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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.

SUMMARY

A dynamic model of the MM'69 pressure regulator has been developed.

The development of the equations and their mechanization on the analog :
computer are presented herein: This model has been used to generate ' ;
transient performance data with high, constant, upstream pressure,'and

a éimplified downstream flow system and eccumulator. This data indicates
that poppet oscillations are present whenever the spring is operating in

the region of large negative slope.
A simplified model of the regulator and water expulsion system has aliso
“been developed. This model and preliminary results obtained with it are

presented herein. , o , ' : ' g

Dynanmic equations of the flow hehph system have also been developed. | L i'

The ba51c equatlons are presentea.




INTRODUCTION

The Mars Mariner ‘69 pneumatic pressure regulator, shown in Fig..l,

is the first example case considered in the Advanced Feed Systems Com=-
ponent Interaction Study. The first objective of the study is to model
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. &

!' The regulator in Fig. 1 is a single stage design.\ The reference pressure,
| Pr’ is ﬁaintained by flow modulation at the seat in response to position
of the poppet assembly. Pressure force on the diaphragm is balanced by
the compression of a set of Belleville springs. It is notable that since
‘ﬁhe‘regulator'does not employ a separate sense line for referehce,pres-
sure, the regulated quantity‘is the pressure in the flow system near the

regulafor exit, and not tank pressure.

The flow bench test system for the MM'69 regulator is shown schematically
in Fig. 2. It is intended to develop a dynamic model of this system to
be integrated with the regulator model. The dynamic equations for this

system are presented herein.
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DISCUSSION

DEVELOPMENT OF REGULATOR EQUATIONS

The MM'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 reguiator 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'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.* 'ﬁere,'the volume Vs
represents the volume between the filter and seat. The volume V repre=-
sents 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 detérmined from the equatioﬁs of conservationvof mass and energy.

The flowrate between nodal pointstcan be determined by a flow equation

as indicated by experimental data. Data for the filter; for example,

indicate that laminar flow exists and the flowraté is related to pres-

sure by

W = xE, (Pi Seym S

 This equation assumes perfect gas behavior.

* At p01nts 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 aoout 1.3 ps1 at
“nominal flow conditlons. L SO ~

i
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Flowrate through the seat follows the compressible flow orifice equa-

tion.
w,oo= G Al P ¢s /’l/ T (2)

In this equation CS is the discharge coefficient, which can be assumed
to be constant due to the small changes in ball position. "The factor
¢s is a function of upstream and downstream pressure given approximately

by

Pr e r
g = 106 |5 (1-5) 5_P___ S 2 (3)
s s .~
Pr ,
= 0.53 ' | s L5

Equation (3) introduces less .than 2 percent error over the full range of
pressure ratio. The actual function and points calculated from Eq. (3)

are shown in Fig. L.

4 The stored weight of gas in the lumped volumes is found from the con-

servation of mass equation,

v o= |Gy -w)a ' (4)

The same equation is appiicéble‘for the stored weight downstream of the

seat, w_.
r

The temperature within each lumped volume can be calculated from the
conservation of energy. Assuming perféct gas behavior and an adisbatic

process,

BRCAEAR b, (¥ - 1) | fig at (5)

e

7o
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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

P = w RT /V, ' (6)

Equations (1) through (6) represent all forms necessary to construct a
complete model of the regulator gas flow system. Equations (4), (5),
and (6) can be applied at the volume downstream of the seat. The out-
flow, wb, must be determined from the. downstream flow system, i.e., the
flow bench, water expulsion, or propulsion system. The inlet pressure
and temperature Pi and Ti are determined from the supply system, and are
therefore inputs to the regulator model. The complete set of gas flow
equations for the regulaxor are presented in Appendlx I, along w1th ‘the
doPlnltlons of symbols.

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

does not have a separate volume representing the diaphragm cavity. An
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 passéges, the pressure difference between the cavity and
the reference volume Was fbﬁnd to be negligible (less than 1 psi) even
during high-frequency oscillation of the diaphragm. The model was there-
fore simplified to that shown in Fig. 3 by elimination of the diaphragm
cavity. 1In this model the diaphragm pressure is asSumed to be the re-
ference pressu:e. It is notable that if the passages to the diaphragm

cavity were smaller, this'siﬁplification would not be possible.

Mechanical S;gstem :

The mechanlcal system consists of the popoet dlaphzagm, spring assembly,
and ball. The forces: actlng on the pOppet are the dlaphragm pressure
force, the balanoing sprlng force, and the force transmltted through
'thé'ball., The sum of these forces determlne the 1nstantaneous acceler=-

, atlon, 1ntegrat10n of Wthh ylelds the veloc1ty'and positlon. Positlon




‘p0ppet when the ball is resting on the seat.

~tains a number of Belleville springs. The hysteresis exhibited in the

‘to 1nternal energy in the sprlng material. The characterlstlc can be

' approx1mated, includlng the hystere31s,by con31der1ng the force to be the

of the poppet is limited by mechanical stops, asnd that of the ball by
the seat.

If it is assumed that the ball follows the poppet perfectly, there is
only one equation of motion. Assuming a position variable xP which is
positive as the ball is 1lifted from its seat, the equation of motion

is,

m X = :
P D (7)
(] - - - . - + ’

Fps(g ,xp) Ad(?r Pa) Bpxp (Fbs Fpr)fl(xp)

x £ x £ x

Pnin p Prax

X =0 for x = x s X

P Prax  Pmin

In this equation Fps is the poppet spring force, which is a function

of spring deflection and rate of éhange of deflection. The dependence

on rate of change is indicated by the hysteresis of the experimental

force~-deflection curve. The diaphragm pressure force is the effective
area times the pressure difference across the diaphragm. A damping
term, B Xf’ is included, although the coefflclent is not easily deter-
mined and will most likely be small. The force transmitted through the
ball is the sum of the ball reta;nlng spring force and the pressure
forces which act on‘the-ball' F and'FP respeCtively The function

bs
U(x ) is a unit step function which removes the ball forces from the

A typical poppet spring force characteristic is shown in Fig. 5. The

non-linear characteristic derives from the fact that the'assembly con-

characteristic represents an irreversible conversion of mechanical energy

ST D SO A O AR VP PP T SO SR e
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P

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

pendent only on velocity. That is,
* - + * ’
(8, %) = F(8) + FyH) (8)

The deflectﬁon function must be assumed to be the mean curve in the ab-
sence of contrary evidence. Ideally, one could generate F.l(g ) 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 FI(E;), the
velocity-dependent term.Fz(i) ie 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 1bop 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 dampingo' 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, S 5 is the sum of the deflection of each end.

Notlng that the poppet position coordinate, xp, is p031t1ve in the open-

ing dlrectlon, the total sprlng deflection is then

% = g - X : | : .b ’ | (9)

° b

where S. is the deflectlon effected by rotation of the: adjustment cap. -

This equatlon permlts the set point to be variable parameter in the modelfe

The effective diaphragm erea is lees than the total area Since the outer
edge is constrained.. The effective area of the diaphragm to be used’in
Eq. (7) can be determlned by equatlng the work done by the gas moving .
into the elemental volume caused by an elemental change in xp to the work |

done mov1ng the resistlng force through the elemental change 1n xp. :

-2 -
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S

That is,
(Pr - Pa) dv = Ad(Pr - Pa) dx (10)
It is seen then that
dv . »
Ad = Ex- : (11)

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

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

F _ =TF _ + K x BRI (12)

In this equation F 5o 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 K. is most likely small since the spring is of the Belle-‘

5
ville type and is deflected beyond 1ts 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 estumated by considering the geometry of the constrlctlon of flow be=-
tween the ball and the seat. This is shown at 100 tlmes actual,31ze in :
Fig. 7. Due to the small size of flow passage relative to the ball and - |
 bore diameters, it is apparent fhat downstream static'pressure, P ’ aéts; .
- on the ball over the entire bore’diameter. The correspondlng area on

the upstream 51de of the ball is acted upon by upstream static pressure.“ |
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Therefore the ball pressure force is

A (P, -P) | (13)
‘At nominal conditions, i.e., with P, = 3570 and P = 308 psia,
Fpr = 15.65 pounds. This is approximately 3 percent of the nominal

force applied to the poppet by the poppet spring.

Equations (7) through (13) above are sufficient to compute ball and
poppet position as a function pf time, provided that there is always
contact pressure between the poppet and ball. Due to the high pressure
force on the ball, and the low mass of the ball, this will most likely

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

drops, the pressure force falls to nearly zero, leaving the ball with
only its refaining 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.

Coupling and Interface Equations

The flow system equations and the mechanical system equations are coupled
by hav1ng certain common varlables and by a coupling equation. For ex- . %
ample, Eq. (D contalns ‘pressure P »? which is determined in the flow sys-

tem equations. The coupllng equatlon is : | i
A = K,x 3 A >o0 : , (1k)

which relates poppet position to seat flow area. Limiting the seat area
positive represents the ball coming to rest on the seat whlle the poppet
retracts to a negatlve position. PR K 'g  ' o : ..  | *_

The total set of regulator system equations are summarized in Appendix
I. There are 16 independent equatlons and 19 system varlables in this
Sét. Three of these system varlables, P, 52 T. ,uand‘w , are 1nput quantltles

Y .

- 16 -
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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 equations.

DEVELOPMENT OF FLOW BENCH EQUATIONS

The flow bench test system for the MM'69 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
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 dovmstream volume in the flow bench sys=

tem. The Tlowrate through the ith restriction is

W= ARy /Y Ty | | ‘ (15)

where
6 | 1 N (16)
g, = 1.0 : PP (1 - P./P; ;) 5P /Py 2.5
=,vo'.53 e 5?1/1’1-1 £ .5

The effective area, Ai, is the ValVe‘area times the dischargeﬁcoeffi-

cient. For a valve,‘this'areaiis an arbitrary function of time.

The stored weight in the ith volume is

~




i“'l » i"l R

ith Restriction

4—5-'-2:"

ith Volume .

| TYPICAL RESTRICTION AND DOWNSTREAM
~ VOLUME OF FLOW BENCH |

#

 FIGURE 8




and the temperature is

- (18)
T,o= |y T - ) - g T (W) /vy at
Then from the perfect gas law, the pressure is
P, = w, RT/V, | (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.

Computer Mechanization

Simultaneoué solution of the dynamic fegulator and flow bench equations
is easily accomplished on an analog computer. In order to do so, it is
necessary to determine numerical values for the equation constant, and
to scale the system variables o the voltage rénge of the computer to be
employed.

The regulator equations, Appendix I, have been scaled and mechanized on
one of the Applied Dynamics AD;256 anélog 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 thelxegulator dravings. The
operating point selected as nominal corre8ponds to a pressure of 3600

psia at the regulator inlet and a flowrate of 0.006 1lbs/sec of nitrogen.

The AD-256 computer has a voltage rangezé%;i-lOO volts. The over-voltage
tolerance is very small due to the type of non-linear components em-
ployed. For this reason, the regulator equatibns»were scaled such that
analog voltages of the system Vdriablés never approach 100 voltsh This
'waé done by selécting scale factors ﬁs.f.)vof”convenienﬁffractions of
the'nominal}values of’thé actﬁal‘variables._.Fdr example,*the system




flowrate variebles, W, are represented on the computer by 10w, where

——n-

W o= Wi - (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
be lofgbthe voltage goes from lO'to 70 or 90 volts. On the other hand,
pressures tend togo down from the nominal value, so a voltage of 50 is

employed to represent pressures.

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

-

Y = ayly, = ay | (21)

where ¥, 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 = yn/a ' (22)

The scale factors for all regulator variables are shown in the table
of symbols in Appendix I.. o

This method of scaling or normalizing the system equatiohs'has the addi-
tional advantage of generalizingythe problem. After nbrmalizing all
system variables,:the'syStem equatibns are dimensionless, and‘resulﬁs
obtained are applicable to other~similérvsystems regardless of the abso-
- lute vaiues of the;variablqs., Similarity is automatically revealed by
the values of the:dimenSionless coefficients in the notmalized equations.

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

normalized form it reduces to

W
n - v
Wy = ﬁ; a, (wi -V l) a -y (23)

The coefficient

w_ a8
n t
W

n

is the important parameter, and any system with the same value of this
parametertwill 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. Allether system
equations normalize to a similarly convenient form, aﬁd 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. How‘e.ver, the
poppét equation of motion and the poppet spring mechanization warrant
specific discussion. First, it is’ found convenient to define the poppet

position variable as

: X - X ) L .
o | p ~ “pn | N
20 x, = 20 \ /% ' (2

This machine variable then has a nominal value of zero, and a maximum

valuevof 50 volts, thus taking maximun 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,chputér

- 21‘;‘,
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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 O or 1. The output signal, E, controls the mode of

the velocity integrator.

A =1 if x = x_ . (25)
p pma.x

‘B = 1  if -x D -x ‘ (26)
p pmin

¢ =1 if x >0 ’ (27)

D = 1 if computer is in “operate" | (28)

The logical equation for E is theﬁ

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

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

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

tions. By use of DeMorgan's Law, E can be,generatedventirelyiwith these s
gates. L | SN By o "‘1"~;f ”W

Mechanization of'th¢ poppet spring characteristic.ié best aéhieVed by

means of'a_curveFfit-of[the,experimentalicurVe. =?or eXample,'the character-
istic shown on the spring assembly drawing, JPL‘lOOOO976, is approximated
by ) . ,A ‘ . o - . : :

- J, =oshBr2.96A -13.80A% + 12.91A3 (30

-2
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where

A

I
A

(Fps - 48o)/120 . (31)

It

(§ - .02)/.04 ‘ (32)

This fit was determined by a digital computer program using a least-
squares method. The input data were_g; values computed from Eq. (31)
and the average of the upper and lower force values from the spring
assembly drawing mentioned above. The accuracy of the fit can be seen
in Fig. 9. The largest error is 1l percent in_@%, which amouhts to
0.4t 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 while 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 regidn extends to greater deflections than that given as "typical
on JPL drawing 10000976. A new curve fit will have to be generated at
a later date. | g |

The hysteresis effect was mechanized byqadding é force increment to the §
force calculated from Eqs. (30) through (32). The added force is a , %
function of poppet velocit&, as eXglained in the development of the
poppet equations of motion. The function shown in Fig. 6 is 9asily

generated on the computer.

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

necessary to mechanize a simplified flow system. This flow system con-
: SiSted,of a:downstréam.accumulator diséharging‘to the atmbsﬁheie. This
permitted generation of}an outlet,floﬁ which is réquired for solution of
“the fegulator equations.,fUPStream éressure and:temperature'were'repre—ﬁ:~

‘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-
pliers themselves have current outputs and require an output amplifier
to generate a voltage. Division is accomplished by multiplicaﬁion in

the feedback path of a high-gain amplifier.

SIMPLIFIED WATER EXPULSION 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 watér under the
controlled pressure prbvided'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 %he
first quarter. This was due to certain of these tests,'on particular re=-
gulators, exhibiting'widg pressure excursions. It was felt that the cause
of these fluctuation might be fevealéd by a simple model of this system
and regulator. If so, the results would indicate where emphasis might
best be placeda in the development of the compléte, detailed regulator
model. Furﬁher, comparison of results bf the simplified and detailed
models might indicate the degree of s0phistication‘required in order to

accurately predict the perfdrmance of future regulators.

A 51mp11f1ed water expulswon system is shown schematlcally in Flg 10.
Only the most 81gn1f1cant elements are 1ncluded Further 31mp11f1catlons
are "afforded by the follow;ng assumpt ons '

1. The pressurization tank‘is sufficiently large that its
' preSSure is constant over the time period considerédi '
2. Gas flow is isothermal.
‘~3. There is no pressure drop between the regulator and the
'propellant tank.;
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4, Perfect gas behavior.

5. 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 é, the system equations presented in Ap-
pendix IIT can be developed. In these equations, the poppet and ball
positions, xp and X, » are measured from the seated position, with the
opening direction being positive. The spring'force, F g? is shown only
as a function of poppet position, which implies that the free end is

fixed. Changes in the set-point must be accomplished by using different
functions. '

These equations can be normalized and linearized to pérmit easier anzlye
sis. After considerable simplification, there results

-
-

, ?cp--i- ‘5‘:- QK x = -KQP, a’_-ipﬁl' | (33)
ib = o for xpy = a, k? =1
5 o+ ()P = Kl?—ﬂ‘, ' | | (34)
%, = E3 X PR | (35)

Equation (33) 1s the linear second order equation of poppet/ball motion,
with regulated pressure as a driving function. Equation (34) is the
linear first order’ equation of regulate@ pressure with poppet‘pbsition

as a driving function ~ They are‘obviouSly coupled by“? and Eq. (35).

— e

" Due to the 11nearlzat10n about the nomlnal p01nt the equlllbrlum p01nt

is x xb : = 0. The. constants are
P




Approx. Mag.
2§Eps 0 Fps
6 = ,a'x (note: 6 == ) -0.2, +0.1
“p RES
. Y = B/m (2 ) sec™t ; | ;
o ¥ -1
K, = (x? /kbn - 1) vln/(l - Pa/?rn) Voo .8 sec
mex
- - ) - i . 9 "2
| K, (Prn Pa) Ad/m(xpmax xpn) 0.5°107 sec
1 1 » -1
l/'I‘l = 1+35 (I—:P—zﬁ-;gl Vln/‘vgn ‘ 0.08 sec
a = (X -x_)/(x -x_) «1.7
Phin rn Pnax P2 | ‘
‘ | b = -xpn/(xp - xpn) -0.14

max

As a result of normalization, the variables are dimensionless and the
time derivatives have units of reciprigal,seconds raised to the appro-

priate power.

Stability of these equations in thempresence of small disturbances can‘
& : , be determined by examination of the characteristic equation. In order

to determine the characteristic equation; define the state variables

1 xp
*2 = xp
x3 = P

| Then.Eq. (33) thrdugh‘(35)'can‘be'wpitten‘“ e

 - ?8 -.i,,-




et

X o= kx | | (36)
where X is-the vector of state variables and

§ ' 1 o | . (37)

o)
A =8 kK, -8 K,
i K ) -l/'l‘l |

The characteristic equation is then

|a-A1 |

]
o

(38)

Upon expansion this results in
N+ (T 11 NP+ (W T-€K2))\+ (KK, -8K,/1) =0 (39)

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

¥ >8ERT ' | (40)
% > €/m | | (1)
(¥/r, + 4%y (F+1/m) > (%, - €/2) &, (u2)

A slight rearrangement of Eq. (42) gives .

Y (K+1/mi)
K, < I 65/)”

(43)

- From these inequalities it 1is appareﬁt that stability exists for at

least some vra.l\u.es,o:’c‘;K2 when the spring slope, € ,' is negative, since

this would satisfy Eq. (40) and (k1) | automatically. However, when ? is

29 - :




positive, as it is when the reference setting is in the negaizive-slope
region of the spring characterisi;ic , stability depends upon damping and
downstream volume. 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
X > 0.63°1 7 sec™t
o | K, > 0.008 sec™
' -3 -2
= K < pT, oo
It is noted that for large values of' deamping, b/ s, the inequality Eq.
(42) reduces to Eq. (40).. Also, Eq. (41) is satisfied even for the
Jarge volume of the propellant tank ullage, 1003%3. It, therefore,

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

The only indication of the actual demping present in the mechanical
system is the hysteresis in the spring characteristic, Fig. 5. If it
is assumed ’chaf, the hysteresis l’odp is é, result of a force proportional
to velocity, then the damping coefficient can be calculated from Fig. 5.
This method gives |

0,715 ‘108 sec -

which is_approximately one order of magnitude less than that required
for stability by Eq. (40) ‘ o e | |

The above stability"aiia.lysis‘ assumed small c‘riahges in the state “variables.

- from their nominal value, zero. " An indication of instability automatically
ensures tha"c.‘ any small ’distarbanc’:e‘ will immediate'ly'begin to grow, and in

: 'Itifne: ‘W.Lll résul’c ingviolation rof the small amplitudeﬂj -as.smnption . Large
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amplitude oscillations drive the system into non-linear regions, and
there may be convergence to a stable limit cycle, of either large or
small amplitude. This is best studied with the detailed model.

It must also be noted that some deéree of positive '@ is permitted by
the above development. For example, Eq. (40) can be re-arranged to give

R ¢ o

271
. Thus for
r
¥ = 0.7‘108 sec™t
K, = 0.5°10° sec™?
lel = 0.08 sec™t

the maximum tolerable élope is given by
@ ¢ 1.12°1072

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

In order to show the effect of thg non-linear spring characteristic,

the equations in state-varisble form, Eq. (36), can be examined graphi-
cally. The case most easily examined is when the mechanical system is
1ight1y'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.,fthe phase

plane.

Figure 11 shows the phase plane'of~system.downstream'preSSure versus

poppet pbsition.‘ In this plane, the;spring charaéteristic'appears'as ,
a switching line. That is,above this line the poppet moves to the left,
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~the spring curve. The system comes to rest at the origin since all time

‘brium point and satlsfactory operatlon is achleved.

"L‘or pos1t10n whlch causes the operatlng p01nt to shlft up or to the left

and below ip the poppet moves to the righf. The forward poppet stop,

full open, appears as boundary at ip = 1.0, and the retraction stop

appears as a boundary at 29 = «1.7. When ip = =0.1h4, the ball is on

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

a small positive 8 » i.e., just to the left of the minimum force point

on the deflection curve, Fig. 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
opened, flow begins through the seat and dowmstream 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 sgring 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 ip axis due to the extremely fast motion of the poppet relative to
the pressure change. This trajectory intersects the spring curve in the
second quadrant, where the pressure derivative is negative, resulting

in a tendéncy to cross the spring curve. Crossiﬁg the spring curve in- »
troduces positive poppet velocity, which drives the trajectory back to ’f
the curve. It will be bbserved that Q is negative in this region, mak-
ing the poppet equation of motion stable, so that the trajectory follows

‘derivatives'are zero at this point. If the  at this point is suff1c1ently
small, i.e., if Eq. (%0) is satlsfled locally, this is a stable equili-

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

equlllbrlul p01nt. In thls event, a small dlsturbance 1n elther pressure
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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 mzke the upper portion of the
trajectory curve upward. Hysteresis represented as discussed previously
would have similar effects, since it is a manifeétation of internal

damping.

A.smaller domz.stréam volume would have the effect of increasing the
rate of change of pressure. This would also cause the upper trajectory .

to curve upward.

The findings above,;i.e;, the stability criteria and the'phase tra-
i ’ Jectories, indicate the importance of certain parameters on system
' ' | p@rformance. Pirst, required damping is a function of the magnitude
and sign‘of the spring characteristic slope, and of the size of the
downstream volume. This suggests that the detailed model must reflect
_ the actual regulator‘precisély in these areas. The importance'of @ y
and the shape of the spring curve in the region of the set point indi-
cate that the set point nust be avyariable‘parameter in the detailed
model. ' , : ' ' ;

=35




RESULTS

Results obtained during the first quarter include some transient per-
formance data generatéd by the detailed analog model, and certain pre-
diétions 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
found to be 40 percent higher than early estimates which were used in

obtaining the results below.

ANALOG MODEL RESULTS

Typical analog model results are shown in Fig. 13 and 14. These re=- °
sults show the effect of moving the reference set-point through the
region of negative slope of the spring;characteristic; Also, the
downstream geometry is varied. Figure 13 shows two computer runs; and

Fig. 14 shows one.

The system variable recorded on each strip is indicated at the left.

' For example, regulator inlet pressure; 5&; is recorded on the t0p'strip,
followed by seatrareazzﬁg, seat flovrate'ﬁg, and so on. All variables
except spring deflection are recorded in normalized form, with the scale
as indicated at the left. For example, inlet pressure is held constant
at its nominal value sq tha£7§i = 1.0. The ‘seat area scale allows this
variable to increase up to 8 times its nominal value. The downstream
pressures_f’r and.‘i;ac aré nominaily 1.0, and their scale gllows for Vari-‘  o ;% 
~ations of + 20 percent and + h0 percen$, respectively. Poppet velocity =
X 5 nominallyTZéro and‘isf;caied.to vary between + 103. Poppet poSihibn, H'
X

o’ is also nominally zero and .is scaled between * 1.0.

All of theﬁnOrmaiized variables recorded in Fig. 13 and 14 can be con-
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verted to actual values by multiplying by the nominal values. The
spring deflection,g5 s 18 recorded as its actual value in the last

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

The results shown in Pig. 13 and 14 were generated in real time, so 1 \
 that the time scale is indicated by the one-second marker at the top | |

of the charts. Thus, each small aivision 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.

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
accunulator was assumed to be 8 psi. The initial set-point corres-
ponded to a nomlnal spring deflection of 0. Oh56 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 defleétion reached about o;ohz,
the poppet Began to oscillate. This deflection puts the 0peratihg
point slightly into the negative slope région, as can be seen in Fig.
12. The oscillations continued uﬁtil the deflection was reduced to
0.6256 inch, which corresponds to the @eak of the deflection curve. It
is seen that during these oscillations the seat area varies from almost
zero to o#er 3 times its nominal.valuel ‘The reference pressure oscilla-
‘tions are about 3 percent peak-to-peak. The mean value of reference
pressure increases due to the higher fdrce of the spring at the lower

deflections.

| Upon incréasing‘thé deflectidn, the 03ci11ationskresum3d; At a de;

flection of about O. 034 inch, the amplltude of the oscillations in-
creased to the p01nt where the poppet was cycling from one st0p to the

_ other. This perslsted until a deflectlon of 0.038 inch. During these




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

tude of about 10 percent peak-to~peak.

It is notable that the oscillations cannot be seen in the accumulator
pressure. Thig 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 ordef to see the influence of pressure drop between the regulator
and accumulator, this parameter was varied from 8 psi to 2 psi. The
results of this run are shown in the right-hand portion of TFig. 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 0.057 inch. At this pdint the time scale was expanded by ine-
creasing the chart speed by 100 times. 1In the expanded scale, it can.
be seen that the poppet goes to its full-open position about 5-1/2
times per sécond. This cycling is somevwhat slower than in the previous
run. Appareﬁtly, 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 oscillaﬁions.

In order to prove that the cycle fregquency 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. 1.

The first portion’of‘Fig. 14 shows that oscillations begin at a de~

flection of about 0.038l4 inch. Returning te the nominal deflection

restoies steady operation. When the deflection iS’feduced to sliéhtly ; |
below 0.038L inch, the siop;to-stop cycling begins. Now, however, the‘ : | é?f, j
- frequency is:about 1 cycle;perisecond.‘_This,suggests that the‘cycle’ o
frequency is a_result of interaction'With the accumulator; S

= ho -
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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 nct conclu=-
sive, but QO 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 regulaéor 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), (41), and (43), and
the phase plot, Fig. 11.

The stability inequalities are

¥ > € orem | (10)

g > By | (1)
o (Feam) |
A N T | e

These relationships indicate that a‘negaﬁive spring force-deflection !
slbpe (posiﬁive Q.)'requires a large amount of'damping_for stable oper- o
ation. From the spring hysteresis data; it was shovn that high demping
does’ekiét; at least for small velocitiéQ ‘Approximate values for the
other system constants indicate that the maximum allowable positive €

is about 0. 08 This suggests that 1nstab111ty should occur at points
slightly 1n31de the negatlve slope reglon of the deflectlon curve, which .
has been borne out by the analog results

The inequalitiés also show'the,influence'Of downstream.volume._ Ffom




Eq. (40) it.is apparent that larger downstream volumes decrease the

tolerable positive Q s Since Tl goes up with this volume.

The phase plane plot, Fig. 11, shows 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 0pera£ion in the negative
slope region of the spring force-deflection curve can lead to oscilla-
tions in poppet poéiiion, 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-
tures totaled $191hk. This includes 110 man~hours of labor.

Total expenditures for the quarter smount to $8012, which includes k61
man-hours of labor. This represents approximately 75 percent of the
p;anned expenditures and 80 percent of the plahned man~hours for the
first quarter (Ref. 2).

o h3.e~




PLANNED EFFORT

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 primsrily to initial delays
in obtaining regulator descriptiop 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

spring and mass data.




REFERENCES

1. Ogata, K., State Space Analysis of Contr.ol Systems, Prentice=~
Hall Inc., Englewood Cliffs, New Jersey, 1967 pg. Lh2

2. Sack, L. E., Advanced Feed Systems Component Interaction Analysis
NAS7-749, Program Work Plan and Schedule, PWP-9229, 28 July
1969, Rocketdyne, a Division of North American Rockwell Corporation,
Canoga Park, California

3. Type Approval and Flight Acceptance Test, MM'69 Propulsion Sub-
system Pneumatic Regulator, JPL Specification No. TS503503A,
Revised 15 September 1969.




APPENDIX I _
l
‘ , ‘ Regulator Equaticns
‘ Symbols
| )

R Bt i S e A

i T S

oo

o
i
H
3
3.
P

s o

BT




APPENDIX I
REGULATOR BQUATIONS
SYMBOLS
Symbol Definition . Units Nom. Velue S. F.
Ag Effective diaphregm in.? 1.665 -
area :
A Seat f1 in.2 1.211 x 107 A
5 eat flow area in. 1. X sn/10
Ay Area of ball seat bore] in.2 4.78 x 10-3 -
By, Damping Coefficient 1b-sec/in. -
for poppet
C
s .
Csg Seat, flow coefficient 0.6 -
Fbs Ball retaining spring 1bs 2 Fbsn/SO
force - \
For Pressure force on ball] lbs 15.65 Fpyn/50
Fps Poppet spring force 1lbs 507 Fps/50.
Ky Empiricel constant in in.‘h - R 2.945 x ZLO"5 --
filter flowrate ~ 1b-sec -
equation
Ko Constant ratio of seat|{ in. 0.1916
flow area to ball '
position S
K5 ‘Ball spring rate los/in. L --
oy Mass offpdppet moving "lPE:EEQJ? 2,50310'“- : -
assembly, including in. -
1/2 of- springs |
Py Ambieht.pressufe ; "Ibs/in.z, ’ lM.T,’  -
P, : Enletlbressure,,up- 1bs/in.@ 3600 Pin/so
| stream of filter e ' ' S

AT-L




plunger contacts the

| opening direction

point at which the
seated ball. The

is positive

Symbol -~ Definition Units Nom. Value S. Fe
P Pressure upstream of lbs/in.? 3570 Psn/50
seat ‘
P Regulated pressure, 1bs/in.? 308 Ppp/50
downstream of seat
[}
Ty Inlet temperature, R 530 T /50
upstreasm of filter
Tg Temperature upstream °R 530 Tn/50
of seat
' 4]
Ty Temperature downstream R 530 Tn/50
of seab
U Unit step fuhction - - -
Vg Volume from filter to | in.S 0,040k -
seat
v Volume between the ine3 1.30
T segt and the down=
stream restriction
Wy Stored weight of gas 1bs k12 x J.O"LL Wsn/BO
: between filter and
seat ‘
W tored weight of gas | 1bs 6.70 % 1072 Vo /co
T ‘ rm/S
between sealt and down- '
stream restriction
Wy Inlet flowrate ~ 1bs/sec 0,006 Wpfi0
W ‘Seat flowrate 1bs/sec 10,006 LY
W, | Outlet flowrate lbs/sec . - 0,006 wn/lO
| R o B P T | |
Poppet position, in. 6433 x 107" | Xpmax=X5n
" measured from the ool R »--;—--R-;so ,




Symbol _ Definition Units Nom. Value S. F.

Xpmax Full open position in. 01005 -
of poppet

Xpmin Fully retracted in. -0.007 b --

position of poppet

{ Poppet spring deflec- in. varigble
g tion measured from :
free position

E; Poppet spring deflec- ine. Variable -
Q tion when poppet is input
contacting seated ball
qb Compressible flow ST 0453 -
function




REGULATOR BQUATIONS
(1) wy =X Py (P; - Pg)/Ty (Py; T4 = inputs, K; = const.)
(@) w, = 'g(wi - Wg) dat
(3 5 = Eqi (573 - Tg) - W, T (4 1)]/»:3 it (7 = const.)
(¥) P, = Wy R Ty/Ng ' | (R, Vg = const.)
(5) Wy = CgAg Ps fo/ AT (Cs = const.)
: (6) @5 = 1.06 [Pr/PS (1 - Pr/PS)J 2 Pr/Pg2.5 (Fig. )
= 0.53 - : P,/Pg <5
(7) A5 = Ko Xp : Ag 20 (K2 = const.) | |
| . ® Y
(8) mT,-= j[ws (Tg = Tp) =~ Wy T, (¥~ 1)]-/wr at (Wy = input)
(9) W, =/§f(Wé -Wo) at
(20) P, = W, RTp/ Vy | | | (V, = const.)
(11) mp, xp = Fps A, X ) = Ag (P - Ea) - "By (Fb + Fpr) U (Xp) %
Xbmln‘“ Xp Xpmax | ’xp 0 for Xb x?max » Xpmin %
mp, Agy Py Bp = const;
(12) U (Xp) g . ey k'Xp:‘éO | e
e SR s D e
- (13) 'Fps‘(g: ).cp) = curve fit equation of spring characteristlcs (prlntf B ?

No. 10000976\




(1k) | S= go - X (§o = input)

(15) F,

Fpso + K5 X, (Fpso, K5 = const.)

(16) Fpr = Ay (PS - P.) (A = const.)

M




: APPENDIX II

Analog Diagrams

for MM'69 Regulator .
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APPENDIX III
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Simplified Water Expulsion Model

Symbols

Equations
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APPENDIX III
Simplified Water Expulsion Model

Symbols

| diaphragm area
’ sgat area
damping coefficient
'seat discharge coefficient
spring force, a function of spring deflection
ratio of seat flow area to ball pésition
moving mass of poppet.
anbient pressure -
liquid tank pressure
pressurization tank pressure
liquid system fesistance
uniform gaé tehperaxure,throughout
gas volﬁme in liquid tank
gas weight flowrate
liquid 6utlflow
ball position
poppet position (positive in opening di;édtion)
poppet position‘ -

poppet position

slope of normalized spring forCe-deflectionVCufve

gas density in 1iquid tank
 1iquid density

compréssible fiow'function,:k

AITI-1

e R P




APPENDIX III

System Equations

(1) W [, - 2 )Ry | S

(2) P . mT (f'v'zg/vg - £ v /e

i

(3) .V W,/ Pl

; . 1) - ¢ o - . < < X
(4) mX Fps(xp)‘ BX, - (P, Pa)Ad X, £ X<

(5) X, X 5% 20

]

o
’GN
N
o

(6)

>
I
Q
0n
v
o
S
n
ya¥
~N
-

I (7) c.¢/NT, = comsT - ‘ o

(8)

>
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