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ABSTRACT 

A generalized method for the dynamic modeling of the pressurization 
system and the pneumatic pressure regulator in a pressure fed liquid 
propulsion system is developed herein, 
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, 
solution generated by this analog model thus is applicable to all 
physically similar systems. 
system variables such as absolute pressure levels, and thrust levels 
cease to be important parametersI 

The entire pressurization 

A particular 

It is notable that by this method, 

The generalized modeling technique developed herein is applied to two 
specific systems for the purpose of verifying the techniques employed, 
The Mariner Mars 169 midcourse-correction propulsion system was 
selected as the first example case, being representative of mono- 
propellant propulsion systems in the 50 pound thrust classo 
model was successful in duplicating system performance of the 
I69 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. 
these model studies &th the Mariner '69 system, it was possible to 
make recommendations for improvement of this regulator design to 

The 

As a direct outcome of 
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eliminate the abnormal performance characteristics of the regulator, 
The Mariner Mars 971 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. 
results for this system. 

Again, model results were shown to agree closely with test 

The application of models developed according to the suggested tech- 
niques t o  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. 
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. 
anticipated that these parametric results w i l l  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 regulator and the propellant tanks being pressurized, 
Both the spring slope and this dowkistream pressure can effect the 
dynamic stability of the pressurization system. 

Important parameters 

It is 
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INTRODUCTION 

SYSTEH DESCRI 

This study is concerned with propulsion systems similar to the one shown 
in Fig. (1) e 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. 
pressurization system provides a flow of pressurizing gas to the 
propellant tank, or tanks, depending upon whether it is a monopropellant 
or bipropellant system. 
system is of secondary importance here, and need be considered only to 
the extent necessary to provide a complete system in which to analyze 
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 

The liquid flow branch or branches of the 

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. 
in the propellant tank during system operation, 
pressure is controlled by the pressurization system, and in particular 

his is achieved by insuring a constant pressure 
The propellant tank 

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 
at the input, due to outflo 

caying pressure level 

1 



Figure I e Typical Bipropellant Pressure-Fed Propulsion System 

2 



SYSTEM OPERATION 

i 

Systems such as shown in Fig. (1) have two easily distinguishable 
modes of operaTon. 
tion mode, in which the propellant tank is brought from its initial 
low pressure level to the nominal design pressure level. This mode 

One of these modes may be called the pressurixa- 

is characterized by higher-than-nominal gas flow rates, and the 
regulator is gen.erally 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. 
closest to its nominal conditions, and thus thrust is most accurately 
maintained. 
w i l l  be discussed later) result in slight deviations of system pres- 
sures from their nominal value during this mode. 

During this mode the entire system operates 

Certain non-ideal characteristics of the regulator (which 

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. 
pressurization storage tank is sufficiently large, this second mode con- 
tinues until all propellant is expelled from the propellant tank or 
tanks. 
a third mode. A s  the upstream pressure continues to fall, the regulator 
in this case reaches its maximum flow area, while attempting to maintain 
the desired propellant tank pressure. 
beyond this point, it becomes impossible for the regulator to maintain 
the required flow and thus the downstream pressure begins to fall below 

If the 

A smaller pressurant storage tank introduces the possibility of 

As the upstream pressure drops 
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the desired regulated valueso 
reaches its maximum flow area may be referred to as the breakpoint, 
and the third mode occurring there ter is essentially an uncontrolled 
blow-down mode. 

The point at which the regulator 

ONECTIBES OF I 

Figure 1-b is a model of a typical system which accounts for 
compressibility of the pressvriz tion fluid, 
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. 
compresqible volumes is designated Pi and the incoming flowrate is 
designated Gie 

The flow system is 

The pressure within each of these 

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 

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 makes it possible for there to be an 
equal number of modes of dynamic operation, some of which are desirable 

hat is, there exists the possibility of 
undesirable ic interactions between the system components, such as 
the regulator and the propell 
of this investig tion €0 develop a gen 
for determining such undesir 

t tank ullage volumes It is the objective 
ed technique of analysis 
of system components in 

ha~~ware development for future propulsion systems, 
~de~lying moti 
select system 
~erform~c@ of to avoid unexpected 

e it possible to 
ers so as to yield the desired dyn 
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There are many possible methods of carrying out such analyses. 
these methods are simplified linear analyses, simplified non-linear 
analyses and complete simulation of the entire system. 
analytical methods has certain desirable features, certain undesirable 
features, certain areas of application and certain areas where they 
would not produce the desired results. 
often attractive because of their inherent ease, and because of the 
large body of existing techniques in classical control system analysis 
(Ref, 1). 
produce the desired results since a) the linearization makes the 
analysis valid only f o r  small amplitude disturbances, b) a single 
operating point of the system is assumed at which the linearization 
is carried out. 
system, separate analysis must be done for each point, 
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. 

Among 

Each of these 

Simplified linear analyses are 

However, the simplified linear analysis will not always 

If there is interest in other operating points of the 
c) the simpli- 

Simplified non-linear analysis avoids the limitation of small amplitude 
disturbances. 
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. 

Also, there is a large body of classical control system 

The method of analysis selected for this investigation is a simulation 
of the entire system, 
method, there is no limitation on amplitude. The analysis encom- 
pases the entire range of system operation; furthermore, many factors 

Since the equations are not linearized in this 
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commonly omitted in simplified analyses are included, 
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. 
cases reveal much more information about the dynamic performance of 
the system than either of the simplified analyses. 

It must be 

However, a complete system simulation will in most 

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 systeme 
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 '71 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. 

Then future systems may be analyzed 
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Once the analytical techniques and methods of 
as shown in Fig. (l), have been established, they w i l l  have m 
applications. One possible application is the use of such a model of 
a particular system to c rpy out parametric investigations during the 
preliminary design phase of a planned propulsion system. 
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. T h i s  particular application is demonstrated herein. Other 

alysis of systems such 

Such parametric 

applications are suggested or may occur to the reader. 
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DEVELOPMENT OF THE GENERALIZED MODEL 

In this section a system of subscripting and schematic represent 
is developed which m es it possible to represent a large number of 
pressure-fed propulsfon systems in a uniform and generalized waye 
it is shown that these propulsion systems c 
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. 
as is indicated by the schematic of a particular system, constitutes 
the mathematical model of the generalized pressure-fed propulsion 
system. 
solution by means of an analog computer. 
process of normalization results in the definition of certain dimension- 
less parameters which characterize the system. 

be described in terms of 

This set of equations, repeated as often 

These general equations are then normalized and scaled for 
It is shown that the 
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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. 
parts have similarities with respect to the governing equations, 
two major classifications of these components are 
compressible volumes, and 
tance elements. 
It is convenient to distinguish among three different types of flow 
resistance elements. 
orifice-type restriction. 
calibration orifices, and other elements of this general type. A 

different kind of flow element often found in pressurization systems 
is the laminar filter. 
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. 
is in contrast to the orifice-type flow device, which obeys different 
laws. 
either of those mentioned previously is the pressure regulator, 
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. 

Furthermore, many of these 
The 

a> tanks and other 
b) orifices and other types of flow resis- 

One type is the fixed-area or scheduled-area 
In this category fits valves, fittings, 

Due to the small flow areas necessary for the 

This 

Another type of flow device which is basically different than 
This 

Figure (2) shows a set of generalized system elements. 
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. 

Any complete 
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convenient subscripting system is necessa cilitate analysese 
In order that this method be applicable to any system, it is best to 
use a subscript-iwith 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 Vie 
that corresponding to the pressurant storage tank, and the subscripts 
of volumes downstream of that t 

The smallest value of i is 

k have ascending values, 

Certain system variables have values which can be associ 
these local compressible volumes. 
are; pressure, temperature, volume, and local heat flux across the 
boundary. 
referring to their local values in the vicinity of the i-th compressible 
volume, 
temperature in that it is a "through" variable. T t is, the flow 
rate must be thought of as a quantity which OCCUFS between two points 
in the system. In the convention indicated in Fig. (2) the flow rate 
is therefore associated with a particular restriction. 
convention, the restriction immediately upstream of the i-th compressible 
volume is designated by the subscriptie 

As indicated in Fig, (2 )  these 

These variables are all designated by the subscript i when 

System flow rate differs from iables such as pressure and 

It will be noted in 
two regions; one occupied 'by the gas, 

ig. (2 )  that the central volume is composed of 
d the other occupied 

his is the most general case of the l o c  
e representation of propellant tanks in 

lished conventions. Thus, in the most gener 
localized volume h 
liquid density, a d  liquid outflow rate, in addition to the previously 

ssoeiated with it a v lue of liquid volume, 

bles of pressure, temperature volume of the g 
medium 
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ile the schematic shown in ig, (2) is the most general case, in that 
llows for the compressible volume th gas inflo 

d liquid outflow, this particular combination may not occur in an 
actual system, 
gas flow system terminates t the propellant t , in which case the 
last gaseous compressible volume 

more likely arrm ement is the common case 

s gas in-flow and liquid out-flo 
his case is easily handled with the terminology established 
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 
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 numerical index established in the gaseous system upstream of the 
branch, 
branch. 
bipropellant system, the letter subscript can be an abreviation for 
the particular propellant. 

suggests a slight modification of the sub- 

The first of these elements is simply a continuation of 

The second subscript element is a letter designating the 
For example, since the branch is generally due to the 

In order to avoid ambiguity in the subscripting systems for the 
propellant tanks themselves, it is necessa 
system for the liquid portion of the syst 

to establish a new index 
he convention adopted 

gain a two part index in which the first p rt is a letter 
representing the particular propellant, 
index which increments in the downstream direction. 

he second part is 

In order to complete the nomenclature and subscripting conventions, a 
lized pressure regul tor must also be described, 
tor shown in ig, (4) contains all o the elements 

The hypot 
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in regulators to be considered in this investigation. 
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 elemknt 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. 
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. 
for this flow path is a simple continuation of the numerical indexing 
technique established above. 
volume immediately upstream of the regulator is k-2 then the pressure 
between the filter and the seat is Pk 1j the pressure downstream of 
the seat is Pk, and the pressure in the compressible volume immediately 
downstream of the regulator is Pk+le 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. 
in which the pressure sensing element operates, is designated by the sub- 

script r, and is called the reference pressure cavity. 
the opposite side of the pressure sensing element is usually ambient, 
since this region is usually vented. 
designated by the subscript a. 

Perhaps the most 

In this regulator, 

The nomenclature convention employed herein 

If the subscript for the compressible 

T h i s  cavity, 

The pressure on 

T h i s  pressure is therefore 

It will be noted that the hypothetical regulator shown in 
characterized by a radial flow filter at the inlet, a lever arm between 
the ball actuator and the pressure sensingelement and poppet, and by a 

helical reference spring. 
are by no means restricted to regulator components such as these. 
equations developed will be e 
filter employed, to designs without 

The analytical techniques developed herein 
The 

ly applicable to type of inlet 
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poppet and the ball actuator, and to regulators with different kinds 
of springs and different kinds of pressure sensing elements. 
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. 
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. 
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. 

In 

Insofar as the analysis of the pressurization system is 

In the case of 

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. 
in any order whatever corresponding to a particular system schematic. 
Mote that test systems can also be represented. 
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. 

These elements may be connected 

This can generally 

A flow bench accumulator test system 



could be represented by simply ePiminating the liquid outflow and down- 
stream liquid flow system from the propellant tank, and instead, 
representing a downstream system composed of gas f low elements. 



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. 
are summarized in Table I. 

All equations developed in this secion 

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 thenno- 
dynamic conditions within such a tank at any instant. 

By conservation of mass for the gas system, 
(1) 

dWi - -  - I? - I ?  
dt i i+l 

where W. is the stored weight, and Gi and iSi+l are gas inflow and out- 
flow respectively. 
stored weight of gas in the 5th tank or compressible volume. 

1 
Integration of this equation yields the instantaneous 

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

where\UTm is the total internal energy of the gas mass. 
the enthalpy per unit weight, and the A represents the change from 
inlet to outlet. 
or liquid interface, or mass transfer from the liquid inter 
is the external. work, ioeng the work done by the g s on the liquid surface. 

Qi is heat ed, including convection from the walls 

i 



The external work is 

dVi - - P i x  = Pi 'yLi/PL 

where it is noted that the rate of change of gas volume, Vi, is simply 
tive of the rate of change of liquid volumeo 

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

UTOT = Cv W T 

H = C  if 
P 
P V  

y = c / c  
it is found that, 

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 ddition, can be represented simply by 
striking out the associated term in Eq. (4). 

The instantaneous volume occupied by the gas is found from 

dV 
= P / p  - 

d t  L L  

Equations (1) and ( 5 )  are sufficient to determine the density of' the 
gas in the tank, which is a thermodynamic proper 
dynamic property, temperature, is o 

single phase, these t sufficient to determine all 
other properties, specifically pressure. Th 

second thermo- 
ined from Eq. (4) e 

Pi = Pi(Wi/Vi. Ti) 

which is an equation of st 
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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 

R Ti 'i 
'i 

P . = Z -  
1 ( 7 )  

where Z is a compressibility factor. 
taken as constant for a sufficiently small change in temperature and 
pressure. 
case, making reference to reduced properties charts, or  other represen- 
tations of actual gas benavior. 
a curve-fit expression for the equation of state. 
development will employ Eqe (7) 

The compressibility factor can be 

The validity of this approximation must be examined in each 

The alternative would be to include 
The remainder of this 

Many flow devices can be represented by the compressible-flow orifice 
equation. 
through the i-th device 

A convenient form of this equation is, for the flow rate 

where @ is the compressible flow function, Fig. ( 5 ) .  Letting the 
-pressure ratio P./P be a , Q, can be expressed as, 

1 i-1 

@ =  

@ =  Qmax = @ (ac) ; 01 < a C 1 
YlY-1 
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In this equation y and R are the specific heat r 
for the gas being used in the system. 

Equation (9) can be represented within 21% by the curve-fit expression, 

' E 2' (a(1-a))ll2 ; a ,  .5 max 
; a < .5 

The value of @ max can be determined by combining Eqs. (9) and (10). 
This gives 

1 / 2  1 / 2  (y+l /y- l )  

'max 

2 
= 396.04 in./sec 

gC 

R = Ro/MW in./OR 

This is a function of Y , and is plbtted in Fig. ( 6 )  for nitrogen 
(R = 661 in./OR). 

Filters in the gas flow system are generally laminar flow devices, and 
therefore obey a linear flow-pressure l o s s  relationship. 
expressed as 

This can be 

Assuming an ideal gas 
p = P/RT 

results in 

- P.$T 
1 i -1  Qi = K. 1 -  Pi ( P i  - 1 

proportionality const 
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The gas flow r te through the pressure regulator can be determined by 
an equation such as Eq. (8). In this equation however, there appears 
the quantity which is the flow area of the regulator, ieee, the area 
between the ball and the seat, By examin tion of Fig, (b ) ,  it is 
parent that this seat area is ca function of the position of the moving 

assembly within the regulator, 
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, 
within the regulator to be a rigid body and writing its equation of 
motion. 
velocity are unique functions of the initial conditions and the time- 
history of the sum of all forces acting on the moving assembly. 

Indeed, this is the way in which the 

This can be done by considering the moving mass 

It will be found that the position of the regulator and its 

Examination of Fig, (4) 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. 
forces are, of course, that force exerted by the reference spring, and 

The most import 

osing the reference spring force which is a result of 
the reference pressure acting over the effective area of the ppessure 
sensing element. 
acting on the moving assembly, 
number of other forces atpl 

ideal regulator would have only these forces 
However, in any regulator there are a 
11 of these must be accounted for 

iting the equation of motion on the moving assembly, For example, 
there are fictional forces at all points of sliding contact, such as 



between the ball actuator and the housing. Also, there are pressure 
forces acting on the ball actuator due to the difference in pressure 

lume 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 downstre pressuree Finally, 
the force exerted by the ball retaining spring also acts on the moving 
assembly e 

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. 
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 ass,umption 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. 

T h i s  is done in Eq. (14) e In this equation 

Equation (14) w i l l  now be discussed term by term. 
right hand side, Fs, is the force exerted by the reference spring. 

both poppet position and poppet velocity, 
is an expression of the spring characteristic curve. 
dependent term is a means of accounting for 
spring e 

The first term on the 
As 

Eq* (15),this reference spring force can be a function of 
The position dependent term 

The velocity 
steresis of the reference 

P 
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The second term on the right hand side of Eq. (14) is the force exerted 
on the pressure sensing element, 
pressure sensing element. 
represent friction terms. 
i.e., a frictional force which is always constant and acting in a 
direction opposite to the motion. 
term, i.e., ordinary damping. 

Here Be is the effective area of the 
The third and fourth terms of Eq. (14) 
The third term is Coulomb type friction, 

he fourth term is a viscus friction 

The bracketed terms in Eq. (14) represent all forces which act on the 
floating portion of the assembly, that is, the ball actuator, ball, 
and lever arm. 
the mechanical ratio of the lever arm. 
expression is multiplied by the unit step function as defined in 
Eq. (16). 

It will be noted that these forces are diminished by 
Also, this entire bracketed 

U ( X )  = 1 ,  x > 0 

= o , x < o  - 

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, 
term within the bracket, Fbs, is the ball spring force. 
usual small travel of the ball, it is possible to represent this ball 
spring force by a linear equation as expressed in Eq. (17). 

The first 
Due to the 

X - 
Fbs - Fbso + kbs 

The second term in the bracket 
upon the ball and upon the actuator, as indicated by Eq. (18). 

represents pressure forces which act 
Pr 

The third and fourth terms within the bracket are friction terms which 
are completely analogous to those discussed previously, 
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tion of motion as indicated in Eq. (14) considers the entire 
ssembly to be rigid body except when the poppet is retracted 

past the point where the all 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 ba l l  actuator. 
would give unsatisfacto performance, due to the ball floating, ice., 
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, 

A regulator des gned otherwise 

The reference spring force, P 
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. 

as a function of the poppet position and s 9  

One method of representing this force is as indicated in 
e (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 aBellville-type reference spring, or 

or any linear spring, or for any small motion in the 
vicinity of linear regions of non-linear spring, the function of 
position can be represented as  indicated in Eq. (19) 
dependent term Fh in Eq.(lS) is included to 
losses within the spring, commonly referred to as hysteresis losses. 

The velocity 
unt for internal energy 

F V S  = F t S O  - ks X 
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1 spring characteristic curve showing the effect of hysteresis 
ig, (7) e 

irst, it is not ble that a closed fi e is defined. The 
Several things may be observed from curves of 

area within this figure represents a conversion of 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, ibee, 
where expansion begins, the exerted force drops to the lower return 
curve. racteristic 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 c 
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). 

It is this c 

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 cornpression of the spring and subtracted during expansion 
of the spring. Figure (8) shows a possible form for the hysteresis 
portion of the reference spring forceo 
could be determined 
spring during repeated expansion and compression was plotte 
function of the velocity of the he d of the spring testing 

The exact form of such a curve 
experiments in which the force exerte 

e of data from such an experiment, it is only possible to 
roximate this hysteresis curve, such as 

t is notable that with this representation the hysteresis has the 
effect of adding d 
term of the spring force e 
the coefficient of which is direct 
moving assemb 

ing to the system, That is, the velocity dependent 
D 

ation is simply 
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It w i l l  be noted t 
in the regulator in Eq. (14) 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. (14) still applis and it is necessary to simply set the mechanical 
ratio of the lever equal to one. 

the effect of the mechanical linkage or lever 

Equation (14) 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. (14). 
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). 

As discussed above, any reference 

The reference cavity greatly influences'the dynamic operation of the 
pressure regulator. 
the regulator moving assembly responds. 
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. 

It is only through the pressure in this cavity that 
The pressure within this cavity 

The pressure within the reference cavity c 
such as Eq. (7). 
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. 
to be a signkficant variable in the pressure equation for the reference 

be determined from an equation 
owever, special conditions here indicate the use of 

Thus temperature ceases 



cavity. 
related to the position of the pressure sensing element, 
temperature to be constant,and stored mass and cavity volume 
variables, Eq. (7) can be linearized to yield Eq, (20): 

However, the volume of this cavity is a variable, being linearly 
By considering 

to be 

where 

AVrn = Ae AX, 

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. 
series expansion and keeping only the linear terms. 
changes in the poppet position from its nominal value. 
refers to the nominal values of each of these parameters. 
the maximum change in the volume of the reference cavity due to motion 
of the poppet, as indicated in Eq, (21). 
between the maximum value of the poppet position and the nominal value 
of the poppet position, or convenience the change in poppet position 

Ecuation (20) is derived from Eq. (7) by performing a Taylor 
Here A X represent 

Subscript n 
A V represents 

AXn represents the difference 

s been normalized by AXna 

In ~ q .  (20), 
which connects the cavity to some point in the flow systemB 

is simply the integral of the flow rate thru the orifice 
It is 

tion of Eqe (I), recognizing that there is no 
the flow through the inlet port is bidirectional, 
e determined equation such 

P 
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owever, by design, this orifice is generally si 
pressure ratio across the orifice is nearly one. 
within the reference cavity is never largely different from the pressure 
outside of that sensing port, In this case a simple flow rate equation, 

That is, the pressure 

ted in Eq. (22), can be employed, 

In this equation, the compressibility of the medium 
flow rate is simply proportional to the square root 

is ignored and the 
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 spare 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 Eqs. (8), ( 9 )  

and Qm is plotted in is the are the reference orifice, 
d (11). Cr is the discharge coefficient for the reference orifice, 

Equation (14) defines the position of the regulator moving assembly 
function of its initial position in the time histo 
upon this assembly, 
the regulator is a function of this position, 
regulator flow area and poppet position is an easily-derivable function 

of a l l  forces acting 
It is obvious from ig, (4) , that the flow area of 

This relation between 
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of t h e  geometry of t h e  b a l l  i n  t h e  seat i n  which it rests. 
e t r y  f o r  a typ ica l  design i s  shown i n  Fig. ( 9 )  e The throa t  area between 
the  ball and the  seat as a function of the  height of t he  b a l l  off  of t h e  

seat, X ,  i s  given by Eq. (24)  e 

T h i s  geom- 

A~ = 2 1 ~ r  (a/b) JX x ; A~ 5 A~ max ( 24) 

The usual small s t roke of most regulator  designs permits the  use of t h i s  
l i n e a r  equation. The mechanical r a t i o  between the b a l l  posi t ion and the 
poppet posi t ion has been accounted f o r  by the  f ac to r  

pression. 

i n  which t h e  ba l l  rests. 

a 
T; i n  t h i s  ex- 

R i s  t h e  radius  of t h e  b a l l  and r i s  t h e  radius  of t he  bore 

For large opening of t h e  regular seat, t h e  primary r e s t r i c t i o n  may oc- 
cur  a t  some point  other  than t h e  seat i t se l f .  

f o r  this t o  happen i s  i n  t h e  annular area caused by the  b a l l  actuator  
extending through t h e  bore. For t h i s  reason, t h e  ac tua l  re la t ionship  
between e f f ec t ive  regulator  flow area and the posi t ion of the poppet 

might be as indicated i n  Fig. (10). I n  t h e  l i n e a r  portion, t he  con- 
t r o l l i n g  area i s  t h a t  between the ball and the seat and i s  given by 

Eq. (24) e 

proaches the  annular area between the  b a l l  actuator  and the  bore 
diameter, the  e f fec t ive  flow area reaches a limit, 
proximated by a two segment c w e  as indicated i n  Fig. (10) e 

The most l i k e l y  place 

However, when the  area predicted by t h i s  re la t ionship  ap- 

This may be ap- 

Liquid-flow port ions of t h e  propulsion system require  d i f f e ren t  mathe- 
matical representations than the gaseous portions.  
arise due t o  t h e  la rge  difference i n  compressibil i ty between the  two 

mediums. The 
l i ne ,  and f o r  pressure within a lumped volume. 

The differences 

equations required are f o r  flow rate through a l iquid 

34 



BALL 

BALL ACTUATOR 

r 

-- 

35 



5 cz: a 

ec 
0 

k 

DY 

36 



The dynamic equation for incompressible liquid flow can be found by 
making a force balance on the fluid colum For example, flow between 
a tank and a flexline storage volume is denoted by GLi, and the fluid 
column between these two points is the line length times its cross- 
sectional area. The mass is therefore, 

The acceleration of the fluid column is ,simply the time derivative of 
the velocity. 
pressure difference and the frictional resistance, the latter depending 
on the square of the velocity. 

Forces acting on the column are the area times the 

From these consideritions, 

2 
= A (AP - RG ) pLA dv 

d t  
- -  

gc 

Noting that 

it is found that 

ation is applicable between any two points where there is no 
e that in the steady state the in egrand is zero and the 

2 AP = R$ 

is enforced, 



System storage c n result from liquid compressibility and from felxibility 
of the line walls. 
corresponding to lumped volumes in the actual system. 
in these lumped volumes can be found by noting that 

The model accounts for this at discrete points 
The pressure with- 

B f i  dWLi 
- -  _ -  - dP L i  

a t  dt 'nLi 

where PLi and WLi are the pressure and stored weight of liquid respectively 
in the i-th volume. The factor Biv is the effective bulk modulus of the 
line filled with liquid. It is found from 

1 1.25 - -  - - +  1 
B I i  B ( t / D )  pi 

where 
B = bulk modulus of liquid 
t = line wall thickness 
D = line diameter 
E = Young's modulus of line material 

The derivation of this relationship is presented in Appendix I1 of 
Ref. (h ) .  

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

is the nominal stored weight in the line. 
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e noted that there are other definitions of effective modulus 
than that given by Eqe (30) e The form used here is based upon an assump- 
tion of longitudinal deformation being independent of circumferential de- 
deformation. Reference (4) gives a more complete discussion of this 

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

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) e 

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

Consid- 

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

It will be 

(a) 
(b) 
(c) 

There is no mass storage in the catalyst bed. 
All heat of reaction is r e ~ ~ ~ s ~  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, ieeeJ 

fi = f i  
i L2 
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where GLi is the feed system flow rateo 
in the chamber, and it is necessary to write 

However, there is mass storage 

0 = pc At % a x K  

where @ max is given by Eq. (12) e 

(33)  

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 amax 

The instantaneous 

w i l l  therefore be taken as a constant. 

stored mass in the reaction chamber is then 

and the pressure, by the ideal gas law, is 

Pc = Rc Tc wc/vc ( 3 5 )  

It is now necessary to calculate the temperature, Tco 
(b) ana (c) above, all heat of decomposition is released in the bed, 
An energy balance across the beu gives 

dT 

By assumptions 

TI,, cb de = QL2 HL2 - fii Hc + Q;Ji Hr 



I 

where HL2 and Hc are the enthalpies of the liquid inflow and gas out- 
flow respectively, and H is the heat of reaction. Mote that this 
equation also assumes a uniform temperature profile in the bed. 
wise it would be necessary to divide the bed into a number of axial 
elements and write a series of equations similar to Eq. ( 3 6 )  e 

felt that Eq. ( 3 6 )  is sufficient for the purpose here. 

r 
Other- 

it It is 

Equation ( 3 6 )  can be further simplified by noting that in the steady 
state, 

G L 2 H L 2 - f i . H  1 c  + G  i r  H = O  (37) 

Further, by Eq. (32), 

Since it is the temperature which is desired, substituting 

Hc = Cc Tc ( 3 9 )  

into Eq. ( 3 3 )  gives 

= HL2 + Hr 
C 

Tc( s s )  C 

is the steady-state exit gas temperature with the nominal 4 S S >  where T 

(design) flow rate and Cc is the steady-state specific heat of the 
decomposition products. 
relationship into Eq. ( 3 6 )  gives 

Involking assumption ( c )  and substituting this 

*The steady-state axial temperature profile problem is discussed in 
Ref. ( 3 1 ,  Pg. 279. 
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The steady-state temperature and specific heat of the decomposition 
products can be obtained from Ref, ( 5 ) .  
capacity are characteristics of the design, 

The bed mass and specific heat 

A bipropellant thrust chamber is a chamber in which the two propellants 
mix and reaction takes place, developing a chamber pressure anb temperature 
which are functions of the propellant combinat on, 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 
outflow system is determined as a function of the propellant flow rates. 
The equations developed here are simplified in accordance with this 
limited requirement. 
reflect all dynamic phenomena within an actual thrust chamber. 

the downstream pressure of the propellant tank 

It is not intended that these equations accurately 

The fundamental equation for the pFessure within the combustion chamber 
is again Eq. ( 7 )  
in%egral 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 cohbustion chamber. 

The stored mass in this equation, W t  is now the 

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, 
instantaneous value of each propellant flo 
flow equations for the feed system discussed previously 

T h i s  is expressed in Eq. (42). The 
rate is determined 

= 1  + B  tot ox f 1 
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The chamber outflow is determined tion similar to E 
lation of this equ tion as commonly found in discussions of 

acket thrust chambers is presented as Eq. (43). 

* In this equation At is the throat area, Pc is the chamber pressure, and C 
is a function of the 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 w i l l  be considered as 

a constant. With these assumptions, the equation for chamber pressure 
given as Eq. (44) results- 

p, = - RT {(Qtot - P A g /C*) d t  
V c t c  
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tions 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, 
analog or digital compuber model of m y  system. owever, 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. 
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 any system and any malog 
computer, This scaling method is equation normalization, in which each 
system variable 

These equations could be used directly for creating an 

In some instances time scaling is 

s normalized (divided by) its nominal value. The nominal 
h e  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 
existmce of 
some point in time, 
or system balance is p 

te solution to the entire set of equations at 
The nominal point t which this steady state solution 

arily chosen 
e at their design pressurese 

Thus, in terms of thes the "design conditions" o 

e of unity for all nomali2;ed 
system variables. Th re then conveniently taken 

n multiple of thes 

ctually, this is quasi-ste state, since conditions in the tanks 
are slowly changing with time. 
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It w i l l  be seen that the normalization results 
certain dimensionless groups or parameters 
the system. This c acterization of th system by these dimension- 
less group has two distinct advantages, First, it generalizes the 
results. That is, the results obtained 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. 
areas, it is simply necessary to specify the desired pressure schedule 
at points in the system represented by the discrete compressible volume 
lumps 0 

the appearance of 
.it ich then characterize 

Instead of specifying actual flow 

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, 
example of equation normalization, consider the equation for the 
pressure within a compressible volume as given by Eqo (7). 
that the compressibility factor and the gas constant for the medium 
are constant. 
have that 

As an 

Then, denoting the normalized variable by an overbar, we 

- 
P. = Pi/Pin 

i = w i / w i ,  

v.  = V./Vin 

1 

- 
1 1 
- 
Ti = Ti/Tin 

(45) 

These groups are dimensionless if in an algebraic equation, or have 
units of reciprocal-time if in a differential equation. L6 



By substituting the normalized variables defined in Eq. (45) directly 
into Eqe (7) we have the normalized equation for the normalized 
pressure in the i-th compressible volume: 

- - 
Pi = wi Ti/Vi 

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 f o r  the instantaneous mass 
within a compressible volume as given by Eq. (1) e 

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 
Wi is equal to  0. 

Note that the 

Thus we have for the normalized version of Eq. (l), 

- - 
(Qi - fi ) i+l (47) 

0 

In Eq. (47) we see the appearance of the parameter . This parameter 
has units of reciprocal seconds and is therefore similar to the inverse 
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time constant. hus, 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 volumee 

In some equations with additive terms, the normalizing quantity is 
different for each term, In this case each additive term in the 
normalized equation has a different coefficient. 
equation for the total flow rate in a bipropellant system, Eqo (42). 
When each of the variables in this equation is normalized by its own 

nominal value there results Eq. ( h a ) @  

An example is the 

1 -  - 
9 tot = (2) $ox + (q) t;"f 

q. (48) from Eq. (42), use was made of the fact that the 
nominal total flow rate is equal to the sum of the nominal values of 
the oxidizer and fuel flow rate. 
of the nominal mixture ratio 

Also, use was made of the definition 

In some cases, the normalization of a variable is not desirable, 
example of this is in the case of Eqs. (8) thru (12). 
flow function, @, is 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 d'ifferent nominal 
pressure ratio, normalization of the @ function at all points would 
produce a similar but different equation for Q, in each case. 
building an analog model of the pressurization system, it is more 
desirable to have a single @== function which is applicable to all 

he compressible 

In 

points of restriction. This introduces the possibili of time-sharing 



i 

of a single generation of the function, 
rather than a direct normalization of Eqo (8), it is preferable to leave 
it in the form shown in Eq. 

In order to achieve this benefit, 

In this equation the pressureJ area, and temperature are normalized 
variables, but Q is an unnormalized quantity, and a constant appears 
in the donominator which is equal to the nominal value of the corn- 
pressible flow function - @. 
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. 
ever, since other equations involving the pressures require the use 
of the normalized pressure variables, it is necessan to convert to 
the absolute pressure ratio according to Eq. (51) e 

How- 

ere the absolute pressure ratio is denoted by aiwhich is equal to the 

multiplying the 
i-th pressure divided by the pressure immediately upstream of the i-th 

his absolute pressure ratio is found 
nominal pressure ratio by the ratio of the normalized pressure variables 
as indicated in E 

cases the method of normaliaation described ove, ieec, simp 
dividing the 
for problem simulation, 0 

s nominal value,is not 
le of this is the case when the noniinal 

stem ~ a r ~ e t e r  is zero, such as in the case o 
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rate into the reference cavity, Eq, (21), 
alternative is to use the local value of a similar variable a 
normalizing variable. 
the normalizing parameter is thus chosen as the nominal value of the 
system pressurant flow, en. 

In these cases, a convenient 

In the case of the reference orifice flow rate, 

Thus Eq. (21) normalizes to give 

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 norm&lizing method for the position variable is as indicated 
in Eq. (53).  

- x - xn 
'm - 'n 

x =  ( 5 3 )  

ere 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. 
has the value of 1,and when the regulator is operating at the nominal 
point, the position variable is the value of 0, For poppet positions 
less than the nominal value, for example, when the poppet is closed, 
has a negative value. 

Thas, when the poppet is against its forward stop 

I' 

The normalization techniques described above can be applied to all system 
equations previously developed. 
which are completely analogous to the basic equations which define the sys- 

summarizes all o these equations as developed in their basic 

T h i s  results in a new set of equations 



form, and also in their normalized form, The basic equation in each 
case is denoted by the letter rrafl and its number, and the normalized 
version of the equation is denoted by the letter rtbll. 
of each equation shown there, denoted by the letter Ircrl, represents the 
scaled normalized equation suitable for analog computer mechanization. 
The analog scaling is discussed in the next section, 
the normalized variables are presented in Table IIe 
formuli for the constants appearing in the equations of Table I are 
presented in Table 111. 

The third form 

Scale factors for 
Miscellaneous 

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 2 100 V or 2 10 V, depending upon the machine. 
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, 

It is 

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 valueso This 
establishes a basis for amplitude scaling all of the variables in 
most pressurization systems, as indicated in Table 11, 
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 e 5 e  
would have nominal values of pressure voltages equal to 50 V, which 
would therefore allow pressures to reach a maximum of twice their 

Normalized 

Thus an analog computer with a range of +, 100 V 



lues without exceeding the m ge limits. Simil 

ossibility of going 

method should be universally 
log computer. 

Depending upon the p rticular system under consider tion and the dyn 
bilities of the particul analog computer employed, it m 

necessary to time scale the model in addition to the amplitude scaling 
discussed above. 
be approached from at least two different viewpoints, the relative 
merits of each being ev hated differently by each different programmer, 
These methods 

he subject of time scaling in analog modeling can 

re discussed in Ref. ( 6 )  e One of these met 
nondimensional time v iable, defined 
onvenient time scale f he introduction of this new 

time variable ges the numerical value of the co fficients in all 
ions of" the problem. he second method is to 

tions and coefficients 

tor in the problem 

method, which is commonly 
it is complete 

to the fullest, degree when it becomes necess 
ng at some point during th lysise In the 

potentiometer settings, 



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 

or this reason, the machine time scaling method is recommended, 

It w i l l  be noted in Tabel I that certain groups of parameters, consisting 
of the nominal values of the system variables 
many of the formulas, 
volume, Gn/VLng occurs in Eqs, (1) and (2) of Table I e 
the method of calculation of these pasmeters is evident from the 
equations as shown in Table I, 
some to include a more detailed formulae for the coefficients of the 
equations. 

properties, occur in 
For example, the time constants of compressible 

In some cases 

In other instances it was found cumber- 

For this reason, Table 111 presents a summary of miscellaneous 
li that will be found useful in calculations of the constants in the 

equations of Table I, 

he coefficients of the scaled, nomal i  tions as shown in Table 
correspond directly to the coeffici nt potentiometer settings for the 

cients for the system under conside 
alog computer model, Thus numerical v ch of these coeffi- 

lculated before the 
be completed, ft is on of these coefficients 

ch distinguish the model f o r  one physical system from that of another 
lly similar system. 

The system coeffici nts or potentiometer settings can be grouped into 
sa These are stem pressures, i..ee, the pressure 

schedule through the actual system, flow system time constants, and 

cients whene~er the Plow t w i l l  be noted that 
isticso Press 
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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 
weight of pressurant in the particular volume. 
law, Eq. (7), this time constant can be expressed as 

the nominal stored 
By use of the ideal gas 

W = R Tn gc. U P i n  Vin - n 'in 

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 pre~sure~, nominal flow rate and pressurant 
properties, and that system geometry enters only in the volume factor in 
the demoninator of the time constant expression, 
into the way in which systems of this type can be scaled from one thrust 
level to mother. 
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 comprsssibilities, 
if the velocity of the pressurant in the flow 1 

then the ratio of psessmant flow rate to volume varies only with the 
length of the pressurization lines, It is, therefore, to be expected 
that system pressures ( 
devices) are much more important design variables t 

T h i s  gives some insight 

First, if two systems of different thrust levels are 

It is notable, however, that 
es is maintained as a 

nt design parmeter between the two systems of different thrusts, 

11y system pressure ratios across flow 
system thrust, 



TABLE I 

SUMMARY OF GENERALIZED EQUATIONS 

a) Basic equation, b)  Normalized form, c )  Scaled normalized form 

Stored mass within i - t h  volume 

wi = wi (0) + [(ki - Q i+ 1 ) d t  ( l a )  

. I  

Temperature within i - t h  volume 

- -  - -  - 
- (y-1) P t;l i L i  Ti = ?;. (0) + /I Zi - (y-1) Tiki+l 

1 

Instantaneous compressible volume 

Vi = Vi(o) + /QLJpL d t  

- - 
vi = Vi(0) + 

[.OSvil = [ .05vi(o)] + 

/FLidt = vi(o) + 

/[.liTLil a t  



TABLE I (Continued) 

Pressure within i - t h  volume 

Pi = ZRWiTi/Vi 

P. = W.T./Ti 
- - -  
1 1 1  

[.5Fi] 

Gas flow rate through i - t h  o r i f i c e  device 

(+(ain)=) 
- - -  
$ J =  
i 

[.lFil = {[.5F-i-11 [ . 1 A i ] / [ . 5 / K l )  +(ai)/9(a. i n  1 

Pressure r a t i o  

ai = Pi/Pi-l 

- -  
ai = ain Pi/Pi-l 

Commessible flow function 

4 = 2 9, (a (l-a))1/2 ; a - > .5 



TABLE I (Continued) 

Laminar-flow f i l t e r  flow rate 

! 

Reference cavity pressure 

Reference o r s f i ce  flow r a t e  

4 r = Kr d-IPk-Prl  sgn (Pk-Pr) 

1 

(Kr i s  defined i n  Table 111) 

Regulator flow area 

, n 

As = 2 ~ r r  (a/b) dl-(r / I?)L X ; As 5 Asmax 

- - ’ As Asmax/Asn AS = 1 + (AXm/Xn) 

- 
[.lKsl = .1 + ( - 2  AXm/Xn) [ - S n  ; [.lAs] 5 .lAsmax/Asn 



TABLE I (Continued) 

Regulator equation of  motion 

.. 
mX = F~ - (P,-P~) - F~~ sgn X - 

B 1  2 
Fsn - FC1 sgnr-mx 

A P  
- - -  e r n -  + P 

[q Fbs mAXm F P r  + 

- -  .. - =  - 
X mAXm Fs mAXm r mAXm ma', 

Fprn - FC2 + -  a Fbsn - 

Linear reference spring 

F = F - ksX 
S so 

Linear Bal l - re ta iner  spring 



TABLE I (Continued) 

Regulator pressure forces  

Total  pressurant flow r a t e  f o r  bipropel lant  system 

Q = f i  + r ; l  j j+l ,X j + l , F  

Pressure i n  l i qu id  l i n e  
1 

-!!!L j(fiLi - QLi+l) d t  
'Lin 

1 

5 BiBLn 
I +  

[ s S F L i  (0) 'Lin'Lin 
[ .SpLi] = 

Flow rate through l iqu id  l i ne  

( 1 8 4  
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TABU I (CONTINUED) 

MonomoDellant t h rus t  chamber out-f low 

a 0 =Pcfic 

[.St;;b] = .5 [ . S F  C ]/[.flc] 

Stored mass i n  monomoDellant th rus t  chamber 

Wc = Wc(o) + /(Pin - Po) d t  

Mon op r op e 1 1 ant  t h  rus  t ch amb e r pres su r  e 

- -- 
P = T W  
C c c  

[-5FC] = Z [ . ST'] [ . 5Wc] 

Monopropellant t h rus t  chamber temperature 

T = Tc(o) + 
C 

- - 
Tc = Tc(a) + 

[.5Tc] = [.5Tc(o)] + 1.5T~l dt 

d t  
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TABLE I (CONCLUDED) 

Bipropellant th rus t  chamber in-flow 

= i l  + G  
tot ox f G 

Bipropellant th rus t  chamber pressure 

PC) dt - -  RcTc 
c vc . C* 

p = -  

- 
pc> dt - -  - RcTctS t o t n 

C 'cnVc i C* P =  

[.5Fc1) d t  I C[.SfitotI - 7 
- RcTcilt o t n 

cn c P V  [.SF I = 
C 
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- 
A 
I 

F 

P 

T 
T- 

4 
W 

- 
X 

1zm BLES 

Quantity 
Area 

Force 

Pressure 

Heat flow rate 

Temperature 

Volume 

Stored mass 

Mass flow rate 

Poppet position 

Scale Factor 
.1 

.5 

.5 

005 

.1 
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LE 111 

SC 

-1 Q R Tn Z gc n 
Win 'in 'in 

sec - -  - n %! 

Gas constant: 

R = Ro/MW in/"R 

%! Lin n -1 G 
se c - = -  

%'in Win 
This re la t ionship  derives from the  requirement t h a t  volumetric gas 

flow must equal volumetric l i qu id  flow during nominal conditions. 

Plotted vs  y i n  Fig. (6), 



LE 111 (cont'd) 

1 

= nominal reference cavi ty  volume r n  

2 
K l r  = 20m (dimensionless) 

"m 'max - 'n - =  
n X 'n 

lb/sec 

= tank nominal pressures oxn, 'fn P 

iy oxn, 

P P  
ox' f 

Oh = propellant nominal flowrates 

= propellant dens i t ies  

Nominal Poppet Posit ion (Eq.  11, Table 1) 

,. i n .  Asn x =  
2'KT (a/bj 
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TABLE III ( cont d) 

E = +  

= Ball seat (bore) hole area 

= p * / / P  f ox ox $f 

B = liquid bulk modulus 

t = wall thickness of line 

D = diameter of line 

E = Houng*s modulus for line material 



A P P L I C A T I O N  AND V E R I F I C A T I O N  

The generalized methods developed in the previous section find appli- 
cation wherever it is necessary to perform dynamic analysis of pressure- 
fed propulsion systems. 
is desirable or necessary. 
to perform preliminary analyses of propulsion systems which are yet to 
be designed, 
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. 
the desired syst 
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. 
achieved, these dimensionless parameters can be used to calculate actual 
hardware sizes necessary to achieve that performance in the real system, 

There are many instances when such an analysis 
One of these is the case where it is desired 

Due to the normalization of the equations and the resulting 

Once the general schematic of 
is specified, the model can be constructed and the 

Once the desired performame has been 

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 

se-line schematic and set of parameters, with the thought that 
as the design advances the effects of each and every design change c 
be readily evalu ted by slight modific tions to the model, 

Still another applic tion is the c se where an existing system exhibits 
perf omance 
to determine the causative factors. In this c e the schematic of the 
system is well l a o  since all physi 1 dimensions are 

ch is abnormal or otke se undesirable, and it is desired 
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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 w i l l  

exhibit the same abnormal performance characteristics as the real 
systeme 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. 
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. 
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. 

Using these systems as ex- 

The correlation obtained as the result of these 
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MARINER MARS ' 69  SYSTFSI. APPLICATION 

The filariner Mars ?69 midcourse e 

propellant system using hydraa;ine as the propellant, 
the pressurant, 

ection propulsion system is a mono- 
nd nitrogen as 

model schematic representing this propulsion system 
ig. (12a) e The pressure regulator 

system is shown in Fig. (13) Figures (12b) an 
systems in which the regulator of Fii 

of these systems have been modeled, 
in order to permit correlation between model and test results, 
propulsion system itself was modeled in order to permit parametric 
studies to be carried out, 

(13) has been tested; all three 
The two test systems were modeled 

The 

' 69  regulator shown in Fig, (13) consists of a gas 

flow system and an interacting mechanical system, i.eo, 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 loc ed restrictions, In the '69 regulator, the only 
significant points of restriction are the filter and the seat, and there- 
fore the models sh 
represents the volume between the filter and seat. 
sents the volume within the regulator downstream of the seat, plus that 
of the outlet tube to the next point of restriction, 

in Fig, (12) are representative.* Here the volume 
The Volume V repre- 4 

At points other than the seat, gas velocities in the regulator are 
low. 
most important point of restriction, and amounts to about 1.3 psi at 
nominal flow conditions, 

The annular region downstream of the seat represents the next 
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es and temperatures at the lumped volume or nodal points c 
be determined from the e 
The flow rate between nodal points can be determined by a flow equation 

ions of conservation o ss and energy. 

as indicated by experimental datae 
indicate that laminar flow exists and the flow rate is related to 
pressure by Eq. (8) of Table I, 

Data for the filter, for example, 

Flow rate through the seat follows the compressible flow orifice equ 
Eq. ( 5 )  of Table I, 
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. 

In this equation C is the discharge coefficient, which 4 

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, W 
ature within each lumped volume can be calculated from the conservation 
of energy. 
is represented as Eq. (2 )  of Table I, 
temperature within each volume have been determined, the local pres 

The temper- 4" 

Assuming perfect gas behavior and an adiabatic process, this 
Once the stored weight and 

be calculated from the perfect as law, Eq, (4) of Table I, 

The lumped parameter model of the gas flow equations for the f69 regulator 
e a separate volume representing the diaphragm cavity, 

early model included the diaphragm c 
out through the provided passages. 
areas of the passages, the pressure difference between the cavity and 
the reference volume webs found to be negligible 
during high-frequency oscillation of the di 
fore simplified to that sho limination of the di 

ty and accounted for flow in and 
Per, due to the large flow 

less than 1 psi) even 
The model was there- 

In this model the di ure is assumed to be the pressure 
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immediately d o m s t r e  of t h e  seat, Pra It i s  not  
passages t o  t h e  diaphragm cavity were s m  ler ,  this simplification would 
n0.t be possible 

The mechanical system cons is t s  of the  poppet diagrahm, spring assembly, 

nd bal l .  The forces  ac t ing  on the  poppet are t h e  d i  

force,  t he  balancing spr ing force, and the  force  transmitted through 
t h e  b a l l .  The sum of these forces  determine t h e  i n s t a n t  neoua acceler- 
a t ion,  in tegra t ion  of which yields t h e  ve loc i ty  and posi t ion.  Posit ion 
of t he  poppet i s  limited by mechanical stops, and t h a t  of t he  ba l l  by 

the  seat. 

I f  it is  assumed t h a t  t he  b a l l  follows t h e  poppet perfect ly ,  there  i s  

only one equation of  motion. Assluning a posi t ion var iab le  X which i s  

pos i t ive  as the  b a l l  i s  l i f t e d  from i t s  seat, t h e  equation of motion 
is  given by Eqe ( 1 2 )  of Table I. 
spring force,  which i s  a function of spring def lec t ion  and rate of 

change of def lect ion.  
by the  hys te res i s  of t h e  experimental forcerdeflection curve. 
second term i s  the  diaphragm pressure force,  which is  t h e  effective 
area times t h e  pressure difference across t h e  diaphragm. A damping 

term, B X . ,  i s  included, although t h e  coef f ic ien t  i s  not e a s i l y  deter- 

mined and will most l i k e l y  be small. 
b a l l  i s  t h e  sum of t h e  ba l l  re ta in ing  spring fo rce  and the  pressure 

forces  which a c t  on t h e  b a l l ,  Fbs and F 
P r  

U(X) i s  a u n i t  step function which removes the  ba l l  forces  from the  
poppet when the  b 11 i s  re s t ing  on the  seat. 

I n  t h i s  equation FS i s  the  reference 

The dependence on rate of change is  indicated 

The 

e 

The force  transmitted through the 

respectively, The function 

A typical poppet spr ing force  cha rac t e r i s t i c  i s  shown i n  ig .  (l4)* The 
non-linear cha rac t e r i s t i c  derives from the  fact  t h a t  t h e  assembly con- 
t a i n s  a number of Bellevil le springs. The hys te res i s  exhibited i n  the  
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cha rac t e r i s t i c  represents  an 
energy t o  i n t e rna l  energy i n  the  spring material, 
can be approximated, including the  hysteresis ,  by considering the  
force t o  be the  sum of two terms, one dependent only on def lect ion and 
the  other  dependent only on velocity,  i s  indicated by Eq. (15) developed 
i n  Section I. he def lect ion function must be assumed t o  be the  mean 
curve i n  the  absence of  contrary evidence. 

Fsf(X) by measuring steady-state forces,  as opposed t o  the  curves i n  
Fig. (14) which were generated a t  a f i n i t e  veloci ty ,  Using t h e  mean 
curve f o r  Fs9(X), t h e  velocity-dependent term Fh( i )  i s  then an odd 
function. 

This function i s  based upon the  observed height of the  hys te res i s  of 
- 15 pounds and the  given head speed of t he  tester of 0.05 in/min. It 
assumes t h a t  t he  height of t he  hysteresis  loop has reached i t s  maximum 
a t  t h i s  velocity.  
poppet velocity,  t h i s  representation of hysteresis amounts t o  extremely 
high damping. Also, i f  poppet motion i s  reduced t o  zero gradually, as 
i n  the  case of  a spring tester, there is a smooth convergence t o  t h e  
steady-state curve, as i s  suggested i n  Fig. (14) 

r revers ib le  conversion of  mechanical 
The charac te r i s t ic  

Ideal ly ,  one could generate 

A function which f i t s  t h e  avai lable  data  i s  shown i n  Fig. (8). 

+ 

It i s  notable t h a t  f o r  small changes i n  

The spring def lect ion,  6 , i s  the  sum of t h e  def lect ion of each end. 
Noting t h a t  t h e  poppet posi t ion coordinate, xt i s  pos i t ive  i n  the  

ection, t h e  t o t a l  spring def lect ion is then 

i s  t h e  def lec t ion  effected b r  ro t a t ion  of t h e  adjustment capo 
This equation permits the  set  point  t o  be v 
model 

iable pa rme te r  i n  the  
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The effective diaphragm 
edge is constrained. 
Eq. (12) of T ble I can be determined by equating the work done by the 

ea is less than the total area since the outer 
The effective area of the diaphragm to be used in 

s moving into the elemental volume caused by an elemental change in X 
rk done moving the resisting force through the elemental change 

in X. 

That is, 

(Pb - Pa) dv = Ae(PL - Pa) &X 
It is seen then that 

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 e 

2 

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 
linear equation given as Eq. (14) of Table I. 

ring force is approximated by the 

Pressure forces 
when the ball is not on the seat. 
be estimated by considering the geometry of the constriction of f low be- 
tween the ball and the seat, This is shown at 100 times actual size, in 
Fig, ( 9 )  e 

cting on the ball are also transmitted to the poppet 
The pressure foPce on the ball can 

Due to the small size of the flow passage relative to the ball 
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nd bore diameters, it i s  apparent t h a t  the  downstream s t a t i c  pressme, 
The corresponding area a c t s  on the  b a l l  over t he  e n t i r e  bore diameter. 

on the  upstream side of the  b a l l  i s  acted upon by the  upstream static 
pressure, Ps e 

P49 

Therefore the  ba l l  pressure force i s  

This equation is  obtained by elimination of the  second term of Eq. (15) 
of Table I, 
F 
applied t o  the  poppet by the  poppet spring. 

At nominal conditions, ioe.,. with Ps = 3570 and Pr = 308 psia ,  
= 15.65 pounds. This i s  approximately 3 percent of the  nominal force 

Pr 

Equations discussed above are su f f i c i en t  t o  compute b a l l  and poppet 
posi t ion as 8 function of time, provided t h a t  there  i s  always contact 
pressure between the  poppet and bal l ,  Due t o  the  high pressure force 

on the  b a l l  

the  case when upstream pressure i s  high. When upstream pressure drops, 
the pressure force fa l ls  t o  nearly zero, leaving the  b a l l  with only i t s  

and the  low mass of t he  ball, t h i s  w i l l  most l i k e l y  be 

ining spring t o  hold it firmly against  the  poppet. Under these 
cond5tions the b a l l  might " f loa t"  a t  high frequencies of poppet motion. 

The model a s  presented herein w i l l  not r e f l e c t  this phenomenon, 60 fu r the r  
invest igat ion m be required i f  indicated by Comparisons with the  tes t  data,  

e The flow bench test  system f o r  the Mariner Mars '69 
pressure regulator,  as shown i n  
application of t he  elemental equations developed i n  the  previous 

ig ,  (12a) , was modeled by repeated 

r i s ed  i n  Table I, For examp% the  pressure and 
within the  presswant  t 

The pressure i 

re described by Eqs (l), (2), 

h of the  lumped volumes, which and (4) of Table I, 
represent the  volume of the  f ed sys$.em between the  lumped r e s t r i c t ions ,  

11 represented by Eq. ( I J ) ~  
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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 Eqs. ( 5 )  and (7) 
of Table I. The system filter for the flow bench set-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 f i g .  (2) of Table I)7 - and analog computer 
diagrams are also included. 

. The second test system in which the Mariner Mars 
' 6 9  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 systemJ liquid portion, consists physically of 
a start valve, calibration orifice, and line within an environmental 
chamber. 
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. 
this system as a single lumped resistance immediately downstream of the 
tank, a compressible volume representing the flex line, and another 

This system was connected to a point outside of the environ- 

The model, shown in schematic form in Fig. (12c) represents 



lumped resistance downstream of the flex line. 
to the flow are represented by Eq. (18) of Table I. 
flex line is represented by Eq. (17) of Table I, 

The lumped resistances 
Pressure within the 

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. 

e 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* 
thrust chamber. This similarity is to be expected, since the water ex- 
pulsion model was designed to simulate the actual propulsion system. 

It is only necessary to add the equations for the 

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. 
flow system was always exposed to ambient pressure, whereas in the thrust 
chamber the feed system is exposed to chamber pressure, 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. 
quantity affecting this pressure. 

In the water expulsion system, the exit of the liquid 

The temperature within the thrust chamber is an intermediate 

Eq. (22) Qf 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. 
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.  

These equations 

e 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. 
polar amplifiers, solid-state quarter-square multipliers, and offer a 
large number of logical functions. 
Equipment Corporation PDP-8 digital computer, which is employed for auto- 
matic coefficient setting and automatic read-out. 

These computers employ bi- 

This computer is tied into a Digital 

Amplitude scaling for the analog model was according to the method dis- 
cussed in Section I and shown in Table 11. 
time scaling feature, so that the problem solution could be easily changed 
from real time to 10 or 100 to 1 time scaling, 

The computer has an automatic 

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, 
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. 
reduces the required gain for the fast integrator, but at the same time 
reduces the required gain at the slow integrator. $?hen 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, 

When dynamic 

The slowing-down of the problem solution time 
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One solution to the problem caused by wide differences in element 
responses is to consider two modes of model operation, 
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, 
ever, at this timescale the gain of the integrators for the larger volume 
elements are so small t 
This time scale is entirely unsuitable for simulation of rn 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. 
model should be run in real time, and if necessary sacrifice dynamic 
accuracy of the faster elements, 
should not introduce any inaccuracies in the slower dynamics of the 
system, 
about the dynamics of the faster elements, 
possible to predict stability of the higher frequency modes from data 
obtained from the model in which the high frequency accuracy has been 
sacrificed, 

t the upstream pressures are essentially constant. 

In this case the 

T h i s  sacrifice of this dynamic accuracy 

However, in this mode it is not possible to make any judgments 
For example, it is not 

ariner'69 system a time sc le of 90 to 1 was a compromise which 
sonable solution time and a sufficiently ace 

sentation of both Pow and high frequency system dynamics* 
reason most of the date, gener 
to 1 time sc 

8 ariner 69 system was at 10 

other difficult encounter in the analog me ation of' the system 
s due to the extremely low p 

elementse It is evident 
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shown in Fig. ( 5 )  that when the pressure r io across a flow element 
is nearly 1, the rate of change of flow with respect to pressure ratio 

roaches infinity. On the analog compute,r, 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 malog 
computer itself. 
function is timeshared at several points in the model by means of the 
multiplexing methods, 
only so long as the required value of the generated function does not 
change greatly between sampling intervals. 
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. 
system which have extremely low pressure drops are best omitted entirely 
rather than attempting to operate at pressure ratios above .995. 

This is particularly true when the compressible flow 

The multiplexing method (see appendix A )  works well 

Operation too close to the 

Devices in the physical 

In the Mariner"69 system the sta~t 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. 
since it was desired to be able to control flow at this point in the model, 
as it is in the real system. 
model and at the same time avoid the problems discussed above, the pres- 
sure ratio across these valves was ily taken to be .99a This 

Yet they could not be omitted 

In order to include this element in the 

pressure loss through the fitting of approximately 1% which 
amounts to approximately 30 psi, which is considerably higher t 
actual pressure drop across such a valve. 
however, has no substantial effect on the dynamic performance of the 

This departure from reality, 

stem. 

Y 
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It was a l so  found i n  the development of the analog model of t he  
Mariner '69 propulsion system t 
compressibility a re  

of the gas system. 
it was impossible t o  accurately represent these dyn 
time scaling which permits simulation o the  en t i r e  burn period 

a reasonable solution time. 
l iqu id  system has on the  pressurization system, which i s  of primary 
importance here, the accuracty of the  l iqu id  l i n e  dynamics were sacri-  
f iced. 
model were simply made as high a s  the  analog computer permitted, It 
i s  f e l t  that no s igni f icant  reduction i n  the  accuracy of the r e s u l t s  
occurred because of this simplification. 

t the dynamics of the l iqu id  system 
everal  orders of magnitude greater  than those 

or the  same reasons a s  discussed previously, 
i c s  a t  the  same 

I n  view of t he  secondary e f f ec t  t h a t  the 

The gains of the  in tegra tors  i n  this portion of the analog 

8 
Actual test  data f o r  the Mariner 69 pressure regulator,  i n  both the flow 
bench t e s t  setup and the water expulsion t e s t  setup, revealed both normal 

and abnormal modes of oper t ion ,  
large-amplitude cycling of the downstream pressure was observed, instead 
of the desired constant pressure, 

of both the flow bench and the water expulsion system revealed both of 
these modes of operation. 
i n  Fig,  (15). 

I n  the abnormal modes of operation, 

Results obtained with the analog model 

A comparison between these r e s u l t s  i s  provided 

I n  each of the  fou r  p lo t s  of Fig. (ls), the  do 

sure is plo t ted  as a function of t he  upstream o r  storage t 
These curves are cal led regulation curves" or l l charac te r i s t ic  cu~"ves" 
f o r  the  regulator,  Obviously, f o r  a perfect  regulator the c 
curve would be per fec t ly  f la t ,  i e e s 9  the  downstream p res swe  would not 

stream (regulated) pres- 
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vary a s  the  upstream pressure changed, since this i s  the function of 

the  pressure regulator,  However, i n  any r e a l  regulator some departure 
from constancy i n  the downstream pressure i s  always observed, due t o  

changing conditions within the regulator. 

The two l e f t  hand p l o t s  i n  Fig. (15) a re  normal charac te r i s t ic  curves 

f o r  the Mariner 69 regulartor. 
a t  the l e f t  where upstream pressure i s  high and downstream pressure 
i s  lower than the  design value. 

pressure begins t o  decay and a t  the same time the  downstream pressure 
begins t o  approach the nominal value. 

of operation? the  regulation pressure i s  f la t  as it should be. 
ever, eventually the breakpoint i s  reached where the upstream pressure 
has f a l l e n  so low t h a t  the widest opening of the  regulator w i l l  not 

pass suf f ic ien t  flow r a t e  of pressurant t o  maintain the design pressure 

i n  the downstream system. 
an uncontrolled decay, ice.? the blowdown mode i s  entered. 

I 
The s t a r t i ng  point on these curves i s  

As t he  valves a re  opened the  upstream 

Throughout the longest period 
How-. 

A t  t h i s  point the  regulated pressure begins 

The upper l e f t  hand curve i n  Fig, (15) is an ac tua l  test  of the  Mariner 
69 regulator during normal operation, 
produced by the flow bench system model developed according t o  the  

techniques developed herein. 
measure of the accuracy with which the  model r e f l e c t s  the  ac tua l  system; 
i n  most respects  it i s  seen the agreement i s  qui te  good, 

8 
The lower l e f t  hand curve was 

The s imi l a r i t y  i n  these curves is a 

n the upper r igh t  hand curve i n  Fig, (15) is  presented ac tua l  test  data  
1 f o r  the  Mariner 69 pressure regulator i n  the  flow bench system w h i l e  it 

i s  experiencing abnormal operation. 
pressure cycles about a s e t  point. 

produced by the  analog model developed i n  t h i s  study, 
evident e 

It i s  noted that the  regulation 
The lower r igh t  hand cwve was 

Similar i ty  i s  



It is on the ba is of the information presented in Fig, (1s) 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 
regulator in its test systems, 
a direct result of the negative slope of the spring characteristic curve 
for this regulator, Fig, (14). 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. 

I 

It was found that this abnormal mode is 

Further investigations performed with these models revealed the importance 
of the pressure ratio between the regulator outlet and Che ullage volume 
of the propellant tank or the accumulator. It was found that the fre- 
quency of the abnormal oscillations corresponds with the ullage volume 
if this pressure ratio is extremely close to unity. 
that low frequency, high amplitude, abnormal oscillations are encountered, 
When there is a large pressure drop between the regulator and the ullage 
tolume, the regulator pressure sensing surface responds to the pressure 
in the compressible volume between the regulator and the point of restric- 

d of to the pressure in the ullage volume itself. 

It is in this case 

In this 
case any oscillations which occur are therefore of a higher frequency 
and lower in amplitude. 

On the basis of these findings it wets recommended t 
tor were to be used in other appli tions, the reference spring 
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design should be changed to give a positive slope at the operating 
point, 
designed into the flow system between the regulator and the ullage 
volume 

It was also recommended that there be a large pressure drop 

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. 
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, 
of the linear analysis are presented in appendix B. 

The purpose of this ef- 

The details and results 



MARINER MARS O71 SYSTEM APPLICATION 

The Mariner Mars 9 7 1  midcourse correction propulsion system was selected 

as t h e  second example case i n  order t o  fu r the r  ve r i fy  the methods of 

analysis  developed herein, and a l s o  t o  fu r the r  demonstrate the  appli-  
cat ion of these methods- This system i s  a bipropellant propulsion 

system as opposed t o  the  Mariner ' 6 9  monopropellant system, 
ates on t h e  propellant combination N20L/MMH operating a t  a mixture 

ra t io  of about 1.5. 
operate a t  a chamber pressure of 120 psia .  
surized by nitrogen. 

It oper- 

It i s  designed t o  provide 300 l b s  of t h rus t  and t o  
The propellants are pres- 

I n  t h i s  sect ion the  Mariner ' 7 1  propulsion system, and the  corresponding 
lumped parameter ana ly t i ca l  model are described i n  detail. 
how the  equations representing the  model are developed from the  gener- 
a l ized  equations presented i n  Section 11, 
t h i s  system a re  developed, and an analog model i s  devised from these 
equations and parameters. It i s  shown t h a t  r e s u l t s  obtained with t h i s  
analog model agree closely with test  data  obtained from a tes t  system 
which simulates the  Mariner '71 propulsion system. 

It i s  shown 

The parameters which determine 

The Mariner Mars '71 propulsion system is a bipropellant pressure f ed  
propulsion system. 

system which supplied pressurant and maintains pressure i n  both 
propellant tanks. Thus the re  i s  a s ingle  pressure regulator ,  Fig. (16) 
shows a Xumped parameter model schematic which represent t he  e s sen t i a l  

ekments  of t he  Bfarfner ?71 system. It i s  seen t h a t  t h i s  model cons is t s  
of a storage tank, a series of lumped r e s t r i c t i o n s  and compressibil i t ies 
representing the  regulator  and downstream flow system, the  propellant 
tanks and l i qu id  feed system i n  pa ra l l e l ,  and f i n a l l y  t h e  th rus t  chamber. 

I n  t h  s system, there  i s  a common pressurizat ion 
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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. 
of manageable portions. 
from several findings of the analysis of the Mariner ' 6 9  system. 
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. 
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 e 

This simplification was made in order to achieve a model 
A justification for this simplification comes 

There, 

This model w i l l  yield valid information 

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 shopm pr?viously as Fig. (4). This particular regulator is 
characterized by a flow limiting venturi upstream of the seat which is 
built into the regulator, and an isolated pressure sensing surface. 
Regulation occurs through flow modulation at the seat formed by a 
spring-retained ball resting in a hole. 
a lever mechanism and a ball actuator, 
consists of a bellows assembly. 
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 ball is actuated through 
The pressure sensing surface 

The poppet to which the bellows is 

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 1imiting.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. 
shows 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. Horarever,. when the seat opens beyond .Olh 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. 

Figure (18) 

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. 
design, designed to open at a 2 psi pressure drop. 

They are of a spring loaded poppet 
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The schematic shown i n  Fig. (16) i s  intended t o  represent not only the 
Mariner'71 propulsion system, but a l so  the  test systems which were 
designed t o  simulate the ac tua l  propulsion system. 

a re  similar schematically, and a l so  are designed t o  have similar flow 
geometry. O f  course, the regulator shown i n  Fig. ( 1 7 )  i s  employed i n  
a l l  of these t e s t  systems. 

These t e s t  systems 

The l iqu id  portion of the flow system as shown i n  Fig. (16) 
t o  be typ ica l  of the Mariner'71 propulsion system, and hence typ ica l  f o r  
i t s  t e s t  systems. It w a s  found during the  analysis of the Mariner'69 
system t h a t  the  charac te r i s t ics  of the l i qu id  flow system have negli- 
gible  e f f ec t  on the r e s u l t s  f o r  the  pressurization system. 
j u s t i f i e s  the  use of the simpli-fied model of the l i qu id  portion of  

the system as shown i n  Fig. (16). The first r e s t r i c t i o n  represents 

the system start valves and the second represents the pressure loss 
due t o  f i l t e r s ,  cal ibrat ion o r i f i ce s  and the  in jec tor ,  Line losses  
a re  lumped along with these loca l  r e s t r i c t ions ,  

a r e  separated by a compressible volume, although the compressibility 

i n  the l iqu id  system has no s ignif icant  e f f ec t  on the  analysis  of t he  

pressurization system. 
m a x i m u m  use of analog c i r c u i t  

Mariner '69 system. 

This 

The two re s t r i c t ions  

They a re  included only because it permits 
developed during the analysis of the  

The thrus t  chamber i s  a l so  shown i n  the schematic i n  Fig, (16). 
the case of the  monopropellant propulsion system, the  thrus t  chamber 
i n  t h i s  analysis  i s  s igni f icant  only insofar  as  it permits de t emiP  
nation of l i qu id  system exit  pressure a s  a function of propellant flow 
r a t e s  e 

A s  i n  
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A l l  equations required for the modeling of the system shown in Fig. (16) 
were developed in generalized form in Section 11, and are presented in 
Table I, 
the conventions established in Figs. (2) and ( 3 ) .  

Also, the subscripting system employed in Fig, (16) follows 

The gas flow portion of the system of Fig. (16) can be represented by 
repeated application of Eqs. (1) through (8) of Table I, 
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 Eqs. (s), (6) and (7).  
through the filter, assuming it to be a laminar f low device, can be repre- 
sented by Eq. (8). The pressure within each of the compressible volumes 
can be represented by Eq. (4) , with the instantaneous mass, temperature, 
and volume to be determined by Eqs. (l), (2), and ( 3 )  respectively, This 
completely defines the flows, pressures and temperatures at each point in 
the lumped parameter model. 

The flow restric- 

The flow rate 

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 
checkvalves is not simulated, 
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. 
it was desired to analyze this system in all possible modes of operation, 
it would most likely be necess 
poppets and model. these valves in detail. 

T h i s  is. an expedient simplification df 

Thus the checkvalves will always be open during this period, If 

y to develop equations of motion for the 
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The equations for the main pressure flow through the regulator were 
discussed above. The complete description of the regulator, however, 
require,s 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'71 
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 Eqa (12) are required. The viscous 
damping term, By in Eq. (12) need only be included for the poppet 
portion of the assembly. 
Eqa (12) is that of the viscous friction on the actuator. 
justified since no estimates are available for viscous friction acting 

Thus the only term which is neglected in 
T h i s  is 

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 Eqa (12) accounts for both of the reference 
springs in the Mariner'71 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. 
effective spring rate of the entire assembly, i.e., including both 
springs and the bellows, 
of Table I, Fsn is then the total force exerted by all three of these 
elements when the poppet assembly is at its nominal position, By looking 

In this equation kS is the total 

In the normalised, scaled equations, Eq. (13c) 

tate Conditions f the poppet at 
is found from the equation 

the nominal point,it can 

(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 71 regulator. 
substituting Eq. (13) in Eq. (12) and multiplying through by the 
coefficient of the spring force term, 2t 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/". 
natural frequency of the second-order system represented by the poppet 
moving assembly. 

By 

This coefficient is recognized as the square of the 

The ball retaining spring may also be assumed linear, 
Eq. (14) of Table I represents the farce of this spring. By looking 
at the normalized equation, Eq. (14c), is seen that only the effective 

In tNs case 

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 Eqm (12c), in which case the ball spring force equation adds 
directly to the reference spring force equation. 

The pressure forces acting on the ball d poppet of the 
e represented in (Is) of Table I. In Eq, (lsa), 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 

the coefficients depend only s in Eq. (ISb) it is seen t 
upon the pressure r ti0 across the ball, and the ratio of the poppet 
cross-sectional to the cross sectional area of the bore which foms 

tio is designated 

97 



l a t i on  between the poppet posit ion and the flow area a t  the sea t  

of the regulator i s  given by Eq. (11) i n  Table I. 
Eq. ( l l a ) ,  it i s  seen t h a t  t h i s  area i s  d i r ec t ly  proportional t o  the 
posit ion of t he  poppet, but i s  l imited t o  a maximum area, which i s  
determined i n  the  case of the Mariner’71 regulator by the  annular area 

between the b a l l  actuator and the regulator body. 

I n  the basic equation, 

From Fig. (17)  it i s  evident t ha t  t he  pressure sensing surface of the  
Mariner% regulator i s  i so la ted  from the flow system proper. 

reference pressure cavity communicates with the flow system pressure 
onlythrough a small reference or i f ice .  

cavity, the temperature i n  the  cavity may be assumed essent ia l ly  con- 

s tan t  and equal t o  the body temperature of the  regulator.  The volume 

of this cavity is l i nea r ly  re la ted  t o  the  posi t ion of the poppet assembly. 
Since the volume change i s  very small due t o  the small t r ave l  of the 

poppet 
ship between pressure, the  stored mass with the cavity, and the  posi t ion 

of the poppet, as indicated i n  Eq. (9) of Table I. 
poppet i s  obtained from the  integrat ion of Eq. ( 1 2 )  of Table I, 
amount of stored mass i n  the  reference pressure cavi ty  i s  given by 
Eq. (1) of Table I, which i s  a l inear ized version of Eq. ( 5 )  e 

The 

Due t o  the  small net f l o w  of  this 

assembly, Eq. (ha) can be l inear ized yielding the l i nea r  re la t ion-  

The posi t ion of the 
The 

Equations a re  a l so  required f o r  the  conditions and propert ies  within the 
propellant tanks. It i s  necess t o  determine the pressure, temperature 
and ullage volume i n  these tanks as a function of time during the operation 

of the system. 

Introducing the  u a1 assumptions of i dea l  gas behavior, the pressure 

within e i the r  of the propellant tanks i s  given by Eqe (4) of Table I, 
I n  t h i s  equation, it i s  seen tha t  the instantaneous stored mass, temper- 

a ture  and volume of the ul lage space a re  a l l  required i n  the calculation 
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of this pressure, 
volume minus the  volume of t h e  remaining propellant i n  the  tank, 

the volume of t he  u l lage  space grows with time as the  propellant flows 
out of the  tank, 
t h a t  t he  instantaneous ul lage volume i s  the  sum of the  i n i t i a l  value 
plus  the i n t e g r a l  of the l i qu id  outflow from the tank, 

stored mass within the ullage space i s  simply the  i n t e g r a l  of the gas 
flow through the last  f low r e s t r i c t i o n  device i n  the  gas flow system. 
This i s  obtained from Eqe (1) of Table I by s t r ik ing  out the term rep- 
resenting gas outflow from the tank, assuming tha t  there i s  no gas 
leakage from t h e  tank, Final ly ,  the  temperature of the gas i n  the 

u l lage  volume i s  given by Eq, (2)  of Table I, 
from performing an energy balance on the  open system represented by 
the gas mass within the tank, assuming ideal gas behavior, 

Physically, the  u l lage  volume i s  simply the tank 

Thus, 

T h i s  i s  expressed i n  Eq, ( 3 )  i n  Table I. This states 

The instantaneous 

T h i s  equation results 

The l i q u i d  outflow of each propel lant  tank i s  determined by the l i qu id  
flow system i n  each branch of the propulsion system. 
Lee,, t h e  propellant flow rate, i s  determined by Eq, (18) of Table I9 
applied t o  the first r e s t r i c t i o n  downstream of the tank, 
equation can be applied t o  t h e  second r e s t r i c t i o n  i n  t h e  l i qu id  flow 
system, which represents the system ca l ibra t ion  o r i f i ce s ,  f i l ters  and 

in j ec to r ,  The intermediate pressure i n  the l i q u i d  l i n e  i s  determined 
from Eqe (17)  of Table I. 
i n  Eq, (17)  i s  extremely l a rge  when evaluated f o r  a l i qu id  flow system 

which i s  r igid.  
i n  t he  l i qu id  flow system, 
throughout t he  liquid portion of the system can be considered constant 

f o r  the low frequency dynamics which are of i n t e r e s t  i n  a pressurizat ion 
system study, As mentioned previous 

The tank outflow, 

T h i s  same 

It i s  notable, however, that the  coef f ic ien t  

T h a t  i s  t o  say, there  i s  very l i t t l e  compressibility 
T h i s  means that the  l i qu id  flow rate 

the l i q u i d  flow model shown i n  
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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. 
serve equally well for the dy-namics of interest here. 

I 

An algebraic representation of the liquid flow system would 

The thrust chamber represents a termination for both paths of the bi- 
propellant propulsion system. 
relationship between the propellant flow rates and the pressure at the 
termination of these lines, i.e., chamber pressure. 
simply that the total flow rate is the sum of the oxidizer and fuel flow 
rates. 
that the coefficients are functions of the nominal mixture ratio at 
which the system operates. 
the chamber pressure. 
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. 

Equations (23) and (24), Table I, show the 

Equation ( 2 3 )  states 

In the normalized version of this equation, Eq. (23c), it is seen 

Equation (24) is a simplified expression for 
Equation (24) assumes a constant C'rc, i.e., constant 

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 regulator. 

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 flow system, 
Eq, (Sc) of Table Ip involves a constant which has the value of the 
compressible flow function, Fig, (s), at the nominal pressure ratio for 
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rticular device, Also, the equation which determines the stored 
mass within each compressible volume, Eq, (lc) s a constant coefficient 

which has the units of reciprocal seconds and characterizes the 
rate at which the particular compressible volume changes pressure with 
the. 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 deferent 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. 
Table I11 are helpful. 
'71 propulsion system according to the schematic of Fig. (16) are pre- 
sented in Table N. This data was obtained from exainination of the 
steady state values obtained in certain tests which have been conducted 
with the Mariner "71 system. 
lumped compressibility in the model kere selected as the pressure at the 
closest physical point in the actual test system at .which there was 
instrumentation. 
regulator manufacturer. 
according to formuli provided in Table 111, as was the nominal regulator 
area. System volumes were estimated from line sizes given on the system 
schematic and from the regulator schematic, 
taken to correspond to those employed in certain tests for which model 
correlation was desired, 

In these calculations, the formulas given in 
The physical parameters which define the Mariner 

The pressure at each of the points of 

The regulator parameters were kindly provided by the 
Nominal pressurant f l o w  rates were calculated 

The ullage volumes were 
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MAEUNER MAEIS ' 7 1  SYSTEH CONSTANTS 

PRESSURE VOLUME 
( p s i 4  (in 3 )  

2688 
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245 
245 
122 

15 
275 

5000 

02 

e 2  

93 
3.0 
1100 

600 
1.0 
1.0 

10.0 
- 

0.6 

Flow rates 

pressurant flow, oxidizer = .00948 Pb/sec 
pressurant flow, fuel = .01037 lb/sec 
pressurant flow, total = .01985 lb/sec 
Q xidizer flow = 0.66 lb/sec 
fuel flow = 0.44 lb/sec 
thrust chamber flow = 1.10 lb/sec 

lb-mole 
Rc = 946 inPR 
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11 

vv 

11 

V I  

11 

5280 

530 
I V  
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T U L E  IV (cont'  d) 

I 

Regulator Parameters 

0,0063 i n .  

0,0462 in .  
0.050 in .  (assum 

Z7 lb/in. 

10 lb/in. 
0.518 x lb-sec2/in. 

5. l b  (assumed) 
272.8 lb .  

Oe)4 l b s .  

0.1 l b s .  

2 1.02 i n  
0.00385 in2  

2 0.0207 i n  

2.2 
0.035 in .  
0.0625 i n ,  

2 
2 

0.0002Sh i n  

0.000521. i n  ( seatp nominal) 
( reference o r i f  ice) 



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 a$ 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, 
ample, it was found necessary to adjust the pressure ratios across the 
flow restrictions representing the check valve and the regulator out- 
flow restriction. 
the system shown in Table TV represents values determined partially 
during the analysis, as required to show correct dynamic trends, 
problem can be minimized by using a lumped parameter model with a 
suf'ficient 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. 
is necessary to calculate the pressure at each point in the physical 
system corresponding to the discrete pressure nodes in the analytical 
model. 

In the analysis of the Mariner "71 system, for ex- 

Thus the pressure distribution in this portion of 

This 

If no test data is available, it 

A n  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 

The analog model of the Mariner "1 system was used to show correlation 
w5th test data obtained from the test conducted on a simulated 



8 Mariner 71 pressurization system on 23 January 1970. 
concerned only with the initial pressurization of the system, and the 
data obtained are indicated in Pig, ( 1 9 )  e 

test were available for comparison as indicated by the solid lines in 
Fig, (19) e 

state values. 

This test was 

Only four seconds of the 

The dashed portion represent extrapolation to assumed steady 

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 F5g. (19) 
It is also characterized by the oxidizer tank pressure building 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 outrlow from the tanks, Le., 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, ieee, from the time of opening the 
pressurant valves upstream of the regulator till the time that the 
tank pressures approached their nominal values. 
variables in this figure are normalized to their nominal, i.e., steady 
state values. 
points in the system, moving from upstream to downstream, 
note that Plr is the pressure between the regulator and check valve 
and and FSf are the pressures in the oxidizer and fuel tanks respec- 
tively, 
system pressurant flows are shown in the last three records. 

Mots that all of the 

The first six strip records represent pressures at various 
In particular, 

SX 
The regulator area is shown in the seventh strip record, rand 
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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. 
magnitude of this overshoot was adjusted by variation of the nominal 
pressure ratios across the checkvalve and regulator outlet restrictions, 
in order to match the overshoot indicated in the test data, 

The 

Figure (20b) shows the first 1,” seconds of the pressurization transients 
with an expanded time soale so that the form of the overshoot can be 
examined. 
test data from another test as shown in Fig, (21). 
agreement is satisfactory with respect to shapes and magnitude. 

The form of this overshoot transient can be compared with the 
It is seen that 

At the onset of the analysis of the Mariner’71 system, the reason for 
the overshoot in the pressure upstream of the propellant tanks was un- 
known. 
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, ice., 40% of 

Operation of the model immediately revealed that this overshoot 

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), 

the pressure within the reference cavity builds up over a period of 
approximately 250 msecI 
course a function of the size of the orifice and of the pressure in 
the regulator downstream of the seat, 
the pressum within it comes very close to its nominal value, the 
regulator closes to 

As can be seen in the third strip chart of Fig, (20), 

The rate at which this volume charges is of 

When this volume does fill and 

smaller seat area due to the increased pressure 



% 
c 



on the pressure sensing surface. 
intermediate to the propellant tank and the regulator, since the pres- 
sure at these points is the sum of the tank pressure plus lossesthrough 
the points of restriction, which are functions of flow rate. 
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. 

This reduces the pressure at points 

Once this 

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. 
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. 
regulator itself would have to be tapped to permit instrumentation of 
this local pressure. 

Thus, in the second strip 

In order to observe this phenomena in actual tests, the 

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. 
the next section of this report. 

Some of these variations are considered in 
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PARAMETRIC RESULTS 

A parametric study was defined so as to encompass a wide range of mono- 
propellant system designs. 
aonopropellant 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. 

This stuw was carried out using the 

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 STlTlX 

Selection of Parameters 

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

Since the number of parameters is large, 
Some 

An important first step in reducing the number of independent parameters 
is to employ the normalized form of the equations in Table I. 
this step which eliminates parameters such as pressures, flow rates, 

It is 

111 



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, 
obtained by ma3dng assumptions about the range and importance of certain 
parameters, These assumptions are: 

Further reductions can be 

1. Storage tank is sized to provide sufficient pressure for 
regulation during full burn period, 
The only important compressible volumes are the storage 
tank and the ullage volume. 
Thrust chamber and liquid system time constants have insignificant 
effect on gas system dynamics. 
Regulator poppet forces other than diaphragm force are a constant 
fraction of the nominal reference spring force. 

2. 

3. 

4, 

The first assumption requires that the storage tank be large enough 
and at a high enough initial pressure such that the design pressurant 
flow can pass through the maximum regulator area after all propellant 
has been expelled. 
weight penalties, and smaller tanks result in uncontrolled thrust during 
the latter portions of the burn period, 
a unique value of the parameter Snhon, which is the inverse of the 
pressurant t time constant. In effect, this establishes the P x B 
product for the storage tank for a system if other physical parameters 
are fixed, 

T h i s  is reasonable since larger tanks result in 

T h i s  design criteria establishes 

The second assumption can lss be justified. Note 

is the inverse time const t of all localized compressibllties, Here, 
e the local cPoss-sectional ea and local pressu vi 
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velocity respectively, 
line length between restrictions times the local area, 
inverse time constants ccan be written as 

However, the lumped volume, Vi, is simply the 
Therefore, the 

t - n = Vi/ 1 i 
'in 

Gas velocity is a factor which is commonly held constant among different 
propulsion system designs. That is, line sizes are frequently selected 
so as to give a desired gas velocity. 
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. 
time constants can be limited to that associated with the ullage volume. 

As a result, it is to be expected 

Thus, parametric variation of compressibility 

The third assumption derives from the fact that the large compressibility 
of the ullage volume effectively isolates the pressurization system 
from the liquid system. 
system would have no effect on the pressurization system. 

Therefore, parametric variations of the liquid 

The fourth assumption allows attention to be concentrated on the more 
important of the many regulator parameters, 
it is seen that the equation of motion of the mechanical elements 
involves 9 coefficients. Varying each of these in a systematic way 
looking for interaction effects would require 18 parametric casesc 
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, Eqe (%)3 these 
secondary forces cannot simply be left constant while varying the other 
parmeterse Assumption four is a reasonable method of m 
necessary steady-state balance while varying the important regulator 

From Eq. (12) of Table I, 

The 



arameters, Physically, this is justifiable on the grounds that 
by proper regulator design, these forces are small relative to a) 

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, 
by estimation of reasonable values which might be encountered in pro- 
pulsion system designs, 

The range of each of these parameters was determined 

Most of these parameters are self-explanatory, 
called to certain ones which pertain specifically to the regulator, 
regulator range, AXbn, is defined by 

Particular attention is 
The 

- X X AX - 
_e_l_ 

'n 

where 
= maximum poppet position 'prnax 

x = nominal poppet position 
Pn 

A l l  positions are measured from the closed position, and the nominal 
point, n, refers to conditions which prevail at the beginning of the 
first burn. 



TaBLE V 

FICANT PARAMETERS FOR THE MONOPROPELLANT PROPULSION SYSTEM 

Burn Time - $ (sec) 

Ullage Fraction - V /W 

Regulator Range - &/X, 
5n tank 

Upstream Pressure Ratio - P /P 3n On 

Regulator Pressure Ratio - P 
Downstream Pressure Ratio - P /P 5n 4n 

/P Ln 3n 

Liquid Pressure Ratio - Pc/P5 
Regulator Gain - Pref/n Pref 

Regulator Frequexcy- - (rad/sec) 

RST 
VALUE 
~ 

50 

0 05 

5 

0970 

.080 

.980 

0 200 

10 

750 

SECOND 
VALUE 
v 

500 

0 15 

15 

0 945 

.800 

a 995 

a 800 

100 

7500 



The regulator gain, Pref/ APref, i s  an expression of t he  spring slope, 

This parameter results from consideration of the  poppet transfer function, 

which can be reduced to9  i n  the absence of damping, 

e 

&(u) 
p4 

(57) 

It is seen tha t  t he  D e C e  gain (Gdc)’ i 0 e O 9 d / =  09 i s  

Now, P 
spring force as the  poppet moves through i t s  range. 
t o r  and denominator of the  r igh t  s ide  of Eq. (58) by t he  diaphragm area, 
%, shows that the regulator gain (Gdc) i s  therefore the  r a t i o  of nominal 

reference pressure t o  the change i n  reference spring force per unit 
diaphragm area. More simply, 

i s  the  reference (diaphragm) pressure and k AX i s  the  change i n  
Dividing the  numera- 

Ln 

Note t h a t  changes i n  e i the r  spring rate; k, diaphragm area AD3 o r  poppet 
range, AX, result i n  changes i n  the gain, 

&re represented by a single  value of this parmeter ,  

Thus m a n y  regulator designs 

The regulator natural  frequency, 
E t  is the  square root of the r a t i o  of the spring rate t o  the moving mass 
of the  poppet-diaphragm assembly3 and i s  seen t o  be the resonance fre- 
quency of the  t ransfer  m c t i o n .  

a l so  can be seen i n  Eq, (57) e 
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The burn time, tb9 is a parameter which, in effect, specifies the time 
constant of the ullage volume. This is seen from the easily-derivable 
relationship, 

Thus, once the ullage fraction, has been specified, one has 
the option of arbitrary selection of either burn time or Gn/wSn. It is 
felt that tb is more meaningful to the designer. 
ation is simply that for any given ullage fraction, longer burn time 
implies larger actual ullage volume, since the tank itself must be 
larger. 
and more compressibility in the system. 

The physical interpret- 

This larger ullage volume means longer pressurization time, 

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. 
explicit parameter. 

This would eliminate burn time as an 

Definition of Cases 

A systematic variation of these parameters is indicated in Table 
Each column represents a caseo i,e., a set of coefficients for which B 

computer solution is desired. Each parameter is represented by a rowc 
An entry of vrlf' 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 caseo case Pel9 is shown in 
column 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 96. 
Case P.2 shows that the parameter P 
others are the first value, 

/P 3n On has its second value and all 



TABLE VI 

P C CASES 

CASE - 
tB 

*'hpn 

'3n/'On 

'~n"3n 

ps,/p4n 

'cn/PSn 

' r e d  *'ref 

1 

1 

1 

1 

1 

1 

1 

1 

- 

1 

1 

2 

1 

1 

1 

2 

1 

1 

1 

- 

1 

1 

- 3 

1 

1 

1 

1 

2 

1 

1 

1 

1 

- 4 

1 

1 

1 

1 

1 

2 

1 

1 

1 

- 5 

1 

1 

1 

1 

1 

1 

2 

1 

1 

6 

1 

1 

1 

1 

1 

1 

1 

- 

2 

1 

7 

1 

1 

1 

1 

1 

1 

1 

1 

2 

8 

1 

2 

1 

1 

1 

1 

1 

- 

1 

1 

- 9 

1 

2 

1 

1 

2 

1 

1 

1 

1 

10 

1 

2 

1 

1 

1 

1 

1 

__. 

2 

1 

11 

1 

2 

1 

1 

1 

1 

1 

- 

1 

2 

12 

1 

1 

2 

1 

1 

1 

1 

- 

1 

1 

- 13 

1 

1 

2 

1 

2 

1 

1 

1 

1 

lli 

1 

1 

2 

1 

1 

1 

1 

2 

1 

- 15 

2 

1 

1 

1 

1 

1 

1 

1 

1 

16 

2 

2 

1 

1 

1 

1 

1 

- 

1 

1 

_p. 17 

1 

2 

1 

1 

1 

2 

1 

1 

1 

I 

KEY: (1) indica tes  first-column value from Table V, 

(2)  ind ica tes  second-column value from Table V .  
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It w i l l  be noted that cases 2 - 8, 12, and 15 represent first-order 
effects, isee, effects of single parameters changed to their second 
value, 
changing two parameters to their second values. 
represents the first-order effects of all selected parameters, and 
shows how these effects change when certain parameters are simultaneously 
changed. 

Case 9 - ll, 13, 14, 16, and 17 represent combined effects of 
T h i s  set of 17 cases 

Performance Criteria 

The term "effectsll 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 estaalish a method of comparing each case to the base-line 
case in a quantitative manner. 
by considering the basic purpose o f  the system, i.e., to deliver a pre- 
determined impulse during a burn period of known duration. 
defined by 

One method of comparison can be obtained 

Impulse is 

I = (tg F (t) dt 
I 0 



where F ( t )  i s  the’  system thrus t ,  
t h e  nominal state, then define 

No l e t  the subscript n r e fe r  t o  

F = PcAtCf 

i’ = Pc/Pcn 

Assuming constant th roa t  area At and th rus t  coeff ic ient  CF, 

Then Eq. (61) reduces t o  

= Pn i” I 
0 

Idea l  impulse is defined as 

Ii = Fn tB 

C 
P d t  

Combining Eq. (62) and (63)$ the impulse e r ro r  i s  then 

- - Pc(t) - 1 )  d t  n 
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quantitx 

- - 

The nominal thrust level ,  model p ~ a m e t e r ~  but Lhr 

i s  eas i ly  gener ted. This  i s  then a s ingl -  qu n t i t y  which r e f l e c t  over- 

a l l  system performance. 

l a t ed  d i r ec t ly  once nominal t h rus t  i s  specified, Eq. (64) e 

t h a t  poor regulator performance will r e s u l t  i n  Fc ( t )  deviating from unity, 
resu l t ing  i n  changes i n  t h i s  quantity. 

From it, the  t o t a l  impulse e r ror  can be calcu- 

It i s  obvious 

While El as defined above gives a d i r e c t  measure of departure from de- 
s i red  t o t a l  impulse, it has the'disadvantage of posi t ive e r ro r s  canceling 
the e f f ec t  of negative errors. 
over the first portion of the burn and.high over the l a t t e r  portion could 
have a low o r  zero value of El" 

and the  regulator should not be penalized i n  the  evaluation process. 
gives r i s e  t o  another performance parameter, 

That is, a system i n  which F c ( t )  was low 

I n  some cases, t h i s  may be desirable,  

This 

i n  which the  absolute value of instantaneous e r ro r  i s  integrated over 

the  burn period. Only regulator/system combinations which maintain Pc 
nd around 1,O throughout the burn wil l  have a low v 

of t h i s  parameter. 

parameters i s  most import n t  i n  each case. 

The designer must dec e which of these performance 
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DISCUSSIOM OF &ESULTS 

The monopropellant propulsion system model was used to run the 17 para- 
metric cases described above. 
the set of parameters shown in Table 71 were t 
the MM ‘69  system. 

System coefficients not determined by 
en to be the values for 

The initial conditions for all cases were made to correspond to an initial 
propellant tank pressure 80 percent of its nominal value. 
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., 
start valve were taken to be tank pressure, and downstream, zero. 

At this condi- 

In the liquid portion of the system, points upstream of the 

Regulation curves for all parametric cases are presented in Fig.(22) 
through Fig. (&). 
pressure, ‘fi 
indicates normalized quantities. That is 

These curves show the variation of propellant tank, 
The over-bar as a function of storage tank pressure, Hoe 5’ 

so that these curves are applicable to any system pressure levels, so 

long as the parameters in Table V are the sameD 

In each figure, the parameter whose value differs from the base-line 
case is indicated on the chart. A l l  other parameters re base-line values. 

Corresponding transient plots of several important system variables (nor- 
e shwn in Fig. (45) through Fig, (48) * 

channels show storage tank pressuse and temperature respectivh 
lator seat is shown on the third c el, The pressure and ullage 

The two top 
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volume are on the fourth and fifth channels, and chamber pressure is 
shown in the sixth. 
shown on the bottom two channels. 
ties are dimensionless with the exception of the performance functionals, 
which have units of seconds. Scales are shown at the left. 

The two performance functionals El and E2 are * Due to normalization, all quanti- 

The results for the base-line case are shown in Fig. (22) and (45). 
Fig. (22) it is seen that tank pressure rises to normal as the storage 
tank falls to about 94 percent of nominal. 
to occur in about 1 second. 
drops to about -0.06 seconds during this period, due to the error dur- 
ing Pc build-up. 

In 

From Fig. (45) this is seen 
Note that the performance functional El 

The latter portion of blow-down is characterized by a decay in regulated 
pressure. 
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. 
tion curve is due to propellant depletion. 
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, 

This is due to the finite value of regulator gain, Pref/nPrefe 

The hook on the end of the regula- 
At this point gas flow stops, 

In some of the transient curves, it will be noted that the parameter 
WSn/Won is given, 
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 

This is the parameter which "sizes" the storage tank. 

* Actually, 100 El and 100 E2 are plotted in order to expand the scale, 
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prior to total propellant depletion. 
is in its range, i.e., can regulate over the largest part of thg burn, 
This is approximately the procedure which should be followed in good 

This ensures that the regulator 

design. 
gas after burn and larger tank weight. 
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. 

A smaller value would result in large amounts of residual 
A larger value would result 

Note that the same parameter (W /W Sn On 
"nhan 

) is reflected in the parameter 
in Fig. (32). This is so, since 

The quantity 6 /W 

Table V, and Eq. (60). 
can be determined from the parameters given in n Sn 

The single most important observation from the results is the importance 
of regulator gain and range on the flatness of the regulation curve. A s  

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 
percent of nominal. 
larger ullage volumes (GnhOn = 0.0140). The regulator range, 
have a similar effect, as is seen in Fig. (34). 

Figure (32) shows this effect to also be true for 

Another observation from the results is that some abnormal oscillations 
occurred at the beginning of burn.when the downstream pressure ratio was 



close to 1m0, This is seen i 5 )  and (41). This effect was 
ther explored, ion of the spring hysteresis 

and slope, but could not be elimi completely satisfacto 
ation was found for this phenomenon, but the following observation 

or values of pressure ratio ve 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 mult9- 
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 pressureo This indicates 
that the mechanization may be inducing this, rather than any real phenomer 
none However, the similarity to observed phenomenon in tests of the 
MM"9 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. 
damping in the pneumatic system by means of the effect of poppet position 
on reference pressure. This relationship is shown in Eqb ( 9 )  of Table I m  

Operation of this model revealed that tNs design introduces 

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, 
open until the reference cavity ch 
are higher than normal, resulting in larger pressure loss  
restrd.ctions between the t 

This is a result of the regulator remaining 
ges. During this period, flow rates 

s and the regulator, 



Figure ( L 9 )  shows the pressure overshoot transients as the downstream 
pressure losses are varied parametrically. 
sure losses, iaee, pressure ratios closer to 1, result in lower overshoot 
peak pressures. 

It is seen that lower pres- 

Figure (SO) shows the effect of the reference cavity volume factor, 
A AX /V e e m rm 
forded by this mechanism. It is seen that small values result in rapid 
decay of pressures from their 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. 
is lessened. 

This parameter is a measure of the degree of damping af- 

Also, the undershoot 
Apparently, values of this parameter greater than 0.14 are 

not required, since no further change in response is noted as it is in- 
creased to 0.28. 
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. 
any significant depth in this study, however. 

The value 0,07 is that of the MM '71 regulator. Al- 

This was not explored to 

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 e 

In summarg., the results of the parametric study show that, in order of 
importance, 

a) The regulator gain, Pref/APref, is the most important regulator 
parameter, A very low value gives large changes in regulated pres- 



C ! !  I I ! ! ! ’ !  ! I ! ! ! ! !  ! ! ! ! 1 

8.0 

4.0 

0 

8. 

4. 

8. 

4. 

I 

8.0 

4 , O  

0 
b) P5/P4 = 899; 

P4/P3 = 096 

c) P5/P4 = .98; 

P4/P3 = 097 
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sure as the supply pressure changes. 
as would be obtained from an almost flat spring curve 
difficulty in achieving the desired set point. 

An extremely high value, such 
results in 

A flat spring curve 
sults in infinite gain, in which case the regulator acts simply 

as 8n on-off de'lrice, 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. 



CONCLUSIOI\IS, .ANTI €?,&COMMENDATIONS 

A generalized method has been developed for analysis of the pressurization 
systems of pressure-fed propulsion systems. 
generalized elements from which lumped parameter models can be developed 
for either monopropellant or bipropellant systems. 
each of these elements are developed, and put into a normalized, scaled 
form for maximum generality and solution on an analog computer, 

The method is based upon 

The equations of 

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

The essential characteristics 
In both 

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

These parametric studies 

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

It is 

a) It was shown that the regulator spring slope, downstream pressure 
losses, reference cavity geometry, and downstream volumes all 
fect system stability, The precise ranges of these p 

which ensure satisfactory operation should be determined %n a 

future effort, 

in regulator parameters which were not varied in this st 
should be considered in a future e These include reference 
cavity volume e reference orifice diameter 

poppet foscese 



c) The generalized model developed herein includes equations for 
single stage regulator only, 
for two-stage regulators. 

Equations should also be developed 



LIST OF SYMBOLS AND SUBSCRIPTS 

SYMBOLS 
A 
a/b 
B 
B' 
C 

'b 

cC 

cV 

F 
F 

F 
Pr 

Fbs 

C 

gC 

K'r 
k 

kb 
L 
m 

"b 
P 
A P  

K 

S 

2 - Area, in. 
- Mechanical ratio of regulator ,&e Fig. 
- Damping coefficient (Regulator Eq. of m tion) , lb-sec/i 

2. - Effective liquid compressibility (See Eq. 24) 
- Discharge coefficient 
- Specific heat of catalyst bed, BTU/lboR 

lbs/in 

.. Specifgc heat of combustion or decomposition products, 

- Pressurant specific heat at constant volume, BTU/lboR 
BTU/lb R 

- Force, lb. 
- Coulomb friction force, lb. 
- Regulator pressure forces, lb. 
- Regulator ball spring force, lb. 

2 - Gravitational constant , in/sec 
- Proportionality constant 

I f  I1 

- Regulator reference spring constant, lb/in 
- Regulator ball retaining spring constant, lb/in 
- Length of liquid line, in. 
- Mass of regulator moving assembly, lb-sec2/in 
- Mass of thrust chamber assembly, lb. 

2 - Pressure, lb/in 
- PTominal pressure drop in liquid line, lb/in 2 



LIST OF SYMBOLS AND SUBSCRIPTS - CONT'D. 

SYMBOLS 

Q 
R - Gas constant, in/'R 

r - Radius of regulator seat, in. 

r/R 

T - Temperature, R 
U - Unit step function 

- Heat flow into propellant tank, BTU/sec 

- Ratio of seat radius to ball radius 
0 

3 v - Lumped compressible volume, in. 
W - Stored mass, lb-sec /in 
6 - Mass flow rate, lb-sec/in 
X - Poppet position (positive for regulator opening), in 
Z - Compressibility factor 

2 

GREEK 
__s 

- Pressure Ratio, downstream/upstream 
- Ratio of specific heats, pressurang 

t - Ratio of actuator area to ball area 
- Mixture ratio, oxidizer to fuel 
- Density, lb-sec2/in 4 
- Compressible flow function Figo ( 5 )  
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LIST OF SYMBOLS AND SUBSCRIPTS - CONT'D. 

SUBSCRIPTS 

B 

b 

C 

i 

j 

k 

L 

m 

n 

0 

P 

r 

S 

V 

- 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 
- Volumetric 
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MM ' 69  - REX;ULATOR EQUATIONS 

(P , T = inputs,  K1 = const.) 1 1  (1) W2 = K1 PI (Pl - P )''E 3 ' 1  

(2) W3 = 5 (iz - i3) d t  

( 3 )  T3 = 5 [i2 ( d T  1 - T3) - 3 3  T (8- /W3 d t  (r= const.) 

(4) P3 = W3 R T3/V3 (R, V3 = const.) 

L J 

= 0.53 

(cs = const,)  

PLr/P3 c . 5  

( 7 )  A3 = K X %>O - (K2 = const.) 
2 P  

(10) Pb = W4 R Th / V4 (V4 = const.) 

e x  L X  'pmin - p - pmax 

(12)  u (xp) = 0 
= P  

* 

x L O  
P -  xp > o 

X = 0 f o r  Xp = Xpmax9 Xpmin 
P 

(13) Fps ( , Xp) = curve f i t  equation of spring cha rac t e r i s t i c s  (JF'L 
p r i n t  No. 10000976) 
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Nominal Value 

Ad - Effect ive diaphragm area ( in .  2 ) 1 665 

A3 - Seat flow area (in, 2 ) 10211 x 10- 4 

Area of ball seat bore ( i n ,  2 ) 4.78 x loe3 

- Damping coe f f i c i en t  f o r  poppet (lb-sec/in.) 
BP 

- Seat flow Coefficient 
c S  

- D a l l  re ta ining spring force ( l b s )  Fbs 

- Pressure force  on ball ( lb s )  %r 

- Poppet spring force ( l b s )  
FPs 

Kl - Empirical constant i n  f i l t e r  f lowrate 

K2 - Constant r a t i o  of seat f l o w  area 
11 posi t ion (in) 

spring rate ( lbs l in . )  

0,1916 

4 



2 - Ambient pressure (lbs/in, ) 

Nominal Value 

14.7 

2 P1 - Inlet pressure, upstream of filter (lbs/in.  ) 3600 

3570 2 
P3 - Pressure upstream of seat (lbs/in. ) 

Pb - Regulated pressure, downstream of 
308 2 seat (lbs/in. ) 

T~ Inlet temperature, upstream of filter (%) 530 

T3 - Temperature upstream of seat (OR) 530 

T4 - Temperature downstream of seat (OR) 530 

U - Unit step function - 

0.0404 3 
V3 - Volume from filter to seat (in. ) 

If4 
- Volume between the seat and the downstream 

1.30 restriction (in. 3 ) 

W3 - Stored weight of gas between filter rand 

seat (lbs) 

Wlr - Stored weight of gas between seat and 
downstream restriction ( lbs)  

be12 x 10- 4 

5 6.70 x lo" 
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Nominal Value 

Inlet flowrate (lbs/sec) 0 006 

Seat f lowrate ( lbs/sec) 0 e 006 

Outlet f lowrate (lbs/sec) 0 006 

Poppet position, measured from the point 
at which the plunger contacts the seated 
ball. The opening direction is positive (in,) 6.33 x 10- 4 

Full open position of poppet (in.) 0 e 005 

Fully retracted position of poppet (in,) -0 a 007 

Poppet spring deflection measured from 

free position (in.) Variable 

Poppet spring deflection when poppet is 
contacting seated ball input 

Variable 

Compressible flow function Oe53 
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The generation of t he  compressible flow function requires  5 amplif iers  

and 2 mult ipl iers .  
i n  the flow bench model, considerable savings i n  analog equipment can 

be effected by sharing o r  flmultiplexing" t h e  sane set of components 
a t  each place where the  function i s  required, 
necessary t o  construct  a switching network which sequentially shifts 
the inputs  and outputs of t he  generating c i r c u i t  t o  the  several  points  

in the problem where it i s  required. 
ing network using logic  elements on the AD-256 computer i s  shown i n  
t h e  computer diagram. 

switching rate t o  be considerably faster than the attempted analog 
solution. It was found that a t o t a l  cycle time of 1.5 milliseconds 
was within the range of the log ic  switches, and t h a t  this permitted 

problem solut ion a t  l/lOth of real time. 
switching time corresponds t o  667 cycles per second so t h a t  i f  a 
problem var iab le  i s  varying a t  66.7 Hz machine time, it i s  based on 
a mult5plexer output which i s  being updated 10 times per  cycle. If 
it i s  assumed that 10 samples per cycle are the minimum to le rab le  f o r  

convergence of the solution, this means that the  model i s  producing 
good solut ions f o r  frequencies up t o  667 Hz real time. Other p a r t s  
of the model, such as the lumped-parameter representation of t he  

Pines9 probab 

Since this same function i s  required a t  6 places 

To achieve th i s ,  it i s  

The mechanization of t h i s  switch- 

For this method t o  work it i s  necessary f o r  the 

It is  notable that this 

ve a lower limit than this. 
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MM '69 WATER EXPULSION SYSTEM COMPUTER 
DIAGRAMS 

The computer diagrams f o r  the MM '69 Water 
Expulsion System are composed of figures 
A-1 through A-5 in addition t o  f igure  A-13. 
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(Also see water ex- 
pulsion system 
equetions e ) 

( 1  ) - - / P O ,  /v) 
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MM '69 PROPULSION sysm COMPUTER PROGRAMS 

The computer diagrams for the MI4 '69 pro- 
pulsion system are composed of figures A-1 
through A-59 A-13 and A - a .  
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APPENDIX B 

SIMPLIFIED WATER EXPULSION MODEL - LINEAR ANALSTSPS 

The MM '69 regulator  was tes ted  as p a r t  of t he  propulsion system i n  

the  Water Expulsion Tests. 
f i l l e d  with water, and an engine burn simulated by expelling the water 
under the control led pressure provided through the ca l ibra ted  regu- 
l a t o r .  During some of these tests, pa r t i cu la r  regulators  exhibited 

wide pressure excursions. 
tuat ions might be revealed by a simple model of t h i s  system and 
regulator ,  If  so, t he  r e s u l t s  would ind ica te  where emphasis might 
bes t  be placed i n  t he  development of t he  complete, de t a i l ed  regulator  
model. Further, comparison of resul ts  of t he  simplified and de ta i l ed  
models might indicat,e t he  degree of sophis t icat ion required i n  order 
t o  accurately pred ic t  the  performance of future regulators.  

I n  t h i s  test ,  t he  propellant tank was 

It was f e l t  t h a t  t he  cause of these f luc-  

A simplif ied water expulsion system is  shown schematically i n  Fig. B-1. 
Only the  most s ign i f icant  elements a re  included. 
t i ons  are afforded by the  following assumptions: 

Further simplifica- 

1, 

2, 

3.  

40 

5. 

The pressurizat ion tank i s  su f f i c i en t ly  la rge  t h a t  i t s  
pressure i s  constant over the time period considered, 

Gas flow i s  isothermal, 

There i s  no pressure drop between the  regulator and 
the  propellant tank, 

Perfect  gas behavior, 

Poppet forces  consis t  of diaphragm pressure and spring, 
i e e e ,  b a l l  forces  are negl igible .  

B -1 



REGULATOR 

~ROPELLANT TANK 

Figure B - 1 .  Simplified Schematic o f  Water Expulsion System 
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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. 

.. 
IIIX = F (X ) - Sip - (Pr - Pa)Ad j X C X 5 X 

Pmax P P min F PS P 

Xb = xp j xp 2 0 

In these equations, the poppet and ball positions, X 
measured from the seated position, with the opening direction being 
positive. The spring force, F 
poppet position, which implies that the free end is fixed. 
in the set point must be accomplished 

and Xb, are P 

is shown only as a function of PS, 
Changes 

using different functions. 

These equations can be normalized and linearized to permit easier 
analysis. After considerable simplification, there results 

B-3 



= xP = E = o f o r  x 
P P 

- - - 
Xb = Xp j Xb b 

Equation (B9) i s  the  l i n e a r  second order equation of poppet/ball mo- 

t ion,  with regctlated pressure as a driving function. Equation (B10) 
i s  the  l i n e a r  first order equation of regulated pressure with poppet 

posi t ion as a driving function. and 
Eq. (B11). 
equilibrium point i s  2 

They are obviously coupled by 
Due t o  the  l i nea r i za t ion  about t he  nominal point, the  

I_ = Xb = P = 0, The constants a r e  
P 

-1 T= B/m (?) sec 

-1 .8 sec 

-1 0-08 sec 

e' 



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 

x3 = i; 

Then Eq. (B9) through (B11) can be written 

where 2 is the vector of state variables and 

The characteristic equation is then 

I A -  AI1 = 0 

Upon expansion this results in 



By application of Routh' s stability criterion (Ref 
necessary and sufficient conditions fo r  stability can be determined: 

1) , the following 

A slight rearrangement of Eq. (B18) gives 

From these inequalities it is apparent that stability exists for at 
least some values of K2 when the spring slope,j, is negative, since 
this would satisfy Eq. (B16) and (B17) automatically. However, when 
)is 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. 
The rsquired downstream volume is indicated by Eq. (B17) since K1 
varies inversely with volume. 

Eq. (B16) shows the required damping. 

By considering the approximate values of the constants, given above, 
further insight is possible. Assuming that 

-1 
4 ti.63'109 sec 

-1 K1 a 0.008 sec 
-2 

< sec K2 

It is noted that for large values of damping, 
(B18) reduces to E (B16) Also, Eqe (B17) satisfied even for the 

the inequality Eq. 
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i 

large volume of the propellant tank ullage, 100 cu. in, 
appears that large damping is the only requirement f o r  stability in 
the +/ region. 

The only indication of the actual damping present in the mechanical 
system is the hysteresis in the spring characteristic, Fig. (B-22. 
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), 

It therefore 

If 

This method gives 

-1 sec 

which is approximately one order of magnitude less than that required 
for stability by Eq. (S16). 

The above stability analysis assumed small changes in the state vari- 
ables from their nominal value, zero. A n  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. 
detailed model. 

This is best studied with the 

It must also be noted that some degree of positive 
the above development, 
give 

is permitted by 
For example, Eq. (1316) can be re-arranged to 

B 

6 

Thus for 
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Figure B-2.  Typical Poppet Spring Character is t ics  (S/N 001 
Spring Assembly With S/N 6 Spring Removed) 
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8 -1 = Oe7"1O sec 

-2 K~ = 0.5~10~ sec 

-1 l/T1 = 0.08 sec 

the maximum tolerable slope is given by 

F'urther, 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. 
system is lightly damped and the downstream volume is large. 
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. 

The case most easily examined is when the mechanical 
In this 

Figure (B-3) shows the phase plane of system downstream pressure versus 
poppet position, 
a switching line. 
left, and below it the poppet moves to the right, 
stop, full open, appears as boundary at P 
stop appears as a boundary at 'ii = =-le7. When E = -0.14, the ball is 
on the seat. The spring characteristic is shown for a nominal setting 
with a small positive , i.e., just to the left of the minimum force 
point on the deflection curve, Fig. (B-b) e 

In this plane, the spring characteristic appears as 
That is, above this line the poppet moves to the 

The forward poppet 
= 1.0, and the retraction 

P P 

/8 
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. 
the poppet is in the fully opened position. 
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, fee., until the spring curve- 
is reached. At this point the rate of exchange of pressure, P, is still 
large, as can be seen from Eq. ( B l O ) ,  which results in the pressure 
rising above the spring curve. 
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 fi 
relative to the pressure change. This trajectory intersects the spring 
curve in the second quadrant, wSere the pressure derivative is negative, 
resulting in a tendency to cross the spring curve. 
curve introduces positive poppet velocity, which drives the trajectory 
back to the curve. It will be observed that 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. 
at this point is sufficiently small, i.e., if Eq. (~16) is satisfied 
locally, this is satisfied locally, this is a stable equilibrium point 

Since the pressure is low, 
A s  the upstream valve is 

- 

Once the trajectory enters the region 

axis due to the extremely fast motion of the poppet P 

Crossing the spring 

/8 

If the 

and satisfactory operation is achieved, 

In the event that the set-point on the spring characteristic curve is 
such that Eq. (~16) is not met at the origin, the origin is an unstable 
equilibrium point. 
sure or position which causes the operating point to shift up o r  to 
the left will result in trajectory traffo 
to the right will result in trajectory frbrf. 
would result in an extremely small pressure excursion, less than 1 
percent. 
the start-up transient. 

In this event, a small disturbance in either pres- 

Similiarly, a shift down or 
The excursion along rtarr 

The excursion along ttbr' would cause a complete re-cycle of 
It is conceivable that, with a certain set 
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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. 
tory to curve upward. 

This would also cause the upper trajec- 

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. 
flect the actual regulator precisely in these areas. 
of B,  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. 

This suggests that the detailed model must re- 
The importance 
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SIMPLIFIED WATER EXF'ULSIOM MODEL 
SYMBOLS 

Ad 

AS 

B 

C 

F 

K 

m 

'a 

r 

Pt 

Rl 

% 

S 

PS 

P 

T 

6 
g 

e e 

'b 
X P 

X 
Pmax 

X 
Pmin 

/Q 

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 
direct ion) 

maximum poppet position 

minimum poppet position 

slope of normalized spring force-deflection 
curve 
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gas density i n  l i qu id  tank 

l i qu id  densi ty  

compressible flow function 



APPENDIX C 

ANALOG COMPUTER PROGRAMS FOR MM ' 7 0  PROPULSION 
SYSTm 
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