the pressure difference across the diaphragm. A damping
term, Bii, is included, although the coefficient is not easily deter-
mined and will most likely be small. The force transmitted through the
ball is the sum of the ball retaining spring force and the pressure
forces which act on the ball, Fbs and Fpr respectively. The function
U(X) is a unit step function which removes the ball forces from the

poppet when the ball is resting on the seat.

A typical poppet spring force characteristic is shown in Fig. (1h). The
non-linear characteristic derives from the fact that the assembly con-

tains a number of Belleville springs. The hysteresis exhibited in the
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Figure 14. Typical Reference Spring Characteristics for MM %69 Regulator
(S/N 001 Spring Assembly with S/N 6 Spring Removed)
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characteristic represents an irreversible conversion of mechanical
energy to internal energy in the spring material. The characteristic
can be approximated, including the hysteresis, by considering the

force to be the sum of two terms, one dependent only on deflection and
the other dependent only on velocity, is indicated by Eq. (15) developed
in Section I. The deflection function must be assumed to be the mean
curve in the absence of contrary evidence. Ideally, one could generate
Fs'(X) by measuring steady-state forces, as opposed to the curves in
Fig. (1L) which were generated at a finite velocity. Using the mean
curve for Fs'(x), the velocity-dependent term Fh(i) is then an odd
function. A function which fits the available data is shown in Fig. (8).
This function is based upon the observed height of the hysteresis of

z 15 pounds and the given head speed of the tester of 0.05 in/min. It
assumes that the height of the hysteresis loop has reached its maximum
at this velocity. It is notable that for small changes in

poppet velocity, this representation of hysteresis amounts to extremely
high damping. Also, if poppet motion is reduced to zero gradually; as
in the case of a spring tester, there is a smooth convergence to the

steady-state curve, as is suggested in Fig. (1hL).

The spring deflection,(§ s 1s the sum of the deflection of each end.
Noting that the poppet position coordinate, ¥, is positive in the

opening direction, the total spring deflection is then

5=6-x

where (50 is the deflection effected by rotation of the adjustment cap.
This equation permits the set point to be variable parameter in the
model.
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The effective diaphragm aree is less than the total area since the outer
edge is constrained. The effective area of the diaphragm to be used in
Eq. (12) of Table I can be determined by equating the work done by the
gas moving into the elemental volume caused by an elemental change in X
to the work done moving the resisting force through the elemental change
in X.

That is,

(P, - ) dV = A (P, -P,) a&X

It is seen then that

_av
A= a3

By careful calculations using the regulator dimensions and assuming the
diaphragm to deflect in the shape of a cone, it can be shown that Ae =
1.665 in°.

The ball retaining spring is a Belleville~-type spring with deep cut-outs
around the outer circumference, making it star-shaped. In its nominal
position it is compressed beyond its flat position. In the absence of
actual force~deflection data for this spring, and in view of the small
range in ball movement, the ball spring force is approximated by the
linear equation given as Eq. (1L) of Table I.

Pressure forces acting on the ball are also transmitted to the poppet
when the ball is not on the seat. The pressure force on the ball can
be estimated by considering the geometry of the constriction of flow be-
tween the ball and the seat. This is shown at 100 times actual size in

Fig. (9). Due to the small size of the flow passage relative to the ball

76



and bore diameters, it is apparent that the downstream static pressure, Ph’
acts on the ball over the entire bore diameter. The corresponding area
on the upstream side of the ball is acted upon by the upstream static

pressure; Ps.

Therefore the ball pressure force is

Fpr = Ab (P3 - Ph)

This equation is obtained by elimination of the second term of Eq. (15)
of Table I. At nominal conditions, i.e., with PS = 3570 and Pr = 308 psia,
F__ = 15.65 pounds. This is approximately 3 percent of the nominal force

pr
applied to the poppet by the poppet spring.

Equations discussed above are sufficient to compute ball and poppet

position as a function of time, provided that there is always contact
pressure between the poppet and ball. Due to the high pressure force

on the ball and the low mass of the ball, this will most likely be

the case when upstream pressure is high. When upstream pressure drops,

the pressure force falls to nearly zero, leaving the ball with only its
retaining spring to hold it firmly against the poppet. Under these
conditions the ball might "float" at high frequencies of poppet motion.

The model as presented herein will not reflect this phenomenon, o further
investigation may be required if indicated by ¢omparisons with the test data.

Flow Bench System. The flow bench test system for the Mariner Mars 769

pressure regulator, as shown in Fig. (12a), was modeled by repeated

application of the elemental equations developed in the previous
section and summarized in Table I. For example, the pressure and
temperature within the pressurant tank are described by Egs (1), (2),
and (L) of Table I. The pressure in each of the lumped volumes, which
represent the volume of the feed system between the lumped restrictions,
are all represented by Eq. (L).
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It is notable that in this test system there is no propellant tank and,
therefore, the expulsion term in Eq. (1) and the work term in Eq. (2)

of Table I were not employed in this model.

Flow-through valves and orifices were represented by Egs. (5) and (7)
of Table I. The system filter for the flow bench sei-up was found to
result in insignificant pressure drop, and was, therefore, eliminated
from the model.

A summary of the equations and constants utilized for the simulation of
the low bench system is presented in appendix A, the derivation of the
dynamic temperature equation [Eq. (2) of Table I)/ and analog computer
diagrams are also included.

Water Expulsion System. The second test system in which the Mariner Mars

169 pressure regulator was tested is shown schematically in Fig. (12c).

A model of this system was also developed. Due to the similarities in

the schematics upstream of the accumulator, the model of the water ex-
pulsion test system was based upon the flow bench model discussed above.

It was only necessary to include the expulsion and work terms in equa-
tions for temperature and stored mass in order to account for the variable
volume of the propellant tank as opposed to the constant volume accumulator
in the flow bench model. It was also necessary to replace the gas flow
elements downstream of the accumulator by a liquid flow system as indi=-
cated in Fig. (12c).

The water expulsion test system; liquid portion, consists physically of
a start valve, calibration orifice; and line within an environmental
chamber. This system was connected to a point outside of the environ-
mental chamber by means of a flex line. The flow then passed through a
flowmeter, a valve and an additional length of line outside of the test
chamber. The model, shown in schematic form in Fig. (12c), represents
this system as a single lumped resistance immediately downstream of the

tank, a compressible volume representing the flex line, and ancther
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lumped resistance downstream of the flex line. The lumped resistances
to the flow are represented by Eq. (18) of Table I. Pressure within the
flex line is represented by Eq. (17) of Table I.

The equations and constants used to simulate the water expulsion system
are summarized in appendix A, along with the deviation of the effective

bulk modulus relationship and the analog computer diagrams.

Mariner Mars '69 Propulsion System. The propulsion system represented

by the schematic in Fig. (12a) was also modeled. It is apparent by com-
parison with the water expulsion system model in Fig. (12c) that the
propulsion system can be represented by essentially the same model as the
water expulsion system. It is only necessary to add the equations for the
thrust chamber. This similarity is to be expected, since the water ex-

pulsion model was designed to simulate the actual propulsion system.

The thrust chamber affects the rest of the propulsion system by creating
a relationship between pressure and flow rate at the terminal of the
liquid system. In the water expulsion system, the exit of the liquid
flow system was always exposed to ambient pressure, whereas in the thrust
chamber the feed system is exposed to chamber preésure, which is a func-
tion of flow rate and temperature of the thrust chamber. The model must
therefore include equations representing the pressure, within the thrust
chamber. The temperature within the thrust chamber is an intermediate

quantity affecting this pressure.

Eq. (22) of Table I was used to calculate the temperature of the decom-
position products within the thrust chamber. Eq. (21) was then used to
‘represent the actual pressure within the thrust chamber. These equations
were incorporated with the previously developed water expulsion system,
yielding the model of the propulsion system. The details of this model
are summarized in appendix A.

Analog Model. Analog models were constructed for each of the three

Mariner Mars '69 systems described above. These models were constructed
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on the Applied Dynamics AD-256 analog computer in the Analog Simulation
Facility at the Rocketdyne Canoga Park plant. These computers employ bi-
polar amplifiers, solid-state quarter-square multipliers, and offer a
large number of logical functions. This computer is tied into a Digital
Equipment Corporation PDP-8 digital computer, which is employed for auto-

matic coefficient setting and automatic read-out.

Amplitude scaling for the analog model was according to the method disg-
cussed in Section I and shown in Table II. The computer has an automatic
time scaling feature, so that the problem solution could be easily changed

from real time to 10 or 100 to 1 time scaling.
The analog diagrams for these models are given in appendix A,

The only difficulty encountered in the development of the analog model from
the previously developed equations was due to the large difference in the
time constants of several of the dynamic elements of the system. For ex~
ample, the pressurant storage tank is large enough to operate the system
for a 90 second period, while the poppet assembly of the regulator is ex=-
tremely light and is acted upon by large forces, causing the regulator
poppet to move stop-to-stop in far less than a millisecond. When dynamic
elements with responses as widely separated as this are incorporated in the
same analog model, the integrator gain for the faster element must be near
the maximum permitted by the machine; while that for the slower element
must have the minimum gain. The slowing=down of the problem solution time
reduces the required gain for the fast integrator, but at the same time
reduces the required gain at the slow integrator. When the slow element

is so slow that the required gain is much less than 1, errors are intro-
duced due to the inability to set coefficient potentiometers accurately
beyond the third decimal place. In the Mariner '69 system, the differ-
ences in these responses were such that the full range could just

barely be accommodated.
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One solution to the problem caused by wide differences in element
responses is to consider two modes of model operation. For example,

if the transients associated with regulator poppet motion are of
interest; the problem should be time scaled 10 or perhaps 100 to 1 so
that the dynamics of this element can be accurately represented. How=-
ever, at this timescale the gain of the integrators for the larger volume
elements are so small tha£ the upstream pressures are essentially constant.
This time scale is entirely unsuitable for simulation of an entire burn-
period, since the inability to set the required small gains introduces
inaccuracies, and also at this timescaling a solution time would be too
long. Therefore, the second mode of operation of the model would be

when it is desired to observe the entire burn period. In this case the
model should be run in real time, and if necessary sacrifice dynamic
accuracy of the faster elements. This sacrifice of this dynamic accuracy
should not introduce any inaccuracies in the slower dynamics of the
system. However, in this mode it is not possible to make any judgments
about the dynamics of the faster elements. For example, it is not
possible to predict stability of the higher frequency modes from data
obtained from the model in which the high frequency accuracy has been

sacrificed.

In the Mariner669 system a time scale of 10 to 1 was a compromise which
permitted a reasonable solution time and a sufficiently accurate repre-
sentation of both low and high frequency system dynamics. For this
reason most of the data generated for the Mariner969 system was at 10

to 1 time scaling.

Another difficult encounter in the analog mechanization of the system
model was due to the extremely 1ow‘pressure drop across ons of the

system flow elements. It is evident from the compressible flow function
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shown in Fig. (5) that when the pressure ratio across a flow element

is nearly 1, the rate of change of flow with respect to pressure ratio
approaches infinity. On the analog computer, this situation translates
into dynamic loops having extremely high gains, and for pressure ratios
close enough to 1, can challange the stability limits of the analog
computer itself, This is particularly true when the compressible flow
function is timeshared at several points in the model by means of the
multiplexing methods. The multiplexing method (see appendix A) works well.
only so long as the required value of the generated function does not
change greatly between sampling intervials. Operation too close to the
pressure ratio of 1 on the curve of Fig. (5) can invalidate this assump-
tion, It is, therefore, necessary to use extreme caution in representing
flow devices of extremely low pressure drops. Devices in the physical
system which have extremely low pressure drops are best omitted entirely
rather than attempting to operate at pressure ratios above .995.

In the Mariner '69 system the start valves at the exit of the pressurant
tank have extremely low pressure ratios due to the large flow area, low
flow rate and high pressure in this region. TYet they could not be omitted
since it was desired to be able to control flow at this point in the model,
as it is in the real system. In order to include this element in the
model and at the same time avoid the problems discussed above, the pres-
sure ratio across these valves was arbitrarily teken to be .99. This
represents & pressure loss through the fitting of approximately 1% which
amounts to approximately 30 psi, which is considerably higher than the
actual pressure drop across such a valve. This departure from reality,
however, has no substantial effect on the dynamic performance of the

system.
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It was also found in the development of the analog model of the
Marineraé9 propulsion system that the dynamics of the liquid system
compressibility are several orders of magnitude greater than those

of the gas system. For the same reasons as discussed previously,

it was impossible to accurately represent these dynamics at the same
time scaling which permits simulation of the entire burn period with
a reasonable solution time. In view of the secondary effect that the
liquid system has on the pressurization system, which is of primary
importance here, the accuracty of the liquid line dynamics were sacri-
ficed. The gains of the integrators in this portion of the analog
model were simply méde as high as the analog computer permitted. It
is felt that no significant reduction in the accuracy of the results
occurred because of this simplification.

Results and Correlations for the Mariner %9 Systems

Actual test data for the Mariner!69 pressure regulator, in both the flow
bench test setup and the water expulsion test setup, revealed both normal
‘and abnormal modes bf operation. In the abnormal modes of operation,
large-amplitude cycling of the downstream pressure was observed, instead
of the desired constant pressure. Resulis obtained with the analog model
of both the flow bench and the water expulsion system revealed both of
these modes of operation. A comparison between these results is provided
in Fig. (15).

In each of the four plots of Fig. (15), the downstream (regulated) pres-
sure is plotted as a function of the upstream or storage tank pressure.
These curves are called "regulation curves" or "characteristic curves"
for the regulator. Obviously, for a perfect regulator the characteristic
curve would be perfectly flat, i.e., the downstream pressure would not
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vary as the upstream pressure changed, since this is the function of
the pressure regulator. However, in any real regulator some departure
from constancy in the downstream pressure is always observed, due to

changing conditions within the regulator.

The two left hand plots in Fig. (15) are normal characteristic curves
for the Mariner‘69 regulator. The starting point on these curves is
at the left where upstream pressure is high and downstream pressure

is lower than the design value. As the valves are opened the upstream
pressure begins to decay and at the same time the downstream pressure
begins to approach the nominal value. Throughout the longest period
of operation, the regulation pressure is flat as it should be. How--
ever, eventually the breakpoint is reached where the upstream pressure
has fallen so low that the widest opening of the regulator will not
pass sufficient flow rate of pressurant to maintain the design pressure
in the downstream system. At this point the regulated pressure begins
an uncontrolled decay, i.e., the blowdown mode is entered.

The upper left hand curve in Fig. (15) is an actual test of the Mariner
'69 regulator during normal operation. The lower left hand curve was
produced by the flow bench system model developed according to the
techniques developed herein. The similarity in these curves is a
measure of the accuracy with which the model reflects the actual system;

in most respects it is seen the agreement is quite good.

In the upper right hand curve in Fig. (15) is presented actual test data
for the Mariner’69 pressure regulator in the flow bench system while it
is experiencing abnormal operation. It is noted that the regulation
pressure cycles about a set point. The lower right hand curve was
produced by the analog model developed in this study. Similarity is
evident.
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It is on the basis of the information presented in Fig. (15) that it can
be aserted that the modeling techniques presented herein produce a model
which closely predicts the operation of the actual system.

The analog models developed in this study were also used to investigate
the causes of the abnormal behavior exhibited by the Mariner'69 pressure
regulator in its test systems. It was found that this abnormal mode is
a direct result of the negative slope of the spring characteristic curve
for this regulator, Fig. (1L). It was found that while a certain degree
of negative slope on this curve was permissable, an excessively negative
slope results in this instability. The degree of negative slope which
can be tolerated is a function of the hysteresis characteristic of the
spring, since the hysteresis mechanism is the only physical damping
present in the system.

Further investigations performed with these models revealed the importance
of the pressure ratio between the regulator outlet and the ullage volume
of the propellant tank or the accumulator. It was found that the fre-
quency of the abnormal oscillations corresponds with the ullage vélume

if this pressure ratio is extremely close to unity. It is in this case
that low frequency, high amplitude, abnormal oscillations are encountered.
_When there is a large pressure drop between the regulator and the ullage
“%olume, the regulator pressure sensing surface responds to the pressure
in the compressible volume between the regulator and the point of restric-
tion, instead of to the pressure in the uliage volume itself., In this
case any oscillations which occur are therefore of a higher frequency

and lower in amplitude.

On the basis of these findings it was recommended that if the Marinera69

regulator were to be used in other applications; the reference spring
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design should be changed to give a positive slope at the operating
point. It was also recommended that there be a large pressure drop
designed into the flow system between the regulator and the ullage
volume.

Prior to development of the non-linear model of the MM '69 regulator,
a linear model of the water expulsion system was formulated and
analyzed with respect to the test results. The purpose of this ef-
fort was to determine the cause for regulator discharge pressure
fluctuations observed in the test data. The results would then be
used to guide the development of the detailed regulator model and

to indicate the degree of sophistication required to accurately pre-
dict the performance of future regulators. The details and results

of the linear analysis are presented in appendix B.
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MARINER MARS '71 SYSTEM APPLICATION

The Mariner Mars '71 midcourse correction propulsion system was selected
as the second example case in order to further verify the methods of
analysis developed herein, and alsoc to further demonstrate the appli-
cation of these methods. This system is a bipropellant propulsion

system as opposed to the Mariner '69 monopropellant system. It oper-
ates on the propellant combination Nzou/MMH operating at a mixture

ratio of about 1.5. It is designed to provide 300 lbs of thrust and to
operate at a chamber pressure of 120 psia. The propellants are pres-
surized by nitrogen.

In this section the Mariner '71 propulsion system, and the corresponding
lumped parameter analytical model are described in detail. It is shown
how the equations representing the model are developed from the gener-
alized equations presented in Section I1. The parametefs which determine
this system are developed, and an analog model is devised from these
equations and parameters. It is shown that results obtained with this
analog model agree closely with test data obtained from a test system

which simulates the Mariner '71 propulsion system.

System Description

The Mariner Mars '71 propulsion system is a bipropellant pressure fed
propulsion system. In this system, there is a common pressurization
system which supplied pressurant and maintainsg pressure in both
propellant tanks. Thus there is a single pressure regulator. Fig. (16)
shows a lumped parameter model schematic which represent the essential
elements of the Mariner 171 system. It is seen that this model consists
of a storage tank, a series of lumped restrictions and compressibilities
representing the regulator and downstream flbw system, the propellant

tanks and liquid feed system in parallel, and finally the thrust chamber.
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It is notable that Fig. (16) does not show explicit points (valves,
fittings, volumes, etc.) in the pressurization system upstream of the
regulator. This simplification was made in order to achieve a model
of manageable portions. A justification for this simplification comes
from several findings of the analysis of the Mariner '69 system. There,
it was found that system parameters upstream of the regulator did not
have a significant effect on the dynamics and operation of the low=-
pressure portion of the system, the latter being the area of primary
interest in this analysis. This model will yield valid information
about pressure and flows through the regulator and in the low pressure
portions of the system, so long as the tank pressure of this model is
interpreted as the pressure immediately upstream of the regulator

entrance.

The Mariner '71 pressure regulator is shown in diagramatic form in Fig.
(17). It is obvious that this regulator resembles closely the general-
ized model shown praviously as Fig. (L). This particular regulator is
characterized by a flow limiting venturi upstream of the seat which is
built into the regilator, and an isolated pressure'sensing surface.
Regulation occurs through flow modulation at the seat formed by a
spring-retained ball resting in a hole. The ball is actuated through
a lever mechanism and a ball actuator. The pressure sensing surface
consists of a bellows assembly. The poppet to which the bellows is
attached is loaded by a pair of helical springs operating in parallel.
Flow into the reference cavity is through a small orifice which con=-
nects it to the cavity of the main pressurant flow path immediately
downstream of the seat. This regulator is a standard design supplied
by the National Water Lift Company, adapted for the Mariner '71 pro-

pulsion system.

The model of the gas flow system of this regulator may be seen in Fig. (16).

It is seen that the first restriction represents the flow limiting venturi.
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The next restriction is the internal filter; which is separated from
the flow limiting venturi by a small compressible volume. The regu~
lator seat constitutes the third restriction, and the fourth
restriction represents that of the outlet fittings and other constric-

tions of the regulator.

_Another important and distinguishing feature of the Mariner '71 pressure
regulator is the regulator flow area as a function of poppet position.
Due to the relatively long stroke of the ball and actuator, the point

of minimum area, i.e., maximum restriction, can change from the seat
itself to the area of the upstream flow limiting venturi. Figure (18)
shoﬁs the flow area of the seat as a function of ball position off of
the seat. It is seen that for small openings, the seat is indeed the
point of minimum restriction and thus the point at which the flow will
be controlled. However, when the seat opens beyond .Oll inches, it is
seen that the upstream venturi represents the smaller flow area. There~
fore, beyond this opening the upstream venturi will be the point of flow
control rather than the seat. Furthermore, even if the upstream venturi
were not present, opening of the seat beyond .016 inches would produce no
further increase in effective flow area of the regulator, since the
annular area between the body and the ball actuator would then become
the minimum flow area in the system, and thus the point at which the

flow was limited.

The pneumatic system downstream of the regulator consists of the compress=-
ible volume at the point where the pressurant flow is divided, a check valve
in the line going to each propellant tank, and the ullage volumes of each
propellant tank. The check valves in this system are designed to prevent
mixing of the two propellants in the feed system during certain periods

of abnormal operation or handling. They are of a spring loaded poppet
design, designed to open at a 2 psi pressure drop.
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The schematic shown in Fig. (16) is intended to represent not only the
Mariner '71 propulsion system, but also the test systems which were
designed to simulate the actual propulsion system. These test systems
are similar schematicelly, and also are designed to have similar flow
geometry. Of course, the regulator shown in Fig. (17) is employed in
all of these test systems.

The liquid portion of the flow system as shown in Fig. (16) is intended
to be typicael of the Mariner'7l propulsion system, and hence typical for
its test systems. It was found during the analysis of the Mariner'69
system that the characteristics of the iiquid flow system have negli-
gible effect on the results for the pressurization system. This
justifies the use of the simplified model of the liquid portion of

the system as shown in Fig. (16). The first restriction represents

the system start valves and the second represents the pressure loss

due to filters, calibration orifices and the injector: Line losses

are lumped along with these local restrictions. The two restrictions
are separated by a compressible volume, although the compressibility
in the 1iquid system has no significant effect on the analysis of the
pressurization system. They are included only because it permits
maximum use of analog circuitry developed during the analysis of the

Mariner' 69 system.

The thrust chamber is also shown in the schematic in Fig. (16). As in
the case of the monopropellant propulsion system, the thrust chamber
in this analysis is significant only insofar as it permits determis
nation of liquid system exit pressure as a function of propellant flow

rates.
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Development of Equations

All equations required for the modeling of the system shown in Fig. (16)
were developed in generalized form in Section II, and are presented in
Table I. Also, the subscripting system employed in Fig. (16) follows
the conventions established in Figs. (2) and (3).

The gas flow portion of the system of Fig. (16) can be represented by
repeated application of Egs. (1) through (8) of Table I. The flow restric-
tion devices representing the flow limiting venturi, the regulator seat,
the regulator outlet restriction, and the downstream check valves and
fittings can all be represented by Egs. (8), (6) and (7). The flow rate
through the filter, assuming it to be a laminar flow device, can be repre-
sented by Eq. (8). The pressure within each of the compressible volumes
can be represented by Eq. (L), with the instantaneous mass, temperature,
and volume to be determined by Eqs. (1), (2), and (3) respectively. This
completely defines the flows, pressures and temperatures at each point in
the lumped parameter model.

The check valves in the Mariner '71 system are treated in this analysis
simply as points of flow restriction at which the flow is limited to the
downstream direction only. The dynamics of the poppet motion within the
check valves is not simulated. This is.an expedient simplification of
this analysis, and may not be justified in a more detailed analysis.

The only justification offered here is that the period of primary
interest during this analysis is the initial pressurization of the
propellant tanks, during which the pressurant flow rates are extremely
high. Thus the check valves will always be open during this period. If
it was desired to analyze this system in all possible modes of operation,
it would most likely be necessary to develop equations of motion for the
poppets and model these valves in detail.
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The equations for the main pressure flow through the regulator were
discussed above. The complete description of the regulator, however,
requires the mechanical equation of motion for the poppet assembly
and other mechanical elements, and also the equations for the

conditions within the reference pressure cavity.

The equation of motion for the mechanical portion of the Mariner'?l
pressure regulator is presented as Eq. (12) of Table I. Due to the
sliding contact of both the poppet and the ball actuator (see Fig. 17)
both coulomb friction terms of Eq. (12) are required. The viscous
damping term, B, in Eq. (12) need only be included for ihe poppet
portion of the assembly. Thus the only term which is neglected in

Eq. (12) is that of the viscous friction on the actuator. This is
Jjustified since no estimates are available for viscous friction acting
on either the poppet or the actuator. By including a viscous damping
term on the poppet/bellows assembly, the effect of this form of damping
can be determined during operation of the model.

The spring force term in Eq. (12) accounts for both of the reference
springs in the Mariner'?l regulator, and also the effective spring rate
of the bellows. Assuming all of these spring forces to be essentially
linear over the range of poppet travel, the spring force can be repre-
sented by Eq. (13) of Table I. In this equation k_ is the total
effective spring rate of the entire assembly, i.e., including both
springs and the bellows. In the normalized, scaled equations, Eq. (13c)
of Table I, an is then the total force exerted by all three of these
elements when the poppet assembly is at its nominal position. By looking
at the steady-state conditions of the poppet at the nominal point,it can
be shown that an is found from the equation

an = (P3n - Pa)Ae + (a/b) (Fbsn * (Pzn - PBn)Ab) (55)
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Due to the assumption of a linear reference spring function, Eq. (12)
can be simplified for the case of the Mariner'?l regulator. By
substituting Eq. (13) in Eq. (12) and multiplying through by the
coefficient of the spring force term, it is found that the constant
portion of the spring force term is directly additive to the constant
term due to the ambient pressure acting on the reverse of the pressure
sensing surface. The spring force term in the equation of motion then
becomes a term in the first power of the position variable, the co-
efficient of which is the spring rate over the mags of the moving
assembly, ks/h. This coefficient is recognized as the square of the
natural frequency of the second-order system represented by the. poppet
moving assembly. |

The ball retaining spring may also be assumed linear. In this case

Eq. (1) of Table I represents the force of this spring. By looking

at the normalized equation, Eq. (llc), is seen that only the effective
spring rate of the retaining spring, the maximum excursion of the ball,

and the force exerted by the retaining spring at the nominal ball position
are required for the representation of this force in the normalized system.
It is notable that when the ball is off of the seat, the unit step function
is unity in Eq. (12c), in which case the ball spring force equation adds
directly to the reference spring force equation.,

The pressure forces acting on the ball and poppet of the Mariner'71
regulator are represented in Eq. (15) of Table I. In Eq. (15a), it is
seen that these pressure forces include the pressure exerted on the ball
and also the pressure exerted on the poppet. When this equation is
normalized as in Eq. (15b) it is seen thas the coefficients depend only
upon the pressure ratio across the ball, and the ratio of the poppet
cross-sectional area to the cross sectional area of the bore which forms
the seat. This area ratio is designated by €.
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The relation between the poppet position and the flow area at the seat
of the regulator is given by Eq. (11) in Table I. In the basic gquation,
Eq. (11la), it is seen that this area is directly proportional to the
position of the poppet, but is limited to & maximum area, which is
determined in the case of the Mariner'7l regulator by the annular area

between the ball actuator and the regulator body.

From Fig, (17) it is evident that the pressure sensing surface of the
Mariner'?l regulator is isolated from the flow system proper. The
reference pressure cavity communicates with the flow system pressure

only through a small reference orifice. Due to the small net flow of this
cavity, the temperature in the cavity may be assumed essentially con-
stant and equal to the body temperature of the regulator. The volume

of this cavity is linearly related to the position of the poppet assembly.
Since the volume change is very small due to the small travel of the
poppet assembly, Eq. (La) can be linearized yielding the linear relation-
ship between pressure, the stored mass with the cavity, and the position
of the poppet, as indicated in Eq. (9) of Table I. The position of the
poppet is obtained from the integration of Eq. (12) of Table I. The
amount of stored mass in the reference pressure cavity is given by

Eq. (1) of Table I, which is a linearized version of Eq. (5).

Equations are also required for the conditions and properties within the
propellant tanks. It is necessary to determine the pressure, temperature
and ullage volume in these tanks as a function of time during the operation

of the system.

Introducing the usual assumptions of ideal gas behavior, the pressure
within either of the propellant tanks is given by Eq. (L) of Table I.
In this equation, it is seen that the instantaneous stored mass, temper-

ature and volume of the ullage space are all required in the calculation
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of this pressure. Physically, the ullage volume is simply the tank
volume minus the volume of the remaining propellant in the tank. Thus,
the volume of the ullage space grows with time as the propellant flows
out of the tank. This is expressed in Eq. (3) in Table I. This states
that the instantaneous.ullage volume is the sum of the initial value
plus the integral of the liquid outflow from the tank. The instantansous
stored mass within the ullage space is simply the integral of the gas
flow through the last flow restriction device in the gas flow system.
This is obtained from Eq. (1) of Table I by striking out the term rep-
resenting gas outflow from the tank, assuming that there is no gas
leakage from the tank. Finally, the temperature of the gas in the
ullage volume is given by Eq. (2) of Table I. This equation results
from performing an energy balance on the open system represented by
the gas mass within the tank, assuming ideal gas behavior.

The liquid outflow of each propellant tank is determined by the liquid
flow system in each branch of the propulsion system. The tank outflow,
i.e., the propellant flow rate, is determined by Eq. (18) of Table I,
applied to the first restriction downstream of the tank. This same
equation can be applied to the second restriction in the liquid flow
system, which represents the system calibration orifices, filters and
injector. The intermediate pressure in the liquid line is determined
from Eq. (17) of Table I. It is notable, however, that the coefficient
in Eq. (17) is extremely large when evaluated for a liquid flow system
which is rigid. That is to say, there is very little compressibility
in the liquid flow system. This means that the liquid flow rate
throughout the liquid portion of the system can be considered constant
for the low frequency dynamics which are of interest in a pressurization
system study. As mentioned previously, the liquid flow model shown in
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Fig. (16) was used in the analysis of the Mariner '71 system primarily to
make maximum use of the existing model developed for the Mariner'69
system. An algebraic representation of the liquid flow system would

serve equally well for the dynamics of interest here.

The thrust chamber represents a termination for both paths of the bi-
propellant propulsion system. Equations (23) and (2)), Table I, show the
relationship between the propellant flow rates and the pressure at the
termination of these lines, i.e., chamber pressure. Equation (23) states
simply that the total flow rate is the sum of the oxidizer and fuel flow
rates. In the normalized version of this equation, Eq. (23c), it is seen
that the coefficients are functions of the nominal mixture ratio at
which the system operates. Equation (2]}) is a simplified expression for
the chamber pressure. Equation (2l;) assumes a constant €%, i.e., constant
temperature and properties of the combustion products. The latter is an
assumption which is justified only because this portion of the system is
of secondary importance to the dynamics of the pressurization system.

The above equations completely define a mathematical model for the
Mariner'71 propulsion system, which is well suited to the study of the

" dynamic operation of the pressurization system and the rggulator.

Determination of Parameters.

As can be seen from the equations in Table I, the normalized equations
which represent the propulsion system have coefficients which are
determined by certain ratios or dimensionless groups of the physical
descriptors of the system. For example, the gas flow rate equation
which is applied to every point of restriction in the gas Tlow system,
Eq. (5c) of Table I, involves a constant which has the value of the

compressible flow function, Fig. (5), at the nominal pressure ratio for
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the particular device. Also, the equation which determines the stored
mass within each compressible volume, Eq. (lc) has a constant coefficient
ﬁh/win, which has the units of reciprocal seconds and characterizes the
rate at which the particular compressible volume changes pressure with
time. When each of the coefficients have been determined for all equa-
tions which are required to define the system indicated by the schematic,
the system model is completely defined.

The determination of these parameters can proceed in two different ways.
If the system to be modeled is not completely defined physically, then
reasonable values of the coefficients themselves, i.e., the dimension-
less ratios; can be assumed. However, in the case of the Mariner '71
propulsion system, the physical parameters, i.e., pressures, geometry,
etc,, themselves are to some degree specified or known. In this case,
the ratios and dimensionless groups are calculated from the known values
of the physical parameters., In these calculations, the formulas given in
Table III are helpful. The physical parameters which define the Mariner
171 propulsion system according to the schematic of Fig. (16) are pre-
sented in Table IV. This data was obtained from examination of the
steady state values obtained in certain tests which have been conducted
with the Mariner '71 system. The pressure at each of the points of
lumped compressibility in the model vere selected as the pressure at the
closest physical point in the actual test system at which there was
instrumentation. The regulator parameters were kindly provided by the
regulator manufacturer. Nominal pressurant flow rates were calculated
according to formuli provided in Table III, as was the nominal regulator
area. ©System volumes were estimated from line sizes given on the system
schematic and from the regulator schematic. The ullage volumes were
taken to correspond to those employed in certain tests for which model
correlation was desired.
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MARINER MARS
STATION PRESSURE
(psia)
0 2688
1 2646
2 2625
3 275
N 267
5X 263
SF 263
X1 245
F1 245
122
a 15
r 275
Flow rates

pressurant flow, oxidizer
pressurant flow, fuel
pressurant flow, total
oxidizer flow

fuel flow

thrust chamber flow

Pressurant Properties

R= 661 in/°R

27: 1.4
Combustion Properties

Ma, = 19.6 1b/1lb-mole
R =946 in/°R

c
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TABLE IV

VOLUME
(in3)
5000
o2
o2
-3
3.0
1100
600
1.0
1.0
10.0

0.6

.00948

.01037

.01985
0.66
0.Lb
1.10

1b/sec
1b/sec
1b/sec
1b/sec
1b/sec
1b/sec

71 SYSTEM CONSTANTS

TEMPERATURE
(°r)

530

ft

"

5280
530



TABLE IV (cont'd)

Regulator Parameters

=]

bsn
sn
cl
c2

e R T B

sn

[£]

]

1

1"

0.0063 in.
0.0462 in.
0.050 in. (assumed)

317 1b/in.
10 1b/in.
0.518 x 1073 lb—secz/in.

5. 1b (assumed)
272.8 1b.

0.4 1lbs.

0.1 1bs.

1.02 in?

0.00385 in?
0.0207 in?

2.2
0.035 ine.
0.0625 in.

0.00025) in2 (reference orifice)
0.000521 in2 (seat, nominal)

103



It is important to note that the system parameters necessary for the
analytical model cannot always be determined directly from available
test data in a straightforward manner as indicated above. The primary
difficulty is that breaking the physical system into discrete parts,to
produce the lumped parameter model, may introduce the requirement for
local pressures at points in the system at which there was no pressure
instrumentation. In the analysis of the Mariner 171 system, for ex-
ample, it was found necessary to adjust the pressure ratios across the
flow restrictions representing the check valve and the regulator out-
flow restricticn. Thus the pressure distribution in this portion of
the system shown in Table IV represents values determined partially
during the anslysis, as required to show correct dynamic trends. This
problem can be minimized by using a lumped parameter model with a
sufficient number of discrete points to adequately represent all sig-
nificant points of flow restriction, and whenever necessary using
analytical means to determine local pressures at intermediate points
based on the available pressure data. If no test data is available, it
is necessary to calculate the pressure at each point in the physical
system corresponding to the discrete pressure nodes in the analytical
model.,

Analog Model

An analog model was developed for the mathematical model defined above,
This model was developed for the Applied Dynamics AD256 computer at the
Analog Simulation Facility, at the Rocketdyne Canoga Plant. The analog
diagrams representing this model are presented in Appendix C of this
report.

Results and Correlations for the Mariner '71 System

The analog model of the Mariner '71 system was used to show correlation
with test data obtained from the test conducted on a simulated
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Marinera71 pressurization system on 23 January 1970. This test was
concerned only with the initial pressurization of the system, and the
data obtained are indicated in Fig. (19). Only four seconds of the

test were available for comparison as indicated by the solid lines in
Fig. (19). The dashed portion represent extrapolation to assumed steady
state values.

The most distinguishing feature of the test data shown in Fig. (19) is
the momentary overshoot in the pressure measured immediately downstream
from the pressure regulator, as seen in the uppermost curve in Fig. (19).
It is also characterized by the oxidizer tank pressure bullding up more
slowly than that of the fuel tank. The latter is a result of the ullage
volume in the oxidizer tank being 1100 cu. in. as opposed to 700 cu. in.
in the fuel tank. It is also notable in these results that there was no

liquid out¥low from the tanks, i.e., the downstream valves were closed.

Figure (20) shows results obtained from the analog model of the same test
represented by Fig. (19). The left most portion of Fig. (20) shows the
full pressurization transient, i.e., from the time of opening the
pressurant valves upstream of the regulator till the time that the

tank pressures approached their nominal values. Note that all of the
variables in this figure are normalized to their nominal, i.e., steady
state values. The first six strip records represent pressures at various
points in the system, moving from upstream to downstream. In particular,
note that ?h is the pressure between the regulator and check valve

and PSx and PSf are the pressures in the oxidizer and fuel tanks respec-
tively. The regulator area is shown in the seventh strip record, and
system pressurant flows are shown in the last three records.
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PARAMETERS : -
TIME SCALE: 10:} 9
POPPET (BAMPINGE B/M = ,1 X' 10
REP, CAVITY DAHPING: éﬁi“ 0.28

PROPELLANT VALVESs CLOSED

J] o som ]

{a) EWTIRE PRESSURIZATIOHN PERIOD {b) FIRST 1,7 SECONDS OF PRESSURIZATION
TRANSIENT (EXPANDED SCALE

Figure 20, Pressurization Transient for MM '71 R_egulat)or During Slam Start Test
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It is seen in Fig. (20) that the characteristic overshoot in the pres-
sure upstream from the propellant tank is reproduced by the model. The
magnitude of this overshoot was adjusted by variation of the nominal
pressure ratios across the check valve and pegulator outlet restrictions,

in order to match the overshoot indicated in the test data,

Figure (20b) shows the first 1.7 seconds of the pressurization transients
with an expanded time scale so that the form of the overshoot can be
examined. The form of this overshoot transient can be compared with the
test data from another test as shown in Fig. (21). It is seen that

agreement is satisfactory with respect to shapes and magnitude.

At the onset of the analysis of the Mariner'71 system, the reason for
the overshoot in the pressure upstiream of the propellant tanks was un-
known. Operation of the model immediately revealed that this overshoot
was a result of flow restrictions downstream of the regulator combined
with the charging characteristics of the regulator reference cavity.
At the onset of pressurant flow, the pressure at all points in the
downstream portion of the pressurization system are low, i.e., LO% of
their nominal values, including the pressure in the reference cavity.
Thus the pressure on the pressure sensing surface of the regulator is
low, causing the pressure regulator to be wide open. This results in
high flow rates thru the regulator, as can be seen in the eighth strip
chart of Fig. (20). As can be seen in the third strip chart of Fig. (20),
the pressure within the reference cavity builds up over a period of
approximately 250 msec. The rate at which this volume charges is of
course a function of the size of the orifice and of the pressure in
the regulator downstream of the seat. When this volume does fill and
the pressure within it comes very close to its nominal value, the

regulator closes to a smaller seat area due to the increased pressure
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on the pressure sensing surface. This reduces the pressure at points
intermediate to the propellant tank and the regulator, since the pres-
sure- at these points is the sum of the tank pressure plus losses through
the points of restriction, which are functions of flow rate. Once this
phenomena was understood, it was a simple matter to adjust the nominal
pressure ratios, which in effect sets the physical restriction or
effective flow area at these points of restriction, so as to make the

model pressure transients agree with the test data.

An attendant benefit of the model of this system is that it yields
pressures and flow rates at all points in the system which are adequately
represented by the lumped parameter model. Thus, in the second strip
chart of Fig. (20), it may be seen that the pressure immediately down-
stream of the seat within the regulator first overshoots, and then
within 300 msec of the beginning of pressurization reaches its final
value. The regulator is, in effect, adjusting the flow rate through the
the seat to maintain this local pressure in the presence of varying up-
stream pressures and varying pressure drop between the regulator and
the tank. In order to observe this phenomena in actual tests, the
regulator itself would have to be tapped to permit instrumentation of

this local pressure.

It is also apparent from the above that the model would provide an
efficient means of adjusting regulator parameters to achieve any desired
performance of the system. Some of these variations are considered in

the next section of this report.
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PARAMETRIC RESULTS

A parametric study was defined so as to encompass a wide range of mono-
propellant system designs. This study was carried out using the
monopropellant model, and results are presented in this section. These
results should permit the designer to estimate dynamic performance of
pressurization systems with regulators of this type, and to determine
the effects of several important parameters normally at his disposal.

It should be noted that these results, although obtained from the
“monopropellant model, are equally applicable to bipropellant systems
which employ a single pressure regulator. Furthermore, the results
are independent of thrust level so long as geometric similarity of the
regulator is maintained.

Some parametric variations are also shown for the bipropellant model.
DEFINITION OF PARAMETRIC STUDY

Selection of Parameters

In order for the results to be broadly applicable, the parameters which
determine system dynamic performance must be varied over ranges which in-
clude many possible designs. Since the number of parameters is large,
however, it is not feasible to vary each individual parameter. Some
method must be sought to reduce the independent parameters to a short
list of important ones.

An important first step in reducing the number of independent parameters
is to employ the normalized form of the equations in Table I. It is

this step which eliminates parameters such as pressures, flow rates,
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and physical dimensions of the system.

Normalization of the equations provides a reduction in the number of
parameters, but the number of dimensionless coefficients is still large,
due to the large number of system elements. Further reductions can be
obtained by making assumptiohs about the range and importance of certain
parameters. These assumptions ares
1. Storage tank is sized to provide sufficient pressure for
regulation during full burn period.
2. The only important compressible volumes are the storage
tank and the ullage volume.
3. Thrust chamber and liquid system time constants have insignificant
effect on gas system dynamics.
k. Regulator poppet forces other than diaphragm force are a constant

fraction of the nominal reference spring force.

The first assumption requires that the storage tank be large enough

and at a high enoﬁgh initial pressure such that the design pressurant
flow can pass through the maximum regulator area after all propellant
has been expelled. This is reasonable since larger tanks result in
welight penalties, and smaller tanks result in uncontrolled thrust during
the latter portions of the burn period. This design criteria establishes
a unique value of the parameter ﬁhAﬂbn’ which is the inverse of the
pressurant tank time constant. In effect, this establishes the P x V
product for the storage tank for a system if other physical parameters
are fixed.

The second assumption can also be justified. Note that

o AT
w, ~ v,

is the inverse time constant of all localized compressibities. Here,
Ai and Vi are the local cioss-sectional area and local pressurant
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velocity respectively. However, the lumped volume, Vi, is simply the
line length between restrictions times the local area. Therefore, the

inverse time constants can be written as

n

Wy v/ f4
Gas velocity is a factor which is commonly held constanﬁramong different
propulsion system designs. That is, line sizes are frequently selected
so as to give a desired gas velocity. As a result, it is to be expected
that the compressible volumes associated with the gas flow system will
not vary greatly from system to system even though thrust or pressure
levels may be different. Thus, parametric variation of compressibility

time constants can be limited to that associated with the ullage volume.

The third assumption derives from the fact that the large compressibility
of the ullage volume effectively isolates the pressurization system

from the liquid system. Therefore, parametric variations of the liquid
system would have no effect on the pressurization system.

The fourth assumption allows attention to be concentrated on the more
important of the many regulator parameters. From Eq. (12) of Table I,

it is seen that the equation of motion of the mechanical elements
involves 9 coefficients. Varyihg each of these in a systematic way
looking for interaction effects would require 18 parametric cases. The
size of this task can be reduced by neglecting the less important factors,
such as the pressure and retaining spring forces on the ball and actuator.
However, due to the steady-state balance requirement, Eq. (55), these
secondary forces cannot simply be left constant while varying the other
parameters. Assumption four is a reasonable method of maintaining the

necessary steady-state balance while varying the important regulator

B
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parameters. Physically, this is justifiable on the grounds that
a) by proper regulator design, these forces are small relative to
the major forces and therefore have small influence, b) these forces

vary somewhat according to regulator size, as do the major forces.

With these assumptions, the important parameters are reduced to those
shown in Table V. The range of each of these parameters was determined
by estimation of reasonable values which might be encountered in pro-

pulsion system designs.

Physical Significance of Parameters

Most of these parameters are self-explanatory. Particular attention is
called to certain ones which pertain specifically to the regulator. The
regulator range, zxX/Xn, is defined by

X X
JAY ¢ = ‘pmax = pn (56)
X X
n pn
where
Xpmax = maximum poppet position
Xpn = nominal poppet position

All positions are measured from the closed position, and the nominal
point, n, refers to conditions which prevail at the beginning of the

first burn.
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TABLE V

SIGNIFICANT PARAMETERS FOR THE MONOPROPELLANT PROPULSION SYSTEM

PARAMETER
Burn Time - tg (sec)
Ullage Fraction - vsn/v tank
Regulator Range - ZSX/Xn
Upstream Pressure Ratio - P3n/POn
Regulator Pressure Ratio - Pb,n/PBn
Downstream Pressure Ratio - PSn/Phn
Liquid Pressure Ratio = Pc/PS

Regulator Gain - Pref /A Pre_f

Regulator Frequency - \k/m (rad/sec)

FIRST
VALUE

50
.05

970
.080
.980
«200

10

750

SECOND
VALUE

500
.15
15
9L5
.800
995
.800
100

7500
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The regulator gain, P / AP ref’ is an expression of the spring slope.

ref
This parameter results from con61deratlon of the poppet transfer function,

which can be reduced to, in the absence of damping,

.?.:‘..(L./)n )_mAD/m AX (57)
P)J,’ (k/m ) -

It is seen that the D.C. gain (G4.)s i.e., (/= 0y is

G = ' 3 k& =T’ (59
my AX mp TkAX

Now, Phn is the reference (diaphragm) pressure and k AX is the change in
spring force as the poppet moves through its range. Dividing the numera-
tor and denominator of the right side of Eq. (58) by the diaphragm area,
Ays shows that the regulator gain (Gdc) is therefore the ratio of nominal
reference pressure to the change in reference spring force per unit
diaphragm area. More simply,

P P
G = !LQ = ref (59)
d
© k Ax/AD ZSPre P

Note that changes in either spring rate; k, diaphragm area AD’ or poppet
range, AX, result in changes in the gain. Thus many regulator designs
are represented by a single value of this parameter.

The regulator natural frequency, \[1753 also can be seen in Eq. (57).
It is the square root of the ratio of the spring rate to the moving mass
of the poppet-diaphragm assembly, and is seen Yo be the resonance fre-
quency of the transfer function.
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The burn time, tb, is a parameter which, in effect, specifies the time

constant of the ullage volume. This is seen from the easily-derivable

relationship,
L (vtank/VSn - 1)
. t (60)
5n b

Thus, once the ullage fraction, 75n/V has been specified, one has

tank’
the option of arbitrary selection of either burn time or ﬁh/wgn. It is
felt that,tb

ation is simply that for any given ullage fraction; longer burn time

is more meaningful to the designer. The physical interpret-

implies larger actual ullage volume, since the tank itself must be
larger. This larger ullage volume means longer pressurization time,

and more compressibility in the system.

While not done in this analysis, it is conceivable that the results
could be further generalized by employing the burn time to non-dimension-
alize system operation time. This would eliminate burn time as an

explicit parameter.

Definition of Cases

A systematic variation of these parameters is indicated in Table YI.
Each column represents a case, i.e., a set of coefficients for which a
computer solution is desired. Each parameter is represented by a row.
An entry of "1" in a particular element indicates the first value, i.e.,
the first column-value from Table V, of that particular parameter for
that case. For example, the base-line case, case P.l, is shown in
cqlumn 1 of Table VI to consist of all parameters at their first values.
An entry of "2" similarly indicates the second-column value from Table V.
Case P.2 shows that the parameter P3n/POn has its second value and all
others are the first value.
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TABLE VI

DEFINITION OF PARAMETRIC CASES

CASE 1234856789101 12131 15 1617
ty 1111111111 1 1 1 1 2 2 1
v5n/vtank 1111111222 2 1 1 1 1 2 2
AL&ml 1111111111 1 2 2 2 1 1 1
P3n/Pon 1211111111 1 1 1 1 1 1 1
Phn/PBH 1121111121 1 1 2 1 1 1 1
PSn/Phn 1112111111 1 1 1 1 1 1 2
Pcn/PSn 1111211111 1 1 1 1 1 1 1
Pret/ 2Prep 1112121112 1 1 1 2 1 1 1
k/mp 1111112111 2 1 1 1 1 1 1

KEY: (1) indicates first-column value from Table V.

(2) indicates second-column value from Table V.
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It will be noted that cases 2 - 8, 12, and 15 represent first-order
effects; i.e., effects of single parameters changed to their second
value. Case 9 - 11, 13, 1k, 16, and 17 represent combined effects of
changing two parameters to their second values. This set of 17 cases
represents the first-order effects of all selected parameters, and

shows how these effects change when certain parameters are simultaneously
changed.

Performance Criteria

The term "effects" used in the above discussion refers to all changes
in system performance relative to the base-line case due to parametric
changes. While practically all system variables are affected by some
parametric changes, not all of these effects are of interest or importance.
In order to employ the results obtained from this set of cases, it is
necessary to estaolish a method of comparing each case to the base-line
case in a quantitative manner. One method of comparison can be obtained
by considering the basic purpose of the system, i.e.;, to deliver a pre-
determined impulse during a burn period of known duration. Impulse is
defined by
tB
I :] F (t) adt (61)

[¢]
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where F (t) is the system thrust. Now, let the subscript n refer to

the nominal state, then define

F = F/Fh
F = PcAtcf
P = Pc/Pcn
Assuming constant throat area At and thrust coefficient CF’
Fc = ?c

Then Eq. (61) reduces to

n c

b5
I = F f P4t (62)
[+

Ideal impulse is defined as

I, = F ty (63)
Combining Eq. (62) and (63), the impulse error is then
v =
1-1, = F j’ P, (t) dt - F tg

°

tg

= F, (Pc(t) - 1) dt (6L)

)
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The nominal thrust level, Fn, is not a model parameter, but the
quantity

e
B, = [ (B, (t) -1) at £65)

is easily generated. This is then a single quantity which reflects over-
all system performance. From it, the total impulse error can be calcu-
lated directly once nominal thrust is specified, Eq. (6L4). It is obvious
that poor regulator performance will result in ?c(t) deviat;ng from unity,
resulting in changes in this quantity.

While E1 as defined above gives a direct measure of departure from de-
sired total impulse, it has the disadvantage of positive errors canceling
the effect of negative errors. That is, a system in which ?c(t) was low
over the first portion of the burn and.high over the latter portion could
have a low or zero value of El’ In some cases, this may be desirable,

and the regulator should not be penalized in the evaluation process. This

gives rise to another performance parameter.

*p

E, = '15c () - 1 dt (66)

o

in which the absolute value of instantaneous error is integrated over
the burn period. Only regulator/system combinations which maintain ﬁc
within a narrow band around 1.0 throughout the burn will have a low value
of this parameter. The designer must decide which of these performance

parameters is most importent in each case.
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DISCUSSION OF RESULTS

The monopropellant propulsion system model was used to run the 17 para-
metric cases described above. System coefficients not determined by
the set of parameters shown in Table V were taken to be the values for
the MM '69 system.

The initial conditions for all cases were made to correspond to an initial
propellant tank pressure 80 percent of its nominal value. At this condi-
tion, the regulator is full open, so all points between the propellant
tank and the valve upstream of the regulator are at the same absolute
pressure. In the liquid portion of the system, points upstream of the

start valve were taken to be tank pressure, and downstream, zero.

Regulation curves for all parametric cases are presented in Fig.(22)
through Fig. (LlL). These curves show the variation of propellant tank,
pressure, ?5, as a function of storage tank pressure, ?o. The over-bar
indicates normalized quantities. That is

P = PS/PSn

so that these curves are applicable to any system pressure levels, so
long as the parameters in Table V are the same.

In each figure, the parameter whose value differs from the base-line

case is indicated on the chart. All other parameters are base-line values.

Corresponding transient plots of several important system variables (nor-
malized) are shown in Fig. (L) through Fig. (L8). The two top

channels show storage tank pressure and temperature respectively. BRegu-
lator seat area is shown on the third channel. The pressure and ullage
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volume are on the fourth and fifth channels, and chamber pressure is

shown in the sixth. The two performance functionals E. and E, are

1 2

*

shown on the bottom two channels.  Due to normalization, all gquanti=-
ties are dimensionless with the exception of the performance functionals,

which have units of seconds. Scales are shown at the left.

The results for the base~line case are shown in Fig. (22) and (L45). In
Fig. (22) it is seen that tank pressure rises to normal as the storage

tank falls to about 9L percent of nominal. From Fig. (L5) this is seen
to occur in about 1 second. Note that the performance functional E1
drops to about ~0.06 seconds during this period, due to the error dur-

ing Pc build-up.

The latter portion of blow-down is characterized by a decay in regulated
pressure, This is due to the finite value of regulator gain, Pref/ZXPref'
As the upstream pressure drops, the regulator must open further to pass
the same mass-flow rate, which results in a reduction of reference spring
force and hence regulation pressure. The hook on the end of the’regula-
tion curve is due to propellant depletion. At this point gas flow stops,
and the disappearance of associated pressure losses in the gas flow sys-
tem causes the tank pressure to rise slightly. The terminus of the line

in the regulation curves is a steady-state point.

In some of the transient curves, it will be noted that the parameter
Wgn/an is given. This is the parameter which "sizes" the storage tank.
Since this is a parameter which is determined by proper design, it was
sought to make it a dependent rather than independent parameter in this
study. This was done by finding by trial and error the value which re-

sulted in the regulator breakpoint occurring approximately 3 seconds

*Actually, 100 El and 100 E2 are plotted in order to expand the scale.
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prior to total propellant depletion. This ensures that the regulator
is in its range, i.e., can regulate over the largest part of the burn.
This is approximately the procedure which should be followed in good
design. A smaller value would result in lérge amounts of residual
gas after burn and larger tank weight. A larger value would result
in excessive impulse error due to lack of regulation near depletion.
The trial and error process whereby the correct value was found is
preserved in some of the parametric cases, for whatever value it may

have to the designer.

Note that the same parameter (Wgn/an) is reflected in the parameter

wnANOn in Fig. (32). This is so, since

Yo = 'm 2
an an . an

The quantity Wn/wsn can be determined from the parameters given in
Table V, and Eq. (60).

The single most important observation from the results is the importance

of regulator gain and range on the flatness of the regulation curve. As
can be seen in Fig. (27), a gain of 100 results in a tank pressure less
than 1.5 percent different from nominal or upstream pressures from 95 to 17
peréent of nominal. Figure (32) shows this effect to also be true for

on = 0.0140). The regulator range,l&X/Xpn can

have a similar effect, as is seen in Fig. (3L).

larger ullage volumes-(ﬁnﬂd

Another observation from the results is that some abnormal oscillations

occurred at the beginning of burn when the downstream pressure ratio was
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very close to 1.0. This is seen in Fig. (25) and (41). This effect was
further explored, Fig. (U2 = hlh), by variation of the spring hysteresis
and slope, but could not be eliminated. No completely satisfactory ex-
planation was found for this phenomenon, but the following observation
was made. For values of pressure ratio very near 1.0, the compressible
flow function is very Steep, and therefore the analog mechanization is
very critical. In the model, this function is supplied via the multi-
plexing network (Appendix A), and therefore noise is definitely present.
This could have caused poppet oscillations, driven by erratic calcula-
tion of downstream flow rate and hence diaphragm pressure. This indicates
that the mechanization may be inducing this, rather than any real phenome=
non. However, the similarity to observed phenomenon in tests of the
MM'69 regulator makes it difficult to rule out some real cause completely.
This must be further investigated.

The bipropellant model introduced another important regulator parameter.
The regulator employed in the bipropellant example case differed from that
of the monopropellant system in that it has an isolated pressure sensing
surface. Operation of this model revealed that this design introduces
damping in the pneumatic system by means of the effect of poppet position
on reference pressure. This relationship is shown in Eq. (9) of Table I.

Another effect of the isolated reference cavity was found to be overshoot
of pressures in the flow system between the regulator and tank during the
pressurization transient. This is a result of the regulator remaining
open until the reference cavity charges. During this period, flow rates
are higher than normal, resulting in larger pressure losses at the
restrictions between the tanks and the regulator.
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Figure (li9) shows the pressure overshoot transients as the downstream
pressure losses are varied parametrically. It is seen that lower pres-
sure losses, i.e., pressure ratios closer to 1, result in lower overshoot

peak pressures.

Figure (50) shows the effect of the reference cavity volume factor,
Aezsxm/vrm. This parameter is a measure of the degree of damping af-
forded by this mechanism. It is seen that small values result in rapid
decay of pressures from ﬁheir peak values, and considerable undershoot.
Larger values cause the poppet motion to be slowed, thus decreasing the
rate at which the pressures return to lower levels. Also, the undershoot
is lessened. Apparently, values of this parameter greater than 0.1l are
not fequired, since no further change in response is noted as it is in-
creased to 0.28. The value 0.07 is that of the MM '71 regulator. Al-
though not shown in the results presented herein, it was found that a
value of zero of this parameter results in undesirable and possibly
unstable oscillations in system pressures. This was not explored to

any significant depth in this study, however.

It is notable that damping by the above mechanism is only possible when
the pressure sensing surface is indeed isolated. If there is no re-
striction between the reference cavity and the main flow, the poppet
position has no effect on reference pressure. It is therefore to be
expected that the area of the reference orifice is also a parameter of
considerable importance. However, this parameter was not varied in

the analysis.

In summary, the results of the parametric study show that, in order of

importance,

a) The regulator gain, Pref/ﬁkpref’ is the most important regulator

parameter. A very low value gives large changes in regulated pres-
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b)

d)

sure as the supply pressure changes. An extremely high value, such
as would be obtained from an almost flat spring curve results in
difficulty in achieving the desired‘set point. A flat spring curve
results in infinite gain, in which case the regulator acts simply
as an on-off device, and is; therefore, unsatisfactory.

The regulator range has an effect similar to the gain, in that
large values of this parameter can improve regulation.

Pressure ratio between the regulator and the ullage volume can
influence stability. Pressure ratios near 1, i.e., low pressure

drop, can result in the regulator operating in a cycling mode.

An isolated reference cavity gives damping to the pneumatic system.
However, when an isolated reference cavity is present pressure overs

shoots occur between the regulator and ullage volume,

The above observations from the parametric results are applicable to

mono- or bipropellant systems.
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CONCLUSIONS AND RECOMMENDATIONS

A generalized method has been developed for analysis of the pressurization
systems of pressure-fed propulsion systems. The method is based upon
generalized elements from which lumped parameter models can be developed
for either monopropellant or bipropellant systems. The equations of

each of these elements are developed, and put into & normalized, scaled

form for maximum generality and solution on an analog computer.

The method has been verified by application to two different propulsion
systems for which test data were available. The essential characteristics
of the test results were successfully duplicated by the models. In both
cases, the models also revealed additional information about system
performance which was not available from test data.

The models developed 1n the example cases were also used to generate
parametric data for future propulsion systems. These parametric studies
revealed several parameters of particular importance to system performance.
These were summarized in the previous section of this report.

The study also revealed new questions which remain unanswered. It is
recormended that future effort be directed toward the following areas,
which are given in the order of importance:

a) It was shown that the regulator spring slope, downstream pressure
losses, reference cavity geometry, and downstream volumes all
affect system stability. The precise ranges of these parameters
which ensure satisfactory operation should be determined in a
future effort.

b) Certain regulator parameters which were not varied in this study
should be considered in a future effort. These include reference
cavity volume change ratio (Aezst/Vn), reference orifice diameter
and secondary poppet forces.
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¢) The generalized model developed herein includes equations for a
single stage regulator only. Equations should also be- developed
for two~-stage regulators.
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SYMBOLS

e

LIST OF SYMBOLS AND SUBSCRIPTS

Area, in.2

Mechanical ratio of regulator /see Fig. (L)/

Damping coefficient (Regulator Eq. of motion), lb-sec/ir
Effective liquid compressibility (See Eq. 2L), lbs/in®
Discharge coefficient

Specific heat of catalyst bed, BIU/1b°R

Specif%c heat of combustion or decomposition products,
BTU/1b R

Pressurant specific heat at constant volume, BTU/1b°R

Force, 1b.

Coulomb friction force, 1lb.
Regulator pressure forces, 1lb.
Regulator ball spring force, 1b.
Gravitational constant, in/sec2

Proportionality constant

1" 1

Regulator reference spring constant, 1lb/in
Regulator ball retaining spring constant, 1b/in

Length of liquid line, in.
Mass of regulator moving assembly, 1b—sec2/in

Mass of thrust chamber assembly, 1lb.

Pressure, lb/in?

Nominal pressure drop in liquid line, 1b/in2
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SYMBOLS

160

LIST OF SYMBOLS AND SUBSCRIPTS - CONT'D.

Heat flow into propellant tank, BTU/sec

Gas constant, in/°R

Radius of regulator seat, in.

Ratio of seat radius to ball radius

Temperature, °r

Unit step function

Lumped compressible volume, in.3

Stored mass, 1b-sec2/in

Mass flow rate, lb-sec/in

Poppet position (positive for regulator opening), in

Compressibility factor

Pressure Ratio, downstream/upstream
Ratio of specific heats, pressurang
Ratio of actuator area to ball area
Mixture ratio, oxidizer to fuel
Density, 1b-se02/inh

Compressible flow function Fig. (5)



SUBSCRIPTS

B

b

LIST OF SYMBOLS AND SUBSCRIPTS - CONT'D.

Regulator bore (seat hole)
Regulator ball

Combustion or decomposition chamber
General position index

Position index upstream of flow division point in
bipropellant_system

Position index for cavity downstream of regulator
seat

Liquid

Maximum

Nominal

Seated position of ball
Poppet

Reference cavity or spring
Regulator seat

Volunetric
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APPENDIX A

MM '69 REGULATOR

EQUATIONS

CONSTANTS

COMPRESSIBLE FLOW FUNCTION
SPRING CHARACTERISTIC

MM '69 FLOW BENCH

EQUATIONS

CONSTANTS

DERIVATION OF DYNAMIC TEMPERATURE EQUATIONS
ANALOG MULTIPLEX METHOD

COMPUTER DIAGRAMS

PHOTOGRAPH OF COMPUTER SETUP

MM '69 WATER EXPULSION SYSTEM

EQUATIONS

CONSTANTS

DERIVATION OF EFFECTIVE BULK MODULUS
COMPUTER DIAGRAMS

MM '69 PROPULSION SYSTEM

EQUATIONS
THRUST CHAMBER.BLOCK DIAGRAM
COMPUTER DIAGRAMS



MM '69 REGULATOR



(1)

(2)

(3)

(L)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

W),

m
p

U (xp)

F
p

i1}

8]

t

MM '69 - REGULATOR EQUATIONS

- /
Ky Py (Py = P)/Ty (P

§ o, - ‘;’3) dt

1’

T. = inputs, K

1

g = const.)

_S'[%z (erl - T3) - w3 T3 (v - 1{] /w3 dt (J = const.)

W3 R T3/V3

Cg Ag Py 83/ ATy

1.06 Eh/P3 (1 - Ph/P3):} 3
0.53

K2 Xp

:5(‘;13-&5&,

o8

X
p

s ¢

(R, V3 const.)

(

c

const.)

)

]

Ph/PBZ.S (Fig. L)

Ph/PB <.5

A3§:0 (K2

- SE"x (BT, - 1)) - Vg T, (- 1) | Ay dt (i

= Foe S xp) - Ay (P - P,) - B, )‘(p - (F

X . 22X <X
pmin =" p — pmax

mp, Ad’ Pa’ Bp = const.
= 0 X_£0
=1 x§>o

X
p

=0 for X

H

const.)

input )

it

(Vh = const.)

b

P

s+Fpr) U (Xp)

= Xpmax’ Xpmin

s X)) = curve fit equation of spring characteristics (JPL

print No. 10000976)
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w S
(15) F,_

(16) Fpr

A=l

3}

MM '69 - REGULATOR EQUATIONS (CONT 'D)

5 0" Xp (§ o F input)
Fioo * K5 Xp (Fbso’ K5 = const.)
A (P3 - Ph) (4, = const.)



bs
pr

Fps

MM '69 REGULATOR SYMBOLS AND CONSTANTS

Nominal Value

Effective diaphragm ares (in.z)

Seat flow area (in.2)

Area of ball seat bore (in.?)

Damping coefficient for poppet (1lb-sec/in.)
Seat flow coefficient

oall retaining spring force (1bs)

Pressure force on ball (1bs)

Poppet spring force (1bs)

Empirical congtant in filter flowrate

L
equation (i%é':é—e-ég)

Constant ratio of seat flow area
to ball position (in)

Ball spring rate (1bs/in.)

Mass of poppet moving assembly,including
1bs-sec.
1/2 of springs (-Eﬁ—-~ )

1.665
1.211 x 1o"h

L.78 x 1072

0.6

15.65

507

2,945 x 107>

0.1916

2.50 ° 107'-h



MM '69 REGULATOR SYMBOLS AND CONSTANTS (CONT'D)

Nominal Value

Ambient pressure (1bs/in.2) 1h.7
Inlet pressure, upstream of filter (1bs/in.2) 3600
Pressure upstream of seat (lbs/in.z) 3570

Regulated pressure, downstream of

seat (1bs/in.2) 308
Inlet temperature, upstream of filter (°R) 530
Temperature upstream of seat (°R) 530
Temperature downstream of seat (°R) 530
Unit step function -
Volume from filter to seat (in.3) 0.04L40k

Volume between the seat and the downstream
restriction (in.3) 1.30

Stored weight of gas between filter and

seat (1bs) L.12 x TI.O'“h
= Stored weight of gas between seat and
downstream restriction (1bs) 6.70 x 10"5



MM '69 REGULATOR SYMBOLS AND CONSTANTS (CONT'D)

Nominal Value

W, - Inlet flowrate (1bs/sec) 0.006
w3 - Seat flowrate (1bs/sec) 0.006
W5 - Outlet flowrate (1lbs/sec) 0,006
Xp - Poppet position, measured from the point

at which the plunger contacts the seated

ball. The opening direction is positive (in.) 6.33 x 1o-h
Xpmax' Full open position of poppet (in.) 0.005
Xpmin' Fully retracted position of poppet (in.) =0,007

Poppet spring deflection measured from

S

free position (in.) Variable
50 - Poppet spring deflection when poppet is Variable
contacting seated ball input
@ - Compressible flow function 0.53

A-7
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MM '69 FLOW BENCH

_A-10



(/)
(2)
(3)
(4)
(5)
(¢)
(7)
@)
(9)
(o)
)
G2)
(13)
(4)
(15)
Qe6)

(17)

A.11

MM '69 FLOW BENCH EQUATIONS

= 7 (o) -[)i[(af-/)ﬁll{" +(/,4Z"—L/A7;]/W, dt

™

Q.

i'
W, = Wo) - [ W o
e,

- WR7T /K

W= 0B GrBIE)/VT;
£ .

7, = T(°) + L[u’;(n;‘—z')—hé -]/ W dt

. <z,

W, = W)+ [(W -,

R = WR7 /Y

Ve = CAZPRIR) /T
t

T = Tio)s W:_;L[M'/s(zr'r“-'rs)-ws‘rs(r-:)] dt
+

Wy = Weo) + { (wg-w,)dt

P5= WeRT, / Vs

W, = CAR O(R/RD /N

t
Tt T g, [T G i) i, (1o ) 14

. -.;i;..
W, = Wl s [ (v, -y dt
R = WRT, /VG

W, = ¢cA,R O(R/RN/NT,

t ®
s T+ | LO0T, 00— ) + T(T,-T,) T d¢



MM '69 FLOW BENCH EQUATIONS (CONT'D)

+
18) Wy = W(o) + | (W, -, ) dt
(9 R = WRT /Y,

(20) W, = CAR (R /P /T,

8

(z1) KB = R

Ao

%
22) @ = 1.06 aqn (1=F) (P 1=R1)

@3 PR, = P/P, f 0.5 <R, < 2.0

NOPTENCLA TURE »

A - APEA

C - OISCHHRGE COEFF/CrEAT
P~ PRESSUPE

R~ GAHS CONSTAHNT

T - AHABSOLUTE TEMPERY 7TLRE
Z- TIME

U~ OVEL-ALL HEAHAT TEAMNSFER COEFF/CIENT
V-  VOLUME |

W- S708ED WE/IGH 7

W = WEIGHT7 FLOWEATE

Y - SPECIFIC HEAT FA7/0

SUBSCEIP7TS

ol+8 = MODEL STAT/ION FoO/NTS
a - AMBIENT

mM - NOMINAL PoAINT

A-12



MM '69 FLOW BENCH SYSTEM CONSTANTS

NOMIA /1L FRESSCUEES

30/& Ps1A
= 30/5
= 30/5
= 2 988
= 323
319
315
311
15

n

1] (1}

b vV '\ lefb(ﬁn N0 < o0

NOM | NEIL  FLOWELTE

W, = 0.006 LB./SEC.

”

NOMINAL TEMPELATLLE

7. = 30 °F

”M

VoL OME S

vV, = too w7

l;; :} !/ N7 TOTAL

Vy, = ©.0204 147

V= 1.3 /47

[/"; = 50 //f?

W= /.25 A

V,= 0.6 /n3
FLOPEL TIES AHAND M/SCELLANEDL'S
= 55./¢6 FT-LB /LB °R = 66/ In/S R
Y = /. &

(UA)ppe = ©-49 F7-28 / Sec R

A-13



DERIVATION OF DYNAMIC TEMPERATURE EQUATION

BIED, STEWALT | LIGHTFOOT | TEANS KT LHENOITENA

FEFL .
2. 958

=1
dt
WHERE
U = INTERNAL ENERGY
K = KINETIC ENERGY
$ = POTENTIAL ENEPRGY
U= VELOCITY
W = MASS FLOWRATE
QR = HEAT TRAWUSFER
W= EXTERNAL WORK
NOTE THAT
A
Uror = fvl. A ﬁVLcV": =
K'ro‘r‘j'};f?vt‘lv x ©
v.
y A
@To’\'“ S fédv * o
Ve
O\'. = cv T:
V. = '/?a
Oi*ﬁO; = Q:, = Cp T

SUBST ITUTING ) NEGLECTING

d — - . oo
C’v-;-_-t(wz’i\ = Hi.’.wi ~="Hi,wl:*il

N

(U,_07+K.ra., + @Tﬁf)c _A[(L'}‘-r‘fov + -;-U:Z+(§)WJ + & -w

KINETIC ¢ POTENTIAL

1



DERIVATION OF DYNAMIC TEMPERATURE EQUATION (CONT'D)

NoTeE THAT

d (wr)= w &l 4T dw:
"d"’_"é( L n\ Ld'ﬁ L J+
dWe  _ . - w.

Ie ° M TR
So THAT

¢ e : M . - ', + .
CpW; sl = Gl W, =G TiW, 6T (W; WL-H\ @

d+ .
[

4T , ‘ . ,
¢ = %{W" (3 li-l“Ti) "WL_'_‘TL(K-l\ + Qb/cv§

t
. . s Q:
T.(£) = Ti() X[W; BT, ~T ) =W, =0+ F ] fw, dt

-0

IN OLDER 70 LINEREIZE , AET
7 = Mw,w w,, 7;_, 7 ) (NEGLECT & )

LET X DENOTE FOINT pF LINECARIEATION , THEN

b [

7:' = /’(W;x) W(:x ) W(i,«/)x ) ”Zz-,)x ) 7:' )

OF oF ) Ay ooy 2 .
+ - . Co+ + = | AT
by Aw: + Y XAWP o7 ‘

*9/(’{2) + O ) B S

-4 &

WoTE  THAT s XIS A STEADY STHTE PONT,

ﬂ(/(/' W /") = O

e X ) c X
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DERIVATION OF DYNAMIC TEMPERATURE EQUATION (CONT'D)

FEROLY CE/GINAL NONL/INEHLLE  LQPeA 770N,

53—-5} = 0 (L.e. AW, 1S oNLy 20 4 HIGHER oxDOf.
Wel . EFFECT )
) _
— - x (-1 (ASSUMING X 1s STEADY-STATE )
0w, T W |
' X
28
|~ cmen N
X W,
-—b—E' = X Ll.)_.’,_x ( " ot " " )
bTi_' W"'x |
A
a?, '
-z - w; ¢
] - - K___(: "w " = »
o) < ( )

SUBSTITUTING 5

L

s L [T e - (50Tl b Sl AT, - Vg, AT, )
VR

| ’ . .
= E;x [CU“WT"(WL-WL*,\ IR A (TL-.."‘TL \] dt

t

T = Tl + T:T;x go[“"')""x(bb;"‘bi»u\ AW, (T, =To) ) de

A-16



ANAT.OG MULTIPLEX METHOD

The generation of the compressible flow function requires 5 amplifiers
and 2 multipliers. Since this same function is required at 6 places
in the flow bench model, considerable savings in analog equipment can
be effected by sharing or "multiplexing" the same set of components

at each place where the function is required. To achieve this, it is
necessary to construct a switching network which sequentially shifts
the inputs and outputs of the generating circuit to the several points
in the problem where it is required. The mechanization of this switche
ing network using logic elements on the AD-256 computer is shown in
the computer diagram. ZFor this method to work it is necessary for the
switching rate to be considerably faster than the attempted analog
solution. It was found that a total cycle time of 1.5 milliseconds
was within the range of the logic switches, and that this permitted
problem solution at 1/10th of real time. It is notable that this
switching time correspondsrto 667 cycles per second so that if a
problem variable is varying at 66.7 Hz machine time, it is based on

a multiplexer output which is being updated 10 times per cycle. If

it is assumed that 10 samples per cycle are the minimum tolerable for
convergence of the solution, this means that the model is producing
good solutions for frequencies up to 667 Hz real time. Other parts
of the model, such as the lumped-parameter representation of the
lines, probably have a lower limit than this.

A-17
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MM ' 69 WATER EXPULSION SYSTEM



MM '69 WATER EXPULSION EQUATIONS

[_Klso see flow bench Equa-
tions (1) to (7)/

4
(1) Ve = W =K (o) 4 ] W, [P dE

i ®
) W, = W,o) +(:f'.§,—0)/0 [ps»PL,—(M,/&Az)z—em,’]dt
t
_ B' :
(3) Pu - PL;(OB + "‘;,; L<Wl-l'. ‘A)n..':.3 At

> . E . 2 .
(4) w:.z“ WLZ('O) +(f._5:3°/‘ ] [pn..“ ch‘ (WL’-/szq) - Ez Wiz ]Jt

Y R= WRT/Vs

G Wg= W) + jiws d+

() T o= T+ [ (ym,-T) dt
NOMENCLATLRE

4, Ay ~ LINE CROSS-SECTIONHL AREHS — (CONSTANTS )
Ao Ao — VALVE ABEHS (pARIASCE )
B’ -~ EFFECTIVE Bk MOOULL'S OF FLEXL/INE

~ W JAVIEP  FOR VALVES
- LIVE LENGTHES
- prESSURE
- AP/ W 2 FOR LUMPED LESISTHANCES
TEMPERATURE
- VolL.UME

- STORED WEIGHT
- WEIGHT FLOWRATE
SFPECIFIC HEHAT RA4770
DENSI 7Y

I

¥

WX EET<H g oRX
)
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MM '69 WATER EXPULSION SYSTEM (CONT'D)

SUBSCRIPTS
L= APUID
4,5 ~ SEE Froww BENMCH NOMEAMCLAH TLEE
A - NOASAMA L
AEESSLEE S
Em = 323 ~Asr/A
R .= 5677
2 = /5
Aj€2u445/ 15
ALye , = 25/.23 (INCLUDES &@rFyce)
d’?«uua,g = /5
A7 e » = Z26:17
FLARHTES
4, = &£.224 L8/srFc.
VELLMES |, LENGTHS, FALEAS
Vorp = 697 /N’ C EXPULSION THNK )
Viem = S 926 IN®  (rnizraL warexk FiLL )
Venw = t01 I3 (INITIHL CLLAGE )
L, = 36 . (TANK 70 CEMTER 0F FLEVLINE)
L, = 48 . (CEN. OF FLEY. 70 oATCL THNK )

Ag g = ©.0314 IH

MISCELLANEOL'S

f.= 62.4 LB /Fr?
W,= ©.04/ LBS. (STOPED WEGHT /N FLEVLINE ).
B'= 085707 48/ Fr* |
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DERIVATION OF EFFECTIVE BULK MODULUS

e, oo WV, Py P

L ,[ o
P ol

= ALl THICKNVNESS

CONSELY A TION OF MLSS -

J » ¢
i =4

RELATION PRBETWEEN STORTD WEIaHT AND PRESSUVERE

we= fV
VHEKE '
f=r)
V= Vv(r,l) = T
rs rcP,)
L £(P)
dW _ d(fv) df dv
= R TR -
S-g = f/B WHEEE B = FLUVID BUKK pMODVLUS

4V _ 2 dQ dr
= (v = +2rkL dp)

BY HOOKE'S LAW, NEGLECTING 2M° oRDEr weRM™MS

i.g faud ’QO °
dP 7 ZiE
dr » n®
dP T EE
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DERIVATION OF EFFECTIVE BULK MODULUS (CONT'D)

THEN, SUBSTITUTING

dv 2 L% o
= ol 2V, e
dp 1w (Y; S1E + D/Q. tE }
z .2!5 VQ
(t/r)E
THEN

(L‘Q_
<
]
Mb
<
N
di
)
<

=/ )E
L, 25
>~ (e s )
LET
L. 4, 28
B’ B &/r,)E
THEW
aW Py,
dP ° B’
Bl
dP = —=— dw
£V,
4P _ B’ Jw B .
3t T Py, T T gy, (W -wd
£

P(ty= P(o) + ==

(]
L]

<l=
Smny
l\
K3
§
gh
[
[ .
!’.
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MM '69 WATER EXPULSION SYSTEM COMPUTER
DIAGRAMS

The computer diagrams for the MM '69 Water
Expulsion System are composed of figures
A-1 through A~5 in addition to figure A-13.
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MM '69 PROPULSION SYSTEM
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MM '69 PROPULSION SYSTEM

(Also see water ex-
pulsion system
equations.)

() w, o= R4 VT PE,M)

@) F(E, M) = IKM‘( 2 -)5-1-”—.' _Jf/z

Y 4+ 1
+

@ W= W) + | -,y

#) W.‘, = W,
=) P = RT W /VcM
+
© Tom @+ L2 | (T, T dt
b<s o

(7) W,_z_z Wu(o) + (’%’)

NOMENCLATURE -

W, = THRUST CHAMBER oOUT-FLOW
P = CHAMBER PRESSURE

A, = THROAT AREA

T, = CHAMBER TEMPERATURE

M = MOLECULAR WEIGHT

R UNIVERSAL GAS CONSTANT

o
L] Il

¥ SPECIFI1C HEAT RATIO

W, = STORED WEIGHT N T/C

W, = T/C INFLow

W,,= FEED SYSTEM OUTFLOW

C, = REACTION PRODUCTS SPECIFIC HEAT
C, = CATALYST BED SPECIFIC HEAT

wm, = " " MASS

R, = INJECTOR RESISTANCE

. = CHAMBER VOLUME

A-37
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MM '69 PROPULSION SYSTEM COMPUTER PROGRAMS

The computer diagrams for the MM '69 pro-
pulsion system are composed of figures A-1
through A-5, A-13 and A-1h.
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APPENDIX B
SIMPLIFIED WATER EXPULSION MODEL - LINEAR ANALYSIS

The MM '69 regulator was tested as part of the propulsion system in
the Water Expulsion Tests. In this test, the propellant tank was
filled with water, and an engine burn simulated by expelling the water
under the controlled pressure provided‘through the calibrated regu-
lator. During some of these tests, pafticular regulators exhibited
wide pressure excursions. It was felt that the cause of these fluc-
tuations might be revealed by a simple model of this system and
regulator. If so, the results would indicate where emphasis might
best be placed in the development of the complete, detailed regulator
model. Further, comparison of results of the simplified and detailed
‘models might indicate the degree of sophistication required in order

to accurately predict the performance of future regulators.

A simplified water expulsion system is shown schematically in Fig. B-l.
Only the most significant elements are included. Further simplifica-
tions are afforded by the following assumptions:

1. The pressurigzation tank is sufficiently large that its

pressure is constant over the time period considered.
2. Gas flow is isothermal.

3. There is no pressure drop between the regulator and
the propellant tank.

L. Perfect gas behavior.

5. Poppet forces consist of diaphragm pressure and spring,
i.e., ball forces are negligible.



B-2

GNo PRESSURIZATION TANK

R REGULATOR

PROPELLANT TANK

LiQUID FEED
SYSTEM RESISTANCE

Figure B-1. Simplified Schematic of Water Expulsion System



6. Changes in downstream (regulated) pressure are small,

so that linearization is permissible.

Under assumptions 1 through 5, the following system of equations can

be developed.

nf

i o= [P - /R (1)
13r = RT (v'rg/Vg - Dg_ \'rg/vg) (B2)
°g = /P (B3)
m'ip = P (%)) - BE - (B - B)Ay 5 Tp = =K (BL)
X, =X, 5 X, 20 (85)
=0 53X =0
i, = C Py A O /T, (B6)
cs¢)/ T, = CONST (B7)
A =KXy (88)

In these equations, the poppet and ball positions, Xp and Xb, are
measured from the seated position, with the opening direction being
positive. The spring force, Fps’ is shown only as a function of
poppet position, which implies that the free end is fixed. Changes
in the set point must be accomplished by using different functions.

These equations can be normalized and linearized to permit easier

analysis. After considerable simplification, there results



2 2 - - -
Xp+7xp=)BK2Xp--K2P;a§Xp§1 (B9)

£ =oforX =a,X =1

p p p
P+ (1/'1.‘1) P =Ky XD (B10)
X, = Xp 3 Xy =b (B11)

Equation (B9) is the linear second order equation of poppet/ball mo-
tion, with regulated pressure as a driving function. Equation (B10)
is the linear first order equation of regulated pressure with poppet
position as a driving function. They are obviously coupled by P and
Eq. (Bll). Due to the linearization about the nominal point, the
equilibrium point is ")Ep = ib = P =0, The constants are

Approx. Mag.

/8 = -—a:‘-—g-s-— (note; /8 = - -—-EE_S-_) -0‘23 +0.1
S % oXo)
7: B/m (?) sec -1
K, = (Xpmax/xpn - 1) ¥ /(1 - P/P) Vo .8 sec
= eqn? =2
K, = (P, -P) Ad/m(Xp - xpn) 0.5°107 sec
max
= 1 1 4 . -
1/T1 [1 + 3 (T-:-Isy?;;—)] Vln/Vgn 0.08 sec

a= (X - X )/(X - X ) 1.7
Prin pn Prax pn

b= -X /(X -X_) =0.1
o/ (p_ "= Xp) 4



As a result of normalization, the variables are dimensionless and the

time derivatives have units of reciprical seconds raised to the appro-

priate power.

Stability of these equations in the presence of small disturbances and

be determined by examination of the characteristic equation.

In order

to determine the characteristic equation, define the state variables

x, = X

1 p
x2 = Xp
Xy = b3

Then Eq. (B9) through (B1ll) can be written
k=Ax

where x is the vector of state variables and

0O 10
A= K2 - —K2
K, o -1/T,

The characteristic equation is then

la- Qx| = o

Upon expansion this results in

(B12)

(B13)

(B1L)

X+ (T 1m) X2+ (T/y - Br) ) + (KK,-BK,/1) = 0 (815)



By application of Routh's stability criterion (Ref. 1), the following
necessary and sufficient conditions for stability can be determined:

7 o= % (816)

Xy > /Tl (B17)

(7/ry + BX) (T + /1) = (% - B/1) X, (B18)
A slight rearrangement of Eq. (B18) gives

K, < 1 (7 -+ um) (B19)

L &Ry
From these inequalities it is apparent that stability exists for at
least some values of K2 when the spring slope,}g, is negative, since
this would satisfy Eq. (B16) and (B17) automatically. However, when
/Qis positive, as it is when the reference setting is in the negative-
slope region of the spring.characteristic, stability depends upon
damping and downstream volume. Eq. (B16) shows the required damping.
The required downstream volume is indicated by Eq.,(Bl7) since K,
varies inversely with volume.
By considering the approximate values of the constants; given above,
further insight is possible. Assuming that = +0.1

7 = ( .63'109 secm:L
Kl = 0,008 sec:‘“:L
K. = 7 sec™2

2

B

It is noted that for large 'va]\_ues of damping, 7’, the inequality Eq.
{B18) reduces to Eq. (B16). Also, Eq. (B17) is satisfied even for the



large volume of the propellant tank ullage, 100 cu. in. It therefore
appears that large damping is the only requirement for stability in
the tﬁ; region.

The only indication of the actual damping present in the mechanical
system is the hysteresis in the spring characteristic, Fig. (B-2). If
it is assumed that the hysteresis loop is a result of a force pro-
portional to velocity, then the damping coefficient can be calculated
from Fig. (B<2). This method gives

Y ~ 0.715°10° sec”!

which is approximately one order of magnitude less than that required
for stability by Eq. (B16).

The above stability analysis assumed small changes in the state vari-
ables from their nominal value, zero. An indication of instability
automatically ensures that any small disturbance will immediately begin
to grow, and in time will result in violation of the small amplitude
assumption. Large amplitude oscillations drive the system into non-
linear regions, and there may be convergence to a stable limit cycle,
of either large or small amplitude. This is best studied with the
detailed model.

It must also be noted that some degree of positive/é}is permitted by

the above development. For example, Eq. (B16) can be re-arranged to

give
/3<“—Z"
K2T1
Thus for

B-7
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= O=7°108 secwl

¢

)
"

0.5°10° sec
1/T., = 0.08 sec

the maximum tolerable slope is given by
B =< 1.12°10"°

Further, if the downstream volume is smaller, even a larger slope could
be tolerated.

In order to show the effect of the non-linear spring characteristic,
the equations in state-variable form, Eq. (B12), can be examined
graphically. The case most easily examined is when the mechanical
system is lightly damped and the downstream volume is large. In this
case the poppet moves extremely fast relative to regulated pressure,
and the system can be represented in two-dimensional state space, i.e.,

the phase plane.

Figure (B=3) shows the phase plane of system downstream pressure versus
poppet position. In this plane, the spring characteristic appears as
a switching line. That is, above this line the poppet moves to the
left, and below it the poppet moves to the right. The forward poppet
stop, full open, appears as boundary at I§ = 1.0, and the retraction
stop appears as a boundary at ié = =1.7. When fp = =0.1L, the ball is
on the seat. The spring characteristic is shown for a nominal setting
with a small positivelﬁg, i.e., just to the left of the minimum force
point on the deflection curve, Fig. (B-L).

The path marked with arrows shows a typical pressurization transient.

The starting point shown corresponds to an initial reference pressure
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of about 277 psia, which is 10 percent low. Since the pressure is low,
the poppet is in the fully opened position. As the upstream valve is
opened, flow begins through the seat and downstream pressure begins to
rise. The poppet remains on the forward stop until the pressure force
on the diaphragm equals the spring force, i.e., until the spring curve
is reached. At this point the rate of exchange of pressure, %, is still
large, as can be seen from Eq. (B10), which results in the pressure
rising above the spring curve. Once the trajectory enters the region
above the spring curve, the poppet is driven in the negative direction.
In the absence of significant damping,‘the trajectory will be almost
parallel to the ip axis due to the extremely fast motion of the poppet
relative to the pressure change. This trajectory intersects the spring
curve in the second quadrant, where the pressure derivative is negative,
resulting in a tendency to cross the spfing curve. Crossing the spring
curve introduces positive poppet velocity, which drives the trajectory
back to the curve. It will bhe observed that/é?is negative in this
region, making the poppet equation of motion stable, so that the
trajectory follows the spring curve. The system comes to rest at the
origin since all time derivatives are zero at this point. If the

at this point is sufficiently small, i.e., if Eq. (B16) is satisfied
locally, this is satisfied locally, this is a stable equilibrium point

and satisfactory operation is achieved.

In the event that the set-point on the spring characteristic curve is
such that Eq. (B16) is not met at the origin, the origin is an unstable
equilibrium point. In this event, a small disturbance in either pres-
sure or position which causes the operating point to shift up or to

the left will result in tréjectory "a", Similiarly, a shift down or
to the right will result in trajectory "b". The excursion along "a"
would result in an extremely small pressure excursion, less than 1
percent. The excursion along "b" would cause a complete re-cycle of

the start-up transient. It is conceivable that, with a certain set

B-12



point, either of these excursions could repeat indefinitely.

The above arguments could be extended to include the effects of damp-
ing and hysteresis. Large damping would make the upper portion of the
trajectory curve upward. Hysteresis represented as discussed pre-
viously would have similar effects, since it is a manifestation of

internal damping.

A smaller downstream volume would have the effect of increasing the
rate of change of pressure. This would also cause the upper trajec-

tory to curve upward.

The findings above, i.e., the stability criteria and the phase tra-
jectories, indicate the importance of certain parameters on system
performance. First, required damping is a function of the magnitude
and sign of the spring characteristic slope, and of the size of the
downstream volume. This suggests that the detailed model must re-
flect the actual regulator precisely in these areas. The importance
df,ﬁa’ and the shape of the spring curve in the region of the set
point indicate that the set point must be a variable parameter in the
detailed model.

B-13



B-1}

min

SIMPLIFIED WATER EXPULSION MODEL

SYMBOLS
- diaphragm area
- seat area
- damping coefficient

- seat discharge coefficient

- spring force, a function of spring deflection
- ratio of seat flow area to ball position

- moving mass of poppet

- -ambient pressure

- liquid tank pressure

- pressurization tank pressure

- liquid system resistance

- uniform gas temperature throughout

- gas volume in liquid tank

- gas weight flowrate

- liquid out flow

- ball position

- poppet position (positive in opening
direction)

- maximum poppet position

- minimum poppet position

- slope of normalized spring force-deflection
curve



gas density in liquid tank
liquid density

compressible flow function
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APPENDIX C

ANALOG COMPUTER PROGRAMS FOR MM '70 PROPULSION
SYSTEM
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Manhattan Beach, California
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APPENDIX D
DISTRIBUTION LIST FOR FINAL REPORT ON CONTRACT NAS7-7L49 (CONCLUDED)
RECIPIENT COPIES

Valcor Engineering Corp. 1
365 Carnegie Avenue
Kenilworth, New Jersey 07033

Vickers; Inc. 1
Division of Sperry Rand Corp.

2160 E. Imperial Highway

E1l Segundo, California

Whittaker Corp. 1
9601 Canoga Avenue
Chatsworth, California 91311

Wintec Corp. 1

343 Glasgow
Inglewood, California
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