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FOREWORD

This is the first of two quarterly status letters in compliance with
Article II, Paragraph C. of Contract NAS7-749. This letter covers
the period from 30 June 1969 to 30 September 1969.



INTRODUCTION

The Mars Mariner 1 69 pneumatic pressure regulator, shown in Fig. 1,
is the first example case considered in the Advanced Feed Systems_ Com-
ponent Interaction Study. The first objective of the study is to iaodel
this regulator, together with two of its test systems, and to demonstrate
good correlation with available test data. The modeling of this regu-
lator ,, and to a lesser extent its test systems, is covered in this report,
and represents the technical effort expended during the first quarter of

the study.
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DISCUSSION

DEVELOPMENT OF REGULATOR EQUATIONS

The M4 1 69 regulator shown in Fig. 1 consists of a gas flow system and
an interacting mechanical system, i.e., the poppet. The dynamic model

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

Gas System Equations

A gas flow system can be represented by a series of compressible volumes

separated by localized restrictions. In the MM 1 69 regulator, the only

significant points of restriction are the filter and the seat ., and-there-

fore the model shown in Fig. 3 is representative.* Here, the volume Vs

represents the volume between the filter and seat. The volume V repre-r
seats the volume within the regulator downstream of the seat, plus that

of the outlet tube to the next point of restriction.

The pressures and temperatures at the lumped volume or nodal points can

be determined from the equations of conservation of mass and energy.

The_flowrate between nodal points can be determined by a flow equation

as indicated by experimental _data. Data for the filter, for example,

indicate that laminar flow exists and the flowrate is related to Ares-
.'	 sure by

wi	 K Pi (Pi - Ps )/Ti	(7-)

This equation assumes' perfect gas behavior.

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

iiii^ ' WOO

:

z

`	 1

.e





Flowrate through the seat follows the compressible flow orifice equa-
tion.

ws - Cs As Ps Os U is	 (2)
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Once the stored weight and temperature within each volume have been de-
termined, the local pressure can be calculated from the perfect gas law.
That is

Ps = ws R Ts / VS	 (6}

Equations (1) through (6) represent all forms necessary to construct a
complete model of the regulator gas flow s ystem. Equations (4) , N.,
and (6) can be applied at the volume downstream of the seat. The out-
flow, pro, must be determined from the. downstream flow system, i_e., the
flow bench, water expulsion, or ' prcpulsi on <system. The inlet pressure
end temperature Pi and T. are' determined from the supply system, and are
therefore inputs to the regulator - model. The complete set of gas flow
equations for the regulator are presented in Appendix I, along with the
definitions of symbols.

The lumped parameter model of the gas flow equations shown in Fig. 3

does not have a separate_ Volume representing the diaphragm cavity. An

L earlier model-included the diaphragm cavity and accounted for flow in
and out through the provided passages. However, due to the large flow
areas of the passages, the pressure difference between the cavity and
the reference volume was found to be negligible (less than 1 psi) even

during high-frequency oscillation cif the diaphragm. The model was there-
fore simplified to that shown in Fig. 3 b elimination of the diaphragm
cavity. In this model the diaphragm pressure is assumed to be the re-
ference pressure. It is notable that if the passages to the diaphragm
cavity-were smaller, this simplification would not be possible

Mechanical System

The inechanica.l system consists of the poppet diaphragm, spring assembly;
and ball. The forces acting on the poppet are the diaphragm. pressure
force, the balancing ;spring force, and the force transmitted through
the ball. The sum of these forces determine the instantaneous acceler-
ation, integration of which yields the velocity and position. Position

i
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If it is assumed that the ball follows the poppet perfectly, there is

only one equation of motion. Assuming a position variable x  which is

positive as the ball is lifted from its seat, the equation of motion
is,

• i

P XP

FPS (6 , P) Ad(Pr Pa) Bpxp (F'bs + Fpr)f1(x
P

^7)
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sum of two terms, one dependent only on deflection and the other de-

pendent only on velocity. That is,

Fp s (CE I P)	 F1(^) + F2 (x)	 (8)

The deflection function must be assumed to be the mean curve in the ab -

sence of contrary evidence. Ideally, one could generate F -1(6 ) by
measuring steady-state forces, as opposed to the curves in Fig. 5 which.
were generated at a finite velocity. Using the mean curve for F1(S ), the
velocity-dependent term F

2
 (k)is then an odd function. A function which

fits the available data is shown in Fig. 6. This function is based upon
the observed height of the hysteresis of + 15 pounds and the given head

speed of the tester of 0.05 in/min. It assumes that the.height of the

hysteresis loop has reached its maximum at this velocity. It is notable

that for small oscillations of the poppet velocity, this representation

of hysteresis amounts to extremely high damping. Also, if poppet motion

is reduced to zero gradually, as in the case of a spring tester, there is

a smooth convergence to the steady-state curve, as is suggested in Fig.-5.

The spring deflection,	 , is the sum of the deflection of each end.

Noting that the poppet position * coordinate, xP, is positive in the open-

ing direction, the total; spring deflection-is then

`	 -	 x	 (9.)
r	 o	 P

where 	 is the deflection effected by rotation of the-adjustment cap.
This equation permits the set point to be variable parameter in the model.

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

Eq . (7) can be determined by equating' the work done by the gas moving

into the elemental volume caused by an elemental change in x p to the work

done moving the resisting force through the elemental change in xp.`





That is,

(P 	 Pa) dv = Ad(Pr - Pa) dx	 (10)

It is seen then that

dv
Ad

	

	 (11)
dx

By careful calculations using the regulator dimensions and assuming the
diaphragm to deflect in the shape of a cone, it can be shown that Ad
1.665 in 2.

• _i
The ball retaining spring is Belleville-type spring with deep cut-outs
around the outer circumference, making it star-shaped. In its nominal
position it is compressed beyond its flat position. In the absence of
actual force-deflection data. for this spring, and in view of the small
range - in ball movement, the ball spring force is approximated by

Fbs _ Fbso + K5 p
(12)

In this equation Fb o is the ball spring force when the ball is resting
on the seat and K5 is the local slope of its characteristic curve. It
is notable that K5 is most likely small since the spring is of the Belle-
ville type and is deflected beyond its flat position.

Pressure forces acting on the ball are also transmitted to the poppet
when the ball is not on the seat. The pressure force on the ball can
be estimated by considering the geometry of the constriction of flow be-
tween the ball and the seat. This is shown at 100 times actual size in
Fig. 7. Due to the small size of flow passage relative to the ball and
bore diameters, it is apparent that downstream static pressure, Pr, acts
on the ball over the entire bore diameter. The corresponding area on
the upstream side of the ball is acted upon by upstream static pressure.

- 14
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Therefore the ball pressure force is

Fpr = Ab (Ps Pr)	 (13)

At nominal conditions, i.e. ,, with Ps .= 3570 and Pr = 308 psis,

Fpr 15.65 pounds. This is approximately 3 percent'of the nominal

force applied to the poppet by the poppet spring.

Equations (7) through ( •13Y above are sufficient to compute ball and

poppet position as a Function of time, provided that there is always

M contact pressure between the poppet and ball. Due to the high pressure
force on the ball, and the ].ow mass of the ball, this will most likely

be the case when upstream pressure is high. When upstream pressure

drops, the pressure force falls to nearly zero, leaving the ball with
only its retaining spring to hold it firmly against the poppet. Under
these conditions the ball might "float" at high frequencies of the poppet,
The model as presented herein will not reflect this phenomenon ., so further

investigation may be required if indicated by the test data.

Counlin and Interfaceace Equations

The flow system equations and the mechanical system equations are coupled

by having certain common variables and by a coupling equation For ex-

ample ., Eq. _(7) contains pressure Pr , which is -determined in the flow sys-

tem equations The eouj. JJ ing equation is

AS = K2 P , AS o	 (14)	
}

which relates poppet position to seat flow area. Limiting the seat area

positive represents, the ball coming to rest on the seat while the poppet
retracts to a_negative position.

The total set of regulator system equations are summarized in Appendix

I. There are 16 independent equations and .19 system variables in this

set. Three of these system variables, Pi Ti ,' iaandwo , are input quantities

16 I



which must be supplied by a separate flow system model. All variables

can then be determined uniquely as functions of time by simultaneous

solution of these equatiof.s.

DEVELOPMEDIT OF FLMI BENCH EQUATIONS

The flow bench test system for the IR4169 . regulator is shown in. sche-
matic form in Fig. 2. Aside from the regulator, it can be represented

as a series of storage volumes separated by flow restrictions. Due to

the relatively low gas velocities, distributed line losses are small and
can be lumped with the valves. Volumes between the valves, determined

f

	

	 from line diameters and lengths, are represented as storage volumes in
the system.

The entire flow bench system can be modeled by repeated application of
equations similar to Eq. (1) through (6) . For example, Fig. 8 repre-
sents a general restriction and downstream volume in the flow bench sys-
tem. The flowrate through the ith restriction is

w	 Ai P i-1 ¢i 	 ( 15 )

where

(l6)
- 1.06	 P./P.	 (l -- P.P. )	 P.P. 	 95	

F,

i -	a i-1	 z Z-1 	 Pi/Pi

= 0.53 Pi/Pi-1 L .5'

The effective area, Ai , is the valve area times the discharge coeffi-
cient. For a valve, this area is an arbitrary function of time.

..	 I
Tla stored weight in the ith volume is

+ ) dt	 (17)
i	 Z	 a l

17-
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and the temperature is

-	 (1a)
T'i	 *i( Ti-1 Ti) wi + '1 Ti {	 l)	 wi dt

Then from the perfect gas law, the pressure is

Pi	 w  R Ti/Vi	 (19)

Equations (15) through (19), together with the regulator model and
valve schedules, permit calculation of temperatures, pressures, and flow:.
rates throughout the flow bench system.

Corluter Mechanizationw

Simultaneous solution of the dynamic regulator and flow bench equations
is easily accomplished on an analog computer. In order to do so, it is
necessary to determine numerical values f^r the equation constant, and

to scale the system variables to the voltage range of the computer to be
employed.

The regulator_ equations, Appendix I, have been scaled and mechanized on
one of the Applied Dynamics AD-256 analog computers at the Rocketdyne
Analog Simulation Facility. The system constants and nominal values of
system variables employed in this mechanization are presented in Appen-
dix I. These values were determined from the regulator drawings. The

	operating point selected as nominal corresponds to a pressure of 3600' 	 F

psia at the regulator inlet and a flowrate of 0x006 lbs/sew of nitrogen.

The AD`-256 computer has a voltage range off ± 100 volts. The over-voltage
tolerance is very small due to the type of non-linear components em-
ployed. For this_ reason, the regulator equations were scaled such that

•	 I
analog voltages of the system variables never approach 100 volts. This
was done by selecting scale factors _(s.f.) of convenient fractions of

the nominal values of the actual variables. For example, the system
•	 r

t



flo,vrrate variables, w, are represented on the computer by 10'x, where

w	
*/ *n	 (20)

The subscript n refers to the nominal point, arbitrarily selected as

the steady state operating point with an upstream pressure of 3600

psia. Then by definition over-barred quantities (normalized variables)
are all numerically equal to 1.0 at the nominal conditions. This re-

sults in machine variables having nominal values of 10 volts or 50 volts,

depending upon the desired scaling. For example, flowrates can go up
to 7 - 9 times their nominal values, so by letting the machine variable

E

	

	 be 10 yr the voltage goes from 10 to 70 or 90 volts. On the other hand,
pressures tend to go down from the nominal value, so a voltage of 50 p is
employed to represent pressures

Using the above scaling method, the _general analog variable, y, is re -
lated to the general system .variable by the formula

Y	 a Y/Yn	 a y	 (21)

where Y. is the nominal value of y, and "a" is a voltage between 10 and

100 volts (usually 10 or 50). The conventional scale factor is.then

s.f= Y ^a	 (22)
n

The scale factors for all regulator variables are shown in the table

of symbols in Appendix I..

This method of scaling or normalizing the system equations has the addi-

tional advantage of generalizing the problem. After normalizing all

system variables, the system equations are dimensionless, and results

obtained are applicable to other similar systems regardless of the abso -
lute values of the variables. Similarity is automatically revealed by

the values of the dimensionless coefficients in the normalized -equations.

20
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To see this, consider the equation for stored weight, Eq (17) . In

normalized form it reduces to
w_	 n

W.
	

at	 (i - Sri l) d 	 (23)
n

The coefficient

w  at
wn

is the important parameter, and any system with the same value of this
J

parameter will have the same dynamic characteristics. That is, a sys-
tem with twice the flowrate -will have the same characteristics as the
one under consideration if the nominal stored weight (cavity size) is
twice as large. Conversely, this coefficient is a meaningful quantity
to be systematically varied in a parametric analysis. All other system
equations normalize to a similarly convenient form, and reveal other im-

portant dimensionless groups.

Most of the system equations are scaled in the above manner, and mechan-
ize on the analog computer in a straightforward manner. However, the
poppet equation of motion and the poppet spring inechanization warrant

specific discussion. First, it is found convenient to define the poppet
position variable as

.ry	
X	

-

P	 pn
50 xP	 50 X - X;	 (24)

pmax Pn

This machine variable then has a nominal value of zero, and a maximum
value of -50 volts ., thus taking; maximum advantage of the available' voltage,
range. This differs from other machine variables in that it is nominally

zero.

The poppet position limits are easily mechanized on the AD-256 computer

r
21 -.x
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by use of the logical elements, and the ability to control integrator

modes individually. By mechanizing the logical equations below, the

velocity integrator can be reset to the initial condition mode (zero)

upon encounter of the stops. Upon reversal of the poppet forces, the

velocity integrator is restored to the operate mode, allowing the poppet

to come off of the stop. The logical variables A, B, C, D, and E are by
definition either 0 or 1. The output signal, E. controls the mode of

the velocity integrator.

'A	 = l	 if x 
P	 max

	

X	 (25).	 P

B	 1	 if -x	 -x	 (26)
P	 Amin

C	 = 1	 if x

	

P
' .^ 0	 (^7)

D	 -_ 1	 if computer is in "operate"	 (28)

The logical equation for E is then

E = (A + B + D) - (A + B + C + D) (A + B + C + D) (29)

The AD-256 computer has comparators which produce logical variables such

as A C, and logical "or/nor" gates for implementing the logical equa-

tions. By use of 'De 4organ's Law, E can be 'generated entirely with these
gates-

Mechanization of the poppet spring characteristic is best achieved by

means of a curve-fit of the experimental curve. For example ., the character-
istic< sho7tm on the spring assembly drawing, JPL 10000976, is approximated
by

r

s
005418 + 2.966 A - 13.81 A 2 + 12.97 3	 (30)

22



+S = (Fps - 480)120	
(,31)

.02).04	 (32)

This fit was determined by a digital computer program using a least-

squares method The input data were 
s 
values computed from Eq. (31)

and the average of the upper and lower force values from the spring
assembly drawaalg mentioned above. The accuracy of the fit can be seen
in Fig. 9. The largest error is 11 percent in 	 which amounts to

0.4 percent error in the spring force. This equation is easily mechan-

ized on the AD-256 computer by the use of two multipliers and several

summers.

It should be noted that whale Eq. (30) was employed in the generation

of all results during the first quarter, it does not well represent

the actual spring assembly characteristics The characteristics re-

ceived late in the quarter, Fig. 5., has a greater negative slope and

this region extends to greater deflections than that given as "typical"

	

on JPL drawing 1000C976. Anew curve fit will have to be generated at 	 t
a later date

The hysteresis effect was mechanized by adding a force increment to the

force calculated from Eqs. (30) through (32). The added force is a
function of poppet velocit-j. as explained in the development of the
poppet equations of motion. The function shmm in Fig. 6 is easily

generated on the computer.

In order to cheep the performance of the regulator analog model, it was

necessary to mechanize a simplified flow system. This flow system con-

sisted of a downstream accumulator discharging to the atmosphere. ' This
permitted generation of an outlet flow which; is required for solution of
"the regulator equations. Upstream pressure and temperature were repre-

sented by constant voltages_.
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The complete analog computer diagrams are shown in Appendix II. The
symbols employed are identified on the diagrams. It should be noted
that the amplifiers are bi-polar on the AD -256 computer, i.e., both +
And . - voltages are available at the output of every amplifier. Also,
the multipliers require both polarities of both inputs. The multi-

M	

pliers themselves have current outputs and require an output amplifier
to generate a voltage-. Division is accomplished by multiplication in
the feedback path of a high.-gain amplifier.

SIMPLIFIED WATER EXPULS JN MODEL	 ,

The MM`69 regulator is tested as part of the propulsion system in the

Water Expulsion Tests. In this test, the propellant tank is filled with
water, and an engine burn is simulated by expelling the water under the
controlled pressure provided through 'the calibrated . regulator. Although
the modeling of this test system is scheduled later in the Advanced Feed
System Study, it was decided to perform a preliminary analysis during the
first quarter. This was 'due to certain of these tests, on particular re-
gulators,, exhibiting wide pressure excursions. It was felt that the cause

of these fluctuation ,might be ;revealed by a simple model of this system
and regulator. If so, the results would indicate where emphasis might
best be placed in the development of the complete, detailed regulator
model. Further, comparison of results of the simplified and detailed
models might indicate the degree of sophistication required in order to
accurately predict the performance of future regulators.

A simplified water expulsion system is shown schematically in Fig. 10.

Only the most significant elements are included. Further simplifications
are 'afforded by the following assumpt1,ons:

1. The pressurization tank is sufficiently large that its
pressure is constant over the time period considered.

2. Gas flow is -isothermal.

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

25
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4. Perfect gas behavior.

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

6. Changes in downstream (regulated) pressure are small, so
that linearization is permissible.

Under assumptions 1 through 5, the system equations presented in Ap-
pendix III can be developed. In these equations, the poppet and ball
positions, xP and xb, are measured from the seated position, with the
opening direction being positive. The spring force, Fps , is shown only
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x	 r

X = ^ X (36)

where x is-the vector of state variables and

O	 ].	 p

A 
	

K2	
- ^ -K2

Kl	 o	 -1/Tl

The characteristic equation is then

(37)

I

A - A i 	-	 o (38)

Upon expansion this results in

A3 +	 + l/T1) k2 + (Y/T1-	 K2)	 + (KjK2	 K2/T1) ` o	 (39)

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

Y
K2 Tl (4o)

Kl	 >	 /Tl (41)

/T1 +	 K2) (	 + l/Tl)	 (^l	 /T-I) (42)

A ,slight rearrangement of Eq. (42) gives +

Gd+ 1/Ti)
K2 	 Tl	 -	 +----	 ^-- (43)

From these inequalities it is apparent that stability 'exists for at
least some values of K2 when the spring slope,	 is negative, since

b
w this would satisfy Eq. (4o) and (41) automatically. 	 However,, when ^ is
t,

^9

ti

l



positive, as it is when the reference setting is in the negative-slope

region of the spring characteristic, stability depends upon damping and

downstream volumes Equation (4) shows the required damping. The-re-

quired downstream volume is indicated by Eq. (41) since 
K, 

varies 'in-

versely with volume.

By considering the approximate values of the constants, given above,

further insight is possible. Assuming that	 _ +0.1

0 > 0.63'109 sec-1

Kl > 0.008 sec-1

I	 K	 sec
2	 T^

e It is 'noted that for large values_ of damping, 'Z^ , the inequality Eq.
(42) reduces to Eq. (40).. ,Also, Eq. (41) is satisfied even for the
large volume of the propellant tank ullage, 100 n3 , It, therefore,

appears that ,large damping is the only requirement for stability in the
+	 region.	 a

The only indication of the actual damping present in the mechanical

system is the hysteresis in the spring characteristic, Fig. 5. if it

is assumed that the hysteresis loop is a result of a force proportional

to velocity, then the damping coefficient can be calculated from Fig. 5
This method gives

0.715108 sec-1

which is approximately one order of magnitude less than that required

for stability by Eq. (40)

The above stability analysis assumed small changes in the state 'variables
from their nominal value, zero. An indication of instability automatically

ensures' that any small disturbance will immediately begin to grow, and in

time will result in violation of the small amplitude assumption. urge

.. 30 -



amplitude oscillations drive the system into non-linear regions, and

there may be convergence to a stable limit cycle, of either large or

small amplitude.	 This is best studied with the detailed model.

t

It must also be noted that some degree of positive e is permitted by

the above development.	 For example, Eq. (40) can be re-arranged to give

CY
C

KT
21

Thus for

I
0.7.108
	

see-1

K2 =	 0.5'109	sec-2

1/T1 -	 0.05	 'sec-1

the maximum tolerable slope is given by

1.1p.10-2
'C

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

be tolerated:

=	 - In order to show the effectof the non-linear spring characteristic,

a ' the equations in state-variable form, Eq. (36), can be examined graphi-
cally.	 The case most easily examined is when the mechanical system is.
lightly damped and the downstream volume is large.	 In this case the

poppet moves extremely fast relative to regulated pressure, and the sys-

tem can be represented in two-dimensional state -space, `i.e.	 the phase

plane.
. t_.	 r

Figure 11 shows the phase plane of system downstream pressure versus'

poppet position. _ In this plane, the. spring characteristic appears as

a switching; line.	 That is,above this line the poppet moves to the left,
1
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and below it the poppet moves to the right. The forward poppet stop,

full open, appears as boundary at x
P
 1.0, and the retraction stop

appears as a boundary at P -1.7. When P = -0.14, the ball is on

the seat. The spring characteristic is shown for a nominal setting with

a small positive Q , i.e., just to the left of the minimum force point

on the deflection curve, Figs 12. 	 Y

The path ,marked with arrows shows a typical pressurization transient.

The starting point shown corresponds to an initial reference pressure

of about '277 psia, which is _10 percent low. Since the pressure is low,

the poppet is in the fully opened position. As the upstream valve is

t
opened, flow begins through the seat and downstream pressure begins to

rise. The poppet remains on the forward stop until the pressure force

on the diaphragm equals the spring force, i.e., until the spring curve

is reached. At this point the rate of change of pressure, F, is still

large, as can be seen from Eq. (34) .,-which results in the pressure rising;

above the spring curve`. Once the trajectory enters the region above the

spring curve, the poppet is driven in the negative direction. In the ab-

sence of significant damping ., the trajectory will be almost parallel to

the 
P 

axis due to the extremely fast motion of the poppet relative to

the pressure change. This trajectory intersects the spring curve in the

second quadrant, where- the pressure derivative is negative, resulting
in a tendency to cross' the spring curve. Crossing the spring curve in-

troduces positive poppet velocity, which drives the trajectory back to

the curve`. It will be observed that is negative in this region, mak-

ing the poppet equation of motion stable, so that the trajectory follows

the spring curve. The system comes to rest at the origin since all time

derivatives are zero at this point. If the ^ at this point is sufficiently

small, 1:e., if Eq. (40) is satisfied locally, this is a stable equili-
brium point ,and satisfactory operation is achieved.

In the event that the set-point on the spring characteristic curve is
such ` that Eq. (40) is not met at the origin, the origin is. an unstable

equilibrivi,^ point. In this event, a small disturbance in either pressure
r

or position which causes the operating point to shift up or to the left
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will result in trajectory "a". Similarly, a shift down or to the

right will result in trajectory "b". The excursion along "a" would

result in an extremely small pressure excursion, less than 1 percent.

The excursion along "b" would cause a complete re-cycle of the start-

up transient. It is conceivable that, with a certain set 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 previously

would have similar effects, since it is a manifestation of internal



RESULTS

Results obtained during the first quarter include some transient per-
formance data generated by the detailed analog model, and certain pre-
dictions of the simplified water expulsion system .model. -These results
must be interpreted as representative rather than accurate, since cer-
tain portions of the input data were preliminary. In particular, the
spring characteristic curve used in all work of the first quarter was
obtained from JPL drawing 1000976,. Actual spring data, such as Fig. 5,
was obtained late in the quarter and found to differ considerably from
the curve employed. Also ., the actual mass of the moving assembly was
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verted to actual values by multiplying by the nominal values. The
spring deflection, CO , is recorded as its actual value in the last

strip. This permits easy comparison with the spring deflection curve.

The results shown in Fig. '13 and 14 were generated in real time, so

that the time scale is indicated by the one-second-marker at the top

of the charts. Thus, each small division of the chart represents 0.5

second and each major division represents 2.5 seconds. In some places,

such as the right-hand side of Fig. 13, the paper speed was increased

by 100 times in order to expand the time scale. In these areas each

small division represents 0.005 seconds.
I

The results shown in the left hand portion of Fig. 13 show the effect

of moving the set point through its range. The downstream volume for
this run was 68 in3, which corresponds to the nominal flow bench test
system (Ref. 3). The nominal pressure drop between the regulator and
accumulator was assumed to be 8 psi. The initial set-point corres-

ponded to a nominal spring deflection of 0.0456 inch. As can be seen

from the bottom strip, the deflection was changed to 0.0256 inch over a

period of about 35 seconds. When the deflection reached about 0*0042

the poppet began to oscillate. This deflection puts the operating
point slightly into the negative slope region, as can be seen in Fig.

12. The oscillations continued until the deflection was reduced to

0.0256 inch, which corresponds to the peak of the deflection curve. It

is seen -that during these oscillations the seat area varies from almost

zero to over 3 times its nominal.value. The reference pressure oscilla-

tions are about 3 percent peak-to-peak. The mean value of reference

pressure increases due to the higher force of the spring at the lower

deflections.

Upon increasing the deflection, the oscillations resumed. At a de-

flection of about 0.034 inch, the amplitude of the oscillations in-

creased to the point where the poppet was cycling from one'stop to the

other. This persisted until a deflection of 0.038 inch. During these

39



high-amplitude oscillations, reference pressure varied with an ampli-

tude of about .10 percent peak-to-peak.

I is notable that the oscillations cannot be seen in the accumulator

pressure. This is obviously due to the large volume In an actual

test, it is entirely possible that oscillations of the poppet would go

unnoticed if only the accumulator pressure was monitored.

In order to see the influenceof pressure drop between the regulator

and accumulators this parameter was varied from-8 psi to 2 psi. The

results of this run are shown in the right-hand portion of rig. 13.

Again, the spring deflection was reduced into the negative slope region.
Steady operation existed until deflection reached 0.0384 inch, where

upon poppet oscillations began. Stop-to-stop oscillations begain at

about 0.07 inch. At this point the time scale was expanded by in-
creasing the chart speed by 100 times. In the expanded scale, it can,

be seen that the poppet goes to its full-open position about 5-1/2
times per second. This cycling is somewhat slower than in the previous

run. Apparently, the lower pressure drop results in interaction with

the downstream volume. Also, it has increased the systems tolerance to
negative spring slope, evidenced by the lower deflection before the on-

set of oscillations.

In order to prove that the cycle- frequency is indeed influenced by

downstream volume, the accumulator Volume was increased by a factor of

10. This makes it correspond approximately to that of the ullage of

the propellant tank. The results of this run are shown in Fig. 14

The first portion of Fig. 14 shows that oscillations begin at a de-

flection of about 0.0384 inch. Returning to the nominal deflection
restores steady operation. When the deflection is reduced to slightly

below, 0.0384 inch, the stop -to-stop cycling begins-. Now however, the

frequency is about 1 cycle per second. This suggests that the cycle

frequency is a result of interaction with the accumulator.
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The above results are the most meaningful of those obtained with the
detailed analog model during the first quarter. They are not conclu-

sive ., but do suggest the importance of spring slope at the operating
point and the downstream geometry. It appears that the observed cycling
in the water expulsion tests could be duplicated by the combination of

large downstream volume separated from the regulator by a low resistance.

SIMPLIFIED WATER EXPULSION MODEL

The results obtained from the simplified water expulsion system .model
consist of the stability inequalities, Eq. (40) , (4i), and (43). and

the phase plot, Fig. 11.

The stability inequalities are

1•K2 T 	 (40)	 ^I

Kl	 x1	 (^+1)

( + l/Ti)

K2 	 TlKi' +	 (43)

These relationships indicate that a negative spring force-deflection

slope (positive ^) requires a large amount of damping for stable oper-
ation. From the spring hysteresis data, it was shown that high damping;

does exist, at least for small velocities. 'Approximate values for the

other ` system constants indicate that the maximum allowable positive

is about 0.08. This suggests that instability should occur at points

slightly inside the negative slope region of the deflection curve, which

has been borne out by the analog results.

The inequalities also show the influence of downstream volume. From
•

E
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Eq. (40) it. is, apparent that larger downstream volumes decrease the
tolerable positive ( , since T  goes up with this volume.

The phase plane plot, Fig. ll, shmis a reasonable explanation for the
limit cycle observed in some water expulsion tests. The linearized

stability model only indicates the conditions for unstable oscillation.

The phase plane plot shows how the non-linear spring curve and poppet

stops can limit the amplitude of this oscillation.
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CONCLUSIONS

Due to the preliminary input data employed in the analyses during
the first quarter, no firm conclusions are possible at this time.

.	 There are strong indications, however, that operation in the negative
slope region of the spring force-deflection curve can lead to oscilla-
tions in poppet positions and possibly downstream pressure. The nature
-of these oscillations depend upon the spring characteristic curve, the
set point, and the downstream flow system. The detailed model and the
simplified: model both indicate that a set point at which the spring
rate is excessively negative can cause unsatisfactory regulation.

EXPENDITURES

During the month from 1 September 1969 to 30 September 1969 expendi
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PLANNED EFF,ORT

There have been no developments during the first quarter which re-
quire changes in the Work ?Plan as presented in Ref, 2. There ,has
been a slight slippage in'schedule, due primarily to initial delays
in obtaining regulator description and flow bench data. This is also
reflected in the man-hours and expenditures above, which are less than
planned.

The next step in the analysis will be to wire the analog model of the
flow bench system. This will permit correlation of the flow bench
test data which has been transmitted to Rocketdyne,. The regulator
model constants will first be updated to reflect recently obtained



r	 _

REFERENCES

1. -Ogata, K., State Space Anpjysis of Control Systems, Prentice-

Hall Inc., Engle-vTood Cliffs, New Jersey, 1967 Rg. 442

2. Sack, D. E , Advanced Feed systems Component Interaction Analysis

NAS7-749, Program Work Plan and Schedule, nIP-9229, 28 July
1969, Rocketdyne, a Division of North American Rockwell Corporation,
Canoga Park, California

3. Type Approval and Flight _Acceptance Test, 14M' 69 Propulsion Sub-





Symbol	 Definition Units Nom. Value S. F.

Ad 	Effective diaphragm in.2 1.665 --
area

As 	Seat flow area in.2 1.211 x 10-4 Asn 10 .

Ab _	 Area of ball seat bore in. 2 4.78 x 10- 3 --

B -	 Damping CoefficientP	 p	 g lb-sec in. d-
for poppet

Cs
C s 	Seat; flow coefficient

^
0.6 --	 °

Fbs	 Ball retaining spring lbs 2 Fbsn,50
force

.Fpr	 Pressure force on ball lbs 15.65 Fprn/50

FPs	 Poppet spring force lbs 507 Fps/50

K1	 Empirical constant in in. 4 - R 2.945 x 10'- 5 --
filter flowrate lb-sec
equation

K2	 Constant ratio- of seat in 0.1916
flow area to ball
position

K5 '	 Ball spring rate lbs/in. 4 --

lbs-see :2
-1

MP	
Klass of poppet moving 2.50{'10 --

f	 assembly, including in.
,lf 2 of - springs

Pa 	Ambient pressure lbs /in 2 14.7 --

Pi	Inlet pressures up- lbs/in.2 3600 Pin/50
stream of filter



Symbol Definition Units Nom. Value S. F.

PS Pressure upstream *of lbs/in.2 3570 Psn/50
seat

P Regulated pressure ., lbs/in.2 308 Prn/50
downstream of seat

Ti Inlet temperature, 0 R 530 T n/50
upstream of filter

T S Temperature upstream R 530 Tn/50
of seat

Tr Temperature' downstrea^ ° R 530 Tn/50
of seat

U Unit step function

VS Volume from filter to in.3 0.0404
seat

V Volume between the in.3 1-30
seat and the down-
stream restriction

WS Stored weight- of gas lbs. 4.12 x 10-4 Wsn/50
between filter and
seat

W r Stored weight of gas lb^s 6-70 x 10-5 WrM/50
between seat and down-
stream restriction

1 Inlet flowrate lbs/sec 0.006 Wn/10

Ws Seat flowrate lbs/sec 0x06 Wn/10

Wo Outlet flowrate - lbs/sec 0x06 ^Tn/10

XP Poppet position; in e 6.33 x 10-4 X	 ax-XPM
measuredfrom the 50point at which the
plunger contacts the
seated ball.	 The
opening direction
is positive
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REGULATOR EQUATIONS

(1) Wi K1 Pi (Pi - Ps )/Ti (Pii Ti = inputs, K1 = const.)

(2) Ws = S(W 	- Ws) at
t

(3) Ts =	 Wi	 (6' Ti - Ts) - WS T s (^- 1) 1WS dt	 {	 = const.)

(^+) PS =	 WS R TSINs (R, Vs = const.)

(5) WS =	 Cs As Ps Os/ Vs (Cs - const.)

(6) Os =	 1.06 [Pr/Ps (1 -- P,:-/P- 	 2rPs Pr/Ps-1 -5 (Fig. 4)

0.53 Pr/Ps <-5

(7) As - K2 Xp As	 0	 (K2 = const.)

-	
( g) T r T- Tr) - W	 T	 (^J 	 s	 o	 r

11) IW	 d t	 (W'	 r	 oJ = input)

(9) Wr -	 (w	 w) d ts	 o

(10) Pr = Wr R Tr	 Vr (Vr = const.)

( 11) mp Xp - Fps (& XP) - Ad (Pr - Pa) - Bp Xp - (Fbs + FPr) U (Xp)

LL
Xpmin — Xp'— Xpmax

_Xp = 0 for Xp - Xpmax
rXPm -n	 i

mp, Aa	 Pa Bp = const.
t

(12) . U ( Xp) = 0	 Xp	 0
= 1	 XP)0

(13) FPS (	 , Xp ) = cu 	fit equation of spring characteristics
4

(print
No. 10000976 ). E

,

AI-4



(14) 9 = 9 - 
XP0 (go = input)



­3





PPF'



I

i

0	 OF

	

t 
2C8 }	 op

	

fi 2 072" 	 t
BSt	 Zc4	 c 4 -1P

C
► 	 a1A7 t'Pr

S3	 - .l ^1+2	 l At

0018	 1',150130

	

i CS	
-.1 0688'	 - IDI

	

^	
C

	

i ^Z	
7CS	 ^ J	

!A2	 000 c A	
2-11	 n

E	
r	 fi ^	 + ►o	 1	 ► o-"	 1ptJ1 .1	

.I	 l0	 1 -	 -O	
Z '	 o;-X	 c	 F

9 4662.1	 1 g P 	Z	 2-9
C ^

1610
460W
0013' .t	

s -•
lc

6 2200 . ►
 t,

- xF
Fps	

G183	 l0 
2	 ,IoZ Xp	 6'402 a	 2	 Z-lo

^	 '^ '
	 G! B I	 ^67o C

lC/o

	

A	 ^
1 c 7 lee	 p	 Comparator
}. i 1189	

s 

s la1_	 A
. 9 7Ja 	 q

G15 z 
+

	 Or/Nand Gate
A

t ANALOG COMPUTE DITiGRlUl 0F P1111 1 69 IqF'C-WI ICAL SYSTEM EQUATIONS
n^o

1
Electronic Switch

N/C

FIGURE II-2

^w



I

r

t





APPENDIX III
Simplified Water Expulsion Model

Symbols

Ad -	 diaphragm area

As -	 seat area

o	 B -	 damping coefficient

Cs -	 seat discharge coefficient

Fps -	 spring force, a function of spring deflection
0

K -	 ratio of seat flow area to ball position

M -	 moving mass of Poppet

Pa - -	 ambient pressure
'.

Pr -	 liquid tank pressure

P -	 pressurization tank pressure

Rl -	 liquid system resistance

T -	 uniform gas temperature throughout

-	 gas volume in liquid tankg

wg -	 gas weight flowrate

we -	 liquid outlflow

Xb ball position

XP poppet position (positive in opening direction)n,

X -	 poppet position
Pmax

X poppet position
Amin

v	 slope of normalized spring force-deflection curve

g
gas density in liquid tank w

liquid density
I

-	 compressible flow function

AIII-1; ,
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