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1.0 INTRODUCTION

The hydraulic transient analysis (HYTRAN) computer program ieg intended for
use by designers with an Interest in the detailed performance of an ailrcraft
hydraulic system or the response of a load, where the supply system 1s an
jintegral part of that response.

An aircraft hydraulic system is basically a power source connected to sev-—
eral loads. Under steady state conditions, where only the pump and fluid are
moving, the flows and pressures at various points in the system can be calculated
using non-time dependent formulae. However the unateady flow conditions which
are more normal, cannot be analyzed using aimple formulae. The pump is

basically a closed loop servo which has a time varying output and responds

continuously to system pressure changes. These changes propagate through the

system at the speed of sound, which is about 4000 ft/sec. The system components
respond to these pressure and flow changes, and to external leoad 2ud control
disturbances,

The program simulates the complete system and calculates the value of

all the flows, pressures and state variables throughout the system.

This allows the designer to study the dynamic response of any variable,
such as a check valve poppet position, an actuator piston velocity, the pump
swash plate acceleration, etc., since all these variables are calculated as
part of the system simulation.

The program is composed of five basic parts; input, steady state calcula-
tion, line siuuiation, component simulation, and output,

The designer inputs data describing the lines, components, and aystem

configuration. Since the simulation is only as good as the data, some of the

information required for components such as a pump, is very detailed.

L e Stk e bl cay > i sl e
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Fortunately there are only a few components like this and often these
are common to many systemse, e.g. DC~10 pumps are used on the 747, L1011l and
A300 aircraft.

The steady state section of the program balances the pressures and
flows in the system and calculates the initial values for al’. the system
state variables. Once the initial values are established at zero time,
the program starts by calculating for a small change in time {(delta T), new
flows and pressures at the junction between the line segments.

The lines are divided into segments, the ler gth of each segment teing
greater than or equal to the velocity of sound in the line divided by the
time interval delta T. There i8 a whole number of segments for each line.
& Once the new pressures and flows have been established for the line

junctlons, the program calculates new values for the state varilables of all
the components, and the flows and pressures at the junctions between the
components and the lines.

The program continues to march forward in delta T time intervals, first
calculating the line and then the component variables.

The output part of the program selects the variables that are required

as output or output plots, at specified time steps, since 1t is not always

necessary to plot every value that was calculated. When the program calculations
are completed, the output is chen printed and plotted.

The Fontrolling input to the system will usually be a sudden load demand
from a surface actuator or some similar load function. This is input as a time

dependent valve motion or input demand.

The output is essentially a time history of selected system variables i

which have been disturbed by the controlling input.




Since the program actually advances in discrete time steps, it can be
integrated into other simulations, 1f the cost of running can be tolerated.

Thig repoxrt is a technical description of the HYTRAN Program, including
a detailed listing of the main program and subprograms, sud the theoretical
basis and assumptionz made in the cslcuiations.

Volume 1 of this report is a users manual which describes how the

program can be used, the method of inputting data and the Interpretation

of the output.




2.0 TECHNICAL SUMMARY

The HYTRAN program is intended for use by enginee:s with differeunt
interests. Some will be concerned with the ~erformance of the hycraulic
system as a whole, while others will be interested in _he detailed performance
of individual components.

HYTRAN uses & bullding block approach which allows the programmer to meet
these needs by adding special component subroutines as recuired to the
existing component subroutine library.

The program is supported by a number of apecialized utility routines,
which have been included to avoid program incompatibility with other
computer systems. In the development of HYTRAN, the emphasis was placed on
the performance of the hydraulic system as a whole, and its cowmponents are
considered only to the extent to which they affect the total system response.

The transient analysis is a digital simulation process, which treats
the fluid lines with distributed parameters, applying the concepts of wave
mechanics, and including the effects of noniinear friction. The fluid line

equations ar.: sgolved with the help of the method of characteristics. The

dynamic equations of the components are elther algebralc or ordinary differentlal

equationa. These form the boundary conditions of the lines and are solved sim-

ultanecualy with the assoclated line characterisfiic equations. A numerical scheme

is used to make the grid of characteristics compatible with the integration
techaniques used by the cowmponenis,

The input to the system is normslly a valve motlon, which causes a
disturbance to propagate through the mathematical model. The output of
the program 1s the time histories of pressure and flows ot any poiat. in the

system and other variables of interest such as actuator nositioms.

? =1




In the simulation of the components, the precision of the model used
will depend upon its use. 1f the user is studying the dynamic stability of
a punp system, then an accurate model is required. 1i, howaever, the user is
studying an actuator out at the end of the line system, the pump response could
be simulated using a siwpler model; hence saving some running costs. In a
i similar manner, actuator friction has a significant effect on its small awplitude
responase, but such fricticon is of ;ittle interest if the actuator is being

ugsed as large demand load in the study of pump stability.

The dynamics of componeats such as pumps are very dependent on the
dynamic properties of the connecting lines and compomnents; hence it is
important in simulations involving these components that am accurate system
simulation be used.

The results which are obtained from HYTRAN are sclutions of the diiferential
and algebraic equations used to describe the system dynamics. The solutious
are obtained by methods of numerical analysié, such as Runge Kutta numerical
: _ integration procedures, method of cheracteristics, and "2grange interpolatioms. !
They are, therefore, subject to the errors which are inherent in numerical .i
methods, but which can be kept small enough to be of no practical influence.

Of more importance than the numerical inaccuracies are the underlying

assumptions and restrictions imposed upon the basic equations.
A digital simulation has been chosen because of some important ;

advantages over the simulation on an analog computer. These are, in particular,

o

the high accuracy in conjunction with an almost unlimited memory capacity,
the reliability, the absence of scaling problems, and the difficulty of modeling
wave phenomena on analog couputers.

The numerical aspects of digital simulation are described 1in a variety of
textbooks. The concepts of the method of characteristic are explained in Appendix

A and in more general terms in the description of the iine subroutine.
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3.0 MAIN PROGRAM

The main or executive program section of HYTRAN is named HYTR, HYTR
controls the flow of the program, and keeps track of the counters for
time variables, The BLOCK DATA and FLUID subroutines are also included in
thiz section.

HYTRAN is a program that has evolved over a number of years, with charnges
being made from time to time to eimplify the programming procedures aund
additions being made to expand its capabilites,

Since the program is still in the development stage, changes and
additions will continue to be made whenever significant improvements can be
achieved,

Some cost savirgs can be made by the use of OVERLAYS or SEGMENTS, but

it wns decided that the use of these devices should be left to the individual

UEL2E.




3.1 HYTR Program

HYTR is the main.or executive program oi HYTRAN. The program flow is

directrd from HYTR, but there are av significant calculations made there. Only
general control data is read in HYTR. The main program card is ﬁet up to read
from a file called DATA. This should be changed to suit the user's own data
inputting scheme, Extensive use is made of common and equivalencés‘ so that
care is required in modifying variables that are contained therein.

The first section of HYTR reads and prints data from general control cards
and calls FLUID to calculate values of bulk mcdulus, viscosity and density.
FLUID subroutine then prints all the calculated data. In event the fluild data
is input, FLUID will then just print the input data,

The second section calls LINE which reads line data then calculates

constants, initializes variables and writes data to output., Next, COMP is
called to read and print component data and to set constants and initialize
variables for all components. STORE is called to read all the output data
requirements and then SSDATA is called which reads in the system arrangement
data and performs steady state calculations.

The third section again calls LINE and COMP to initialize all the system

DT P R A g T T il o P 1 A Y T g cehnkitloleiaiit

gtate variables. STORE is then called to store pressures, flows and/or
component variables.

The fourth section advances the time step by DELT. LINE and COMP are
calied to do the transient calculations. Thss step is repeated until the sum
of the time intervals 1is equal to the input total run time. During this

iterative procedure, variables to be plotted are stored by STORE.

3.1-1 J




| READ PROGRAM TITLE {

READ AND PRINT GENERAL
CONTROL DATA
CALL FLUID

TENTR
T
ISTE?P

-1
0
0

—{ 8 N 8

CALL L%NE

CALL COMP
CALL STORE

CALL LINE

CALL coMp
CALL STORE

lIENTR - ] l

T = T+DELT

ISTEP = ISTEP+1

CALL LYNE
CALL COMP
CALL STORE

IS ISTEP GREATER

THAN IFINAL

YES

HYTR FLOW DIAGRAM
FIGURE 3.1-1
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When time T exceeds the final time specified im the input, the program
stops.
3.1.1 Math Model. Not applicable.

3.1.2 Assumptions.

The basic assumptions in HYTR are as follows:

o Fluid temperature is assumed constant during
the entire run.

o Flow is one-dimensional, that is, the fluid properties are constant
across any transverse cross section of the pipe.

o Pipes have circular cross sections.

o Stresses in pipes are always below the elastic limit,

o Pipe geometry 1is such that the "thin wall" case is valid.

o Pipe and liquid are perfectly elastic (all energy dissipaticn is due
to shearing stresses at the walls).

3.1.3 Computation Methods. Not applicable

3.1.4 Approximations.

HYTR approximations are those inherent in numerical analysis. They are
kept small enough by error control to be of no practical Influence.
3.1.5 Limitatioms.

HYTR currently has the following constraints:

o Temperature range ... —-65°F to 300°F

o Pressure range ... 0 psia to 5000 psia

o Maximum number of couwponents ... 60

o Maximum number of lines ... 79

o Maximum number of legs ... 790

o Maximum number of nodes ... 50

¢ Maximum number of plots ... 60

T RN 1 A g
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3.1.6 Variable Names

Variable Description
I Counter

IF Fluid type indicator

IFINAL Number of transient iterations
M Dummy Varilable

MM Address = LSTART ( ) + NLPT-1
N Counter

PRESS Working Pressure

X Updated characteristics

PSIA

PSI
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3.1.7 SUBROUTINE LISTING

PROGRA:1 HYTR(INPUT,OUTPUT, DATA, TAPES5=DATA, TAPEG=0UTPUT,
1 SDFN, TAPL1=SDFN,Al40CD,TAPE3=A140CD)

C *** REVIGED AUGUST 5, 1975 ***

Ck**%

Cx*x%x

OO0

MO0 00

M)

)

O

COMJION HNTELPL,NTCLPL,IPT,IPOINT,NPLS, INEL, KdEL, NTOPL,NLPLT(61,3),
1 VSTORE(6150)
COHLON/SU3/PARI(150,9),P1(1500),01(1500),2(300),0(300),C(300)
l,Z(3ﬂD),RHD(20),SEORHO(?O),VISC(ZO),BULK(20),TEHP(20),PVAP(20)
2,ATPRLS,T,DELT, TFINAL, PLTDEL, PI,TITLE(20),LEGN,ICON

3, KXTLAP(99),LSTART(150) ,KLPT(150), LPYPE(29),NC(99),INX,INZ

4,0V, ISTEP, NLIVNE,NLL, I40, TEITR, vINLINE, AJLL, MNLEG, HNNODE, AN PLOT

5, 48LPTE, wnS

RLAD(S5,470) (TITLE(I),I=1,20)
nRITE(A,4830) TITLE

ISTLP=0

PI=3,141%

T=0.0

THIS READ STATeARHT INPUTS THED FOLLOWIKG DATA

DELT  =DRELTA TIabk 3LTWbEN CALCULATIONS SEC
TFIWAL=FINAL TTu«l 5&C

PLTDLL=DELTA TIuak 3WTdeLd PLOT POINTE 51C

THap  =TEAPERATIRE OF OIL DEG F

XEAD(5,450) DLLT,TFINAL, BLTPEL, TEAP(1),DTLMP, PRESS, PRESR, ATPRES
WRITE(A,435) TFINAL,DELT,PLTNEL

IF(DLLT.EQ.0) GO TO 251

MPTS=1.01 + TFINAL/PLTDLL

IPCTIT=N,S+PLTDEL/DLLT

IFINAL=N,5+7FIHAL/DELT

TAIS RLAD STATEGENT INPUTS THr FOLLOWING DATA
MLIND =NUL30K OF LINLS

qEL =N 3ER OF COMPONLNTS

I = PLUID TY®E

VIsCT  =PFLUID VISCOSITY

R{N =FLUIS DRGESITY

BLE =FLOIS 3ULK L0DULNS

REAT(5,400) HLIAR,NEL,IF,INV,VISC(1),RE0(1),2UL%(1),PVAP(])
PRESS I3 USLR DD LETAJILISH FLUID PROPLRTILS PSIC
SeT oS5 Tey PRL3ZURL 70 TS DEFAULT VALUR
IF(PRLHILEN,D,N) PRESS=30NT,

SET RLTIAN PRESSORE IO ITS UUFAULT VALUL
IT(PREST, U, 0.0) PRLSR=50.N

SET THE VAPSHOR PRti3S8URL TC TI0S DEFAULT VALOL
IB(PVAR(L).EN,D.D) PVAD(1)=2.0

5T ATHOSPHERIC PRLSSURL T ITHE DLFAULT VALUE
IF(ATPRLS.LN.N, D) ATPRES=14.5

S ThilD ANDR OTLuP 70 THInR DEFAJLT VALULS
IF(TEAP(L).LN.0.0) ThaP(l)=100,
IF(DTLLP BN, D) D h:iP=1D.0

CALL FLUID(TLAP,DTLAP, PRESS, PRESR,IF,VISC, 30LY, RO, PVAPR)

301—5
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3.1.7 (Continued)
N=20
IF(IF.EQ.0) N=1
PO 1970 1I=1,N
100 S20RJA0(I)=SNRT(2./RHO(I))

C
TENTR=~1

C

o ESEeKe]

O (]

(SN ED] (@]

3

)

aG

O NP

(@]

3999

* * K

150

CALL LINE

INLL=0
CALIL COuP
CALL EBRRAN

CALT SECOAD(CPY)
WRITL(A,9999)CP1)

FORAAT(12N,*CPU TIJ4E IN SECONDS =% ,F19,3)

CALL SSDATA
CALL SECOND(CPU)
#RITE(5,9999)CP0

IF (T.LQ.0.0) 310P
IENDTR=0

INEDL=N

CALL LINLE

CALL COui®

TRANST e T CALCULUATION SeCTTON
TN n=]

CONTIHUE

T=T+NELT
ISTLP=ISTEP+]
IF(T.GT.0.0)030 10 251

CALL LIGE
CALT, 53RAMM

DN ELESESNT CALCULATIONS
X=CHARUP(I,T)

. ‘301"6‘

3 SECTIOW CALLS LIMbE AxD CO4P TO INITIALIZE ALL
STHil VARIABLLS 70 THILR STrADY STATE VALULS

s s A O B SN e,

- e st a1 e A i 5 -
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3.1.7

(Continued)

CALL COur
N=-~1
DO 250 I=1,WLINE
N=il+2
=LS'TPART(1)
A=+ NLPT(I)~1
Poi(d)=P(N)
Pl Na)=P(N+1)
Q) =-0(N)

250 (L M) =Q(N+1)

CALL S'MORE
I (ISTEP,LT.IFIMAL) GO TO 150

srop

251 CONTINUL
STOP 3190

450 FORAAT (3L17.0)

460 FORMAT(4I8,6L10.9)

479 FORIAT(20A4)

480 FORAAT(25X,2074,//)

485 FPORAAT(20X,44d TdlL TRANSIENT RLSPOMEE I35 FROM T=0,0 210 'T=
1 F7.3,351 5CoIn3 AT TI.sb IWATERVALE OF DLLT= '
2 F7.5,//,30%, 48H4ITH OTPUT POINTS PLOTTED AT IJ4TERVALS OF
3 F7.5,94 S3ECOWNDS  , //)
END

!

*




3.2 BLOCK DATA
Block data is used to initialize values in COMMON/SUB/and COMMON/COMPD/.
The maximum number of various input values in COMMON/SUB/ are established using
the following data initialization statement,.
DATA NLINE,HMNEL,MNLEG, MNNODE, MNPLOT, MNLPTS, D3
+ /150,99,70,55,60,1500,4500/
Maximum and minimum values for each individual component are initialized

in COMMON/COMPD/ as follows:

DATA LT/100*0/
DATA L11/0,4,0,4,0,0,4,2,0,0/
DATA L1220/90%0/

DATA L21/24,2,0,5,0,3,2,2,1,0/

DATA L22/32,8,0,7,0,4,4,2,0,0/

DATA L23/24,2,0,5,0,3,2,2,1,0/

paTA L2430/8,12,0,12,0,0,8,8,0,0,60%0/
DATA L31/6,6,0,3,0,1,2,2,1,0/

DATA L32/6,5,0,4,0,0,3,3,1,0/

DATA L33/10,20,0,3,0,1,2,2,1,0/

DATA L34/20,20,0,3,0,2,2,2,1,0/

DATA L3540/60%0/
DATA L41/4,0,0,2,0,1,2,2,1,0/
DA'TA L4?50/90*0/

DATA L51/37,43,0,10,0,5,3,3,1,0/
DATA L52/10*0/

pATA 1LS53/37,31,115,34,0,5,
DATA L54/37,43,0,10,0,5,3,
. DATA LSS60/60*0/

! DATA L&1/2,0,0,12,0,
DATA L62/6,10,0,7,0,
DATA L63/10,13 0 9,0
DATA LG6470/70%0/
DATA L71/5,11,0,2,0,1,2,1,0,0/
paTA L72/5,11,0,2,0,1,2,1,0,0/
. DATA L7380/80*0/
DATA L81/8,8,0,2,0
DATA LB2/24,25,0,8
DATA L33/%,5,0,4,0
DATA LL3490/70%0/
DATA LO1/0, 1001 0 3
DATA L9293/81 ' 5

1 3,1,0/
' 1,0/

/

1
2
' /

10,1,0
5,2,0,
¢ 7+2,0

- O~
O™\ O

14
14
2

/1,2,2,1,0
10,3,6,6,0
¢1,4,2,0,0

I24I3IOI5’OIBIOIOIOIO/




DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
END

L9495/10%0,112,15,0,7,0,2,0,0,0,0/

L9697/20%0/
Lys/s1,1,0,13,2,2,0,0,0,0/
L99190/0,50,0,12,16%0/
L191/32,20,0,12,0,
L102/12,15,63,32
L103/40,100,0,12
L1n4/%,13,0,5,0,
L195/40,100,0,12
0
0

v

L106/0,16,0,15,
Lin7/2,18,0,15,
LEND/430%0/

- e -

2
'
!
2
!
’
[
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3.3 COMMON USAGE

One blank and one labeled common statements are used in HYTR program
to share storage and pass arguments between the various subroutines.

1. Blank Common 1s used to pass plet and steady state variables

COMi{ON NTELPL,NTOLPL,IPT,IPOINT,NPTS,INEL, KNLL,NTOPL,NLPLT(61,3),

1 VSTORE(6150)

2. Common SUB is used to pass arguments concerning fluid, time,
constants, addresses, characteristics, pressures, flows, compc

connections and program input limitatiomns

COMMON/SU3/PARI(150,9) ,Pu(1500),0r(1500),P(300),7(300),C(300)
1,2(300),RHO(ZO),SZORHO(ZO),VISC(ZO),BULK(20),TEMP(ZO),PVAP(20)
2,ATPRES,T,DELT,TFINAL, PLTDEL, PL, TITLE( 20) , LEGH,ICON
3, KTEAE(99),LSTART(150) ,ULPT(150),LTYPL(29),NC(99),INY, IHEZ
4, INV,ISTEP,NLINE,NEL, IND, IENTR, dANLINL, MALEL, dULEG, viNNODE , MNPLOT

5, MNLPT3,HDS
Subroutine COMP uses one labeled common statement.

Common COMPD is used to pass variables used in compounent calculations
COMHAON/COPT/D(4500) ,L(1500) ,LE(99,4)
The maximum input limits of the program are set forth in BLOCK DATA.
In order to increase any of the limits, the initialized data statement in

BLOCK DATA must be changed.

Note: The maximum number of lines that can be input is equal to the

dimension of the C array divided by £ minus 2 since array elements MNLINE
and MNLINE-1 are used to store "blanked off'" pressure and atmospheric

pressure, respectively,

3.3-1
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It should be noted that arrays initrially allocate storage for specific
data (e.g., PARM(N,1) is input line lenmgth for line W), however these
arrays, or portions of these arrays are frequently "updated' or used to
gtore entirely different data as the program progresses. This is
quite often done when values of ar srray are needed only for the early
phases of the program. In view of this, the following description of

Common arxays (and variables) may only apply to first or primary usage.

Array Initiali.ction For Components
Used In  BLKDTA

Array Location

1 Number of real data points, D( )

2 Number of temporsry variables, PIC )

3 Number of double precision variables, DD( )
4 Number of integer variables, L( ]

5 Not used

6 Minimum number of data cards

7 Maximum number of conmections

8 Minimum number of connections

9 onnection default O=Blocked
1> Open to Atmosphere

10 Not used




3.3.1 Variables Names

Variable Description Unit
ATPRES Atmospheric Pressure . PSIA
BULK( ) Adiabatic Bulk Modulus of Fluid PSI
c() Characteristic Array PSI
D( ) Component Real Data Array -
DELT Program Time Step SEC
IENTR Subroutine Euntry Point Indicator -
IND Number Assigned to Component by User —
INEL Plot Poini Address ——
INV Number of Component Active Connections -
INX Counter -
INZ Number of Elements in Leg ~-—
IPOINT Counter for Number of Polnts Stored -
IPT Counter -
KNEL Plot Number, = O When Plots Are Not Required -
L() Componant Integer Data Array -
LE () Address of Real Daia for Component N -
LSTART(N) Address of the First Point of Line N -
LTYPE(N) Component N Type -
MNEL Maximum Number of Components —_—
MNLEG Maximum Number of Legs -
MNLINE Maximum Number of Lines -
MNLPTS Maximum Number of Line Points —_—
MNNODE Maximum Number of Nodes —_

[
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Variable
MNPLOT
MPARME

NC(N, 1)

NEL
NLINE

NLPLT (,1)

NLPLT(,2)

NLPLT (, 3)

NLPT(N)
NPTS

NTELPL

NTOLPL
NTOPL
P()
PARM (N, 1)
PARM (N, 2)
PARM (N, 3)
PARM (N, 4)

PARM(N,5)

PARM(N, 6)

PARM(N,7)

Description

Maximum Number of Plots
Maximum Number of Component Real Data Values

Line Number Attached to Connection I of Com-
ponent N, and Temporary Storage Area

Number of Ccmpeonents Input
Number of Lines Input

Address of Pressure or Flow to be Plotted
in DM( ) & QM( ) or Component Variable in D( )

Line Number from which Pressures and/or
Flows are Plotted/or Component Number

Point of Plots -~ Distance from Upstream
Line End in DELX's/or Component Variable Number

Number of Line Points in Line N
Number of Plot Points

Number of Element Plots Input by
User

Number of Line Plots

Number of Total Plots

Array of Line End Pressures
Length of Line N

I.D. of Line N

Wall Thickness of Line N
Modulus of Elasticity of Line N

Length of Characteristic Line Segwment
for Line N

Characteristic Impedance of Line N

Velocity of Scund in Line N

Unit

IN
IN
IN
PSI

IN

PS1/CIS

IN/SEC




T

Variable

PARM(N, 8)

PARM(N,9)

P1
PLTDEL
P¥ ( )
PYAP

Q ()
W()
RHO ( )
S20RHO ( )
T

TEMP ( )
TFINAL
TITLE( )
visc()

VSTORE( )

z ()

Descripcion

Laminar Flow Constant of Line N for
given Diameter, Viscosity and Density

Turbulent Flow Constant of Line N
for Given Diameter, Viscosity and Densgity

Constant 3.1416

Plot Time Interval

Array of Pressures for Points of all Lines
Vapor Pressure

Array of Line End Flows

Array of Flows for Points of all Lines
Density Array

SQRTL (2/RHO) Array

Current Main Program Calculation Time
Temperature Array

Final Calculation Time

Program Run Title Array

Fluid Viscosity Array

Array for Storage of Line and Component
Variable Data Required for Plotting

Characteristic Impedance Array

CIs
CIs
LB/szc2/IN®
SEC
°F
SEC

INZ/SEC

PST/CIS




[
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3.3.2 Variables Equivalenced In Comnon ~Thege variables which share the

same storage as the VSTORE( ) array, are used in the steady state

section of the program.

Naume Description Dimensgion
BQLEG( ) Real Data Storage for LEGCAL Variables
and Formulae
LCS( ) Integer Storage for Steady State and
LEGCAL Counters
ILEPC ) Same as above in CALC
ILEG( ) Leg Element Numbers, Arranged in Pairs
PN( ) Calculated Node Pressures PSI
P( ) Same as above in CALC
QN( ) Overboard Flo. ¥From Nodes Ci1s
Qu( ) Same as above jn CALC
PEX( ) Equivalent ¥xternal Pressure Node CIS
PD( ) Leg Constant Pressure Drop CIS
(~PQLEG (INEL,5)
CALC2( ) Array used by CALC to send data to simult. PSI

returns with Node Pressures which are not
always in the same sequence as the Input Data

Ir( ) Counter Array
G( ) Leg Conductances C1S/PS1
QNEW( ) New Predicted LLG Flow CISs
MLEP( ) Node Integer Data

- QL( ) Leg Flow Guess used for Interation
CALC1( ) Only in the SSDATA Common

Used in CALC and simult. with varying dimensions




3.4 FLUID SUBROUTINE

Subroutine FLUID calculates and writes the fluid density, adiabatic
bulk modulus, and kinematic viscosity at the fluid steady state temperatures
and pressures specified in the wmain program input data. Data
are currently included in FLUID for three hydraulic fluids; MIL~H-5606R,
MIL-H-83282, and SKYDROL 500B. FLUID is presently dimensioned to accept data
on three additional fluids. Fluid data scurces and calculation of p;Operties
are discussed in Appendix B, along with tabulations of data presently'
included in FLUID. Data sources are also contained in the FLUID subroutine
itself via comment records. Volume 1 of this report describes the option
whereby the user may specify and input his own fluid data to the HSFR program,
if the user desires to not use FLUTD,

The FLUID subroutine argument requires the input data values for the

waximum and temperature steps, maximum and minimum pressures and the fluid type

identification number. Also, the argument includes the variable names of the

three fluid properties, since they are not in ‘common'. Parameters are then
dimensioned for nine input data points and six fluids. Data statements are then
used to input the name of each fluid, the nine temperature data points for each
fluid, aand the bulk modulus and viscosity data corresponding to the nine temperature
points for each fluid. Only two points are used for density input data since a
straight linc intcrpolation ig used over the entire temperature range for density i

calculations.

Subroutine INTERP is then called to estimate the fluid property value at

the actual fluid operating temperature. Viscosity is then converted from

metric (centistokes) to English units (newts). Density, bulk modulus, and
viscosity values are then corrected to the steady state operating pressure
Finally FLUID writes the computed properties before returning control

to the main program.

3.4-1
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3.4.1 Math Model - Not applicable.

3.4.3 Computation Method - FLUID calls subroutine INTERP (Ref. paragraph 8.3)

which derives the fluild property at cperating conditions from the tables of

FLUID property data.

3.4.4 Approximations ~ Not applicable.

3.4.5 Limitations - Not applicable.

3.4,6 Variatle Names

SYMBOL NAME
A Temperature ratio
ABULK(-,-) Array for ten adiabatic bulk
modulus input data points for
8ix fluids
ATEMP (-,~) Array for ten temperature data
points for six fluids
AVISC(~,-) Array for ten viscosity input data
points for six fluids
B Viscosity correction exponent
BRHO(~,-) Array for two density iapui data
points for six fluids
BTEMP (-) First and next to last temperatu.e
input points
BULK( ) Bulk modulus at operating conditions
- COEFF Viscogity correction factor
IF Input data fluid type identification
number
, IFLUNM(~,=) Array for fluid names
IK Number of input temperature points
IND Error indicator
J Integer counter
PRESS Input data fluid operating pressure
{E:_ 3.4-2
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UNITS

PSI

°F

CENTISTOKES

LB*SEC**2/IN

°F

PSI

PSIG
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3.4.6

Variable Names (Cont'd)

SYMBOL
RHO( )
TEMP( )

visc( )

NAME
Density at operating conditions
Input data fluid operating temperature

Viscosity at operating conditions

3.4"’3

UNITS

LBS*SEC**2/IN
°F

IN**2/SEC
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3.4.7 Subroutine Listing

SUBROUTING FLUIN(TLAP,D TP, PRESS, PRESR, IF, VISC, 3ULK, RHUD, PVYAD)
Chkdk%x REVISED SEPTEABER 3, 1975 **k«

DIENSION ATEAP(19,6),AVISC(10,6) ,ABIILK(10,6),RRH0O{2,46),

13TEAP(2) ,CORFF(A) , TFLUNM(3,6),1%(6)

2 2 TEAP(20),VISC(20),RuN(2N),BULK(20),PVAPL20)

C
c SLTOND 3UNGCRIPT REFLRS TN FLUIN TYPE (IF PARAALTLR)
C
DATA IFLUSG/
1 4 :iIL,4i1-4-5,4i1606 ,
2 Al GIL,4H-0-3,4H37282,
_ 3 41H8RYN,4UROL , 445003,
‘ 4 9%4Y4 /
C
CATA ATL.Y /
1-65,,«40,,0,.,50,,199.,150,.,200,,250,,300,,30u.,
2=65,,-40,,0.,50.,130.,150,,200,,250.,300.,300.,
3-65,,=-40.,0,,90,,100,,150,,2G60,,250.,300,,300.,
, 430*19, /
i C
i DATN 3TEL? /
' 1-65,,275, /
C
C BIID, BULK AND VISS DATN ARE FO3 0.0 PSIA
C
C RHO DATA 50URCH:
¢ 1-aDC RLDORT A25736 DATLY 4/714
C 2-1.0C KEPIRD A2636 DATLD 4/74
. C F-dO0NIANTO DATA SHLLT DATLD &8/67(DOUGLAN VD oA JUAL)
? NATA BRIO /
' 1?,57L~-5,7.631~-5,
i 29,494=5,7,3L=5,
i 311.3L-%,9.9L-5,6%19,/
C
I C LK DATA SGURCL:
! C T=Lirithic D GeAnIey FROY Je voNOOHAN DATED 11/70
! C 2-TLCHWICAL RLPIRT AFabL=~T1=73-51 24TED 4/73
] C I-LLTTLY MY OuAnIng PROG Joa H0249Ad DATER 11/70
| DATA ARULY /
; 13.,47L5,3,25%1%,2,.915,2.43815,2.08L5,1.731.5,1.4215,1,19L5, .33L%,
; A.98ES,
! 23.47L5,3.45L5,2.,915,2.48L5,2.0305,1.73:1.5,1.426.5,1,.191L.5,.496L5,
i AJORLS,
. 34.25L5,4.0515,3,54L5,3.13L5,2.765,2.2905,1.945,1.672t.5,1.3519,
: Al,3RL5,0%1n, /
. <
: C VISC DADA SOURCE:
C 1-iNC RLPORT A26G36 BATrn A/74
C 2-.DC RLPORT AZA36 NATLD 4/74
C 3= 1ONGANTD DJATA SHLLT DATLD &6/057(DOUGLAS 11D AAIUAL)



3.4.7 (Continued)
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DATA AVISC /
11993.5,482,3,134,4,34.95,14.47,7.46,4.58,3,19,2,39,2.39,
211446.9,2019,3,269,45,48.87,15,95,7.4A,4.24,2.83,2.04,2,.04,
3348%.5,5958.07,104.19%,27.9,11.7,6.5,4.1%,2.89,2.15, 2,15,
A30x10./

DATA IK/3%9,3*%1n/
DATA COLFF/.335%,.33,.42,3%10,./

IF(TF.LN.O) GO Ta 140

PO 50 J=1,10

TLLP(J)=ThaP(1)=(JI-1)*DTLuP

TedP(T+1 9) =Tk, 2(7)

1=J

CALL INTERE{IraD({T),ATHaP(1,IF) AJULK{L1.T%),20, I%(Iv),
1T3ULE, TND)

CALL TUILRP (Th4aP{1),3TbuP,sw0(1,1R),10,2,
1T, YD)

CALL IWTERL (TeaP(T) ,ATLP(L, IV ,AVISC(L, 1) ,11,
T IK(IF),TVISC,TUD)

SALL INTHRP(TLaf(J) ,ATw. F(1,IF),AVISC(1,IF),12,
1 IK(IF),COuRV{Ir),Inn)

VIsC IS5 COUVLKTLD FRO.L CewNTISTIKLS TO HLawls
TVISC=1vVIsC*1l,555k-3
DEAGTTY, VISC AN LR AREL ANTUSTLY T PRLISURE ' PRLoO®
PRLOI=PRILGSE
55 M 79
60 T=1+4+17
PDRES=PRLUGT
70 COICLHUL
RIG(T)=THAD* (1 + P13/ 2,5L5)
PULR{I)=TRULY+1 2. Pty
A=560,/( T 4P(J)+460,)
N={ (COLFF{IF))Y** Y *PRL5*2, 3L -4
VISC(I)="YT15C*LXxP(d
PVAP(I)=2.9
17(I.LT.11) GO TO 60
50 CONTINID
390 wRITE(6,401) (IFLIN(T,IF),I=1,3),PRL53, PREST, TEMR(1),ITEAD,
1 VISC(1),VISC(IL),RHO(1Y,n8C(11),3ULA(1),20L%(11),
27 PVAPRP(11), TeaP(1) :
601  FORUAT(//16%X,1S5HFILIIR DATA FOR L,3A4, 40 AT ,v7.1,906 »315, - ,
F7.1,94 PSIS ART ,FPA,1,7h DLG F LA In ,FRL1,12H DLC B S51LLPS L7/,

35X, 141UVI3C0OSITY -,L13.3,5%,610.3, 3LIN**2/5uC ,//
15%, 14UNLNSITY -, 0L1%¢3,85%,610,3, 17U(L3=-5LC**2) /IN**4, //,

35%,14H3ULK »0ODULUS -, 197.3,5%,L10.3, 3ips1,//,

35X, 140VAROUR PRESS.=,110.3, 410 AT ,KF4,1,7d DL ¥ )
a3 TO 222
100 CONTI UL

(02 S R S
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3.4.7 (Contined)

IF=6
WRITE(G,602) (IFLUNW(I,6),J=1,3),TaP(1),VISC(Ll),RUD(L),3ULL(]1)
602 FORJAT(//25%X,16H FLUID DATA POR ,3A4,20H AT PSIG AND,P6.1
A74 DEG & ,//,35X,
1 144VISCOSITY -,L10.3,2X%,0HIN**2/5LC,/, 35X,
2 14UDLASITY -,E10.3,2X, 1 7H(LB=SLCY*2)/Ta**4,
3 /,35%, 14H30ULK 40DULUS «,L10.3,2%X,3HP5T )

227  CONTINUL
WL TURN
Livn

3.4-6




4.0 STEADY STATE SUBROUTINES

The steady state subroutines comprising SSDATA, CALC and LEGCAL provide
the transient section with the distribution of pressures and flows in the
system.

The steady state programs need to know how each constant flow path is

connected, where the flow splits and adds, and where there is a net dis-

placement or overboard flow.

This data 1s input after the component information. The input data used
glves great flexibility and is very easy to modify.

The steady state program can cope with system configurations that are

very complex and it 1s parcicularly valuable with closed loop systems and

intertwined flow paths.




4,1 SUBROUYINE SSDATA

The SSDATA subyoutine reads the input data which specifies one oxr more
system configurations. Each system is input and worked on separately.

SSDATA 1is a simple input routine, with very little calculation. The
data storage is divided into two sections; the basic leg data is contained in
the LCS array, and the elements in the leg are stored in the ILEG array.

When all the data has been read in, it is written to the output so that
a check can be made for errors in each data field.

The suhroutine CALC is then called which calculates the steady state
conditions thrcoughout the system. After the call to the CALC subroutine,
the pressures a* the end of any zero flow legs in the system are initialized
to the proper pressure.

4.1,1 Math Model - Not applicable.
4.1.2 Assumptions - Not applicable. ,

4,1.3 Computation Method - The first set of input data to be read in is the

number of nodes, NNODE, the number of legs, NLEG, the number of constant
pressure nodes, NCPN, the number of zero flow legs, NZFLEG, and the number
of systems, N3YST.

Subroutine CALC requires a varlable size array with an NNODE x NNODE
dimension. The LCS array contains the leg number, the upstream and down-
stream node numbers, the number of elements in the ieg, and the address of
the leg element data in ILEG( ). Other variables in LCS are used as
indicators and counters by LEGCAL.

The LEG element data is stored in TLEG( ) in data palrs. If the first
value is equal to zero the second is the line number., If the first value
is nonzero, it is the component number and the second is the connection

nunber, There are LCS (I, 5) palrs of data for each LEG #I with the first

4£,31-1
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value stored at LCS (I, &) in ILEG.

If there are any zero flow legs in the system, the pressures at the
leg ends are initializ2d to the appropriate steady state pressures. The
up and downstream pressures and flows are then written into the PM and QM
arrays. The components connected to the zero flow legs are also initialized
accordingly.

Should there be more than one system, the SSDATA su’ routine will read
in all the data for the new system and compute the steady state flows and
presgurcs and initialize all the zero flow legs.

4.1.4 Assumptions - Not applicable.

4.1.5 Limitations - The steady state data is essentially a restatement of
previously inputed transient data, in a form that can be followed during the
steady state calculations. A sorting routine would eliminate the need for
inputing steady state data, by generating it from the data inputed for the
gystem components. Los

4.1.6 Variable Names

Name Description

1 Do Loop Counter

IY Do Loop Counter

J3 Number of Elements in a LEG

J bo Loop Counter

K Address Counter

NCPN Number of Constant Pressure Nodes
NLEG Number of LEGS

NNODE Number of Nodes

NSYST Number of Systems

NZFLEG Number of Zero Flow Legs
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4.1.7 Subroutine Listing

SUBROUTIME SSDATA

Cx*%x% REVISLED AUGUST 5, 1975 ****

c

CO:4ION WTELPL,NTOLPL,IPT,IPOINT,NPTS, INLL, KHEL,NTOPL, NLPLT(61,3),
1 20LEG(90,12),LCS(90,10),ILEG(1400),PN(920),0N(90),PEX(9D)

2 ,G(90)
3 ,JL(90),CALC1(55,55)

COrAON/SU3/PARII(150,9),Pi(1500) ,01(1500),2(300),2(300),C(3C0)
1,2(300),RHO(20),S20RHO(20),VISC(20),8ULK(20),TEdP(20), PVAR(20)
2,ATPRES, T, DELT, TFINAL, PLTDEL, PI, TITLE( 2%) , LEGN, ICON
3,XTEMP(99) ,LSTART(150),WLPT(150),LTYPL(29),NC(99),INX,I 2
4,INV,ISTEP,NLINE,NEL, IND, IENTR, sNLINE, ¢ EL, FSLEG, dNRODE , 4N PLOT
5, iNLPTS, NS g

CO:1-iOW/COHPD/D( 4500) ,L{1500) ,LE(99, 4)

DATA NZF/1/ :

C ***%x LLAD THL WUI3ER OF WODES,LLGYS,AND CONSUAHT PRLSSURE

C
C

[oReNe!

(@]

C

5N
110

* k&

61
209

% % %

55
60
70

71

NODES.

COWNTINUE
READ(5,50)NNODE, WLEG, SCPR, NZTLEG, ¥5YST

[
==

READ IN DATA FCR LACH LLG

DO 200 II=1,WLEG
READ(5,51)(LC5(11,7),J=1,3),33,00L(IT),PQLLG(II,9),
1 PALEG{II,19)

LCS(I1I,7)=1

POLLG(IT,2)=0.9
PALEG(II,11)=0.0
PILEG(IT,12)=0.N

LCS(11,4)=]3J

JI=JI*2

READ LEG LLEGENT DATA
RLAD(S,89) (ILLG(®+1),J=1,37)
FORGAT(ALIS,4F10.0)
LC5(1I,5)=K+1

R=W+7JJ

*  WXITL OUT THE INPUTLD DATA

IF(H%7.EQ.D) GO TO 55

WRITK(6,70) HNHODE,ALLG,NCPN

WRITE(6,71)

FORUAT(16I5)

FORIMAT(1H1,55%, 2308 TEADY STATE IJPUT DATA,//,

1 30%,1700UM3ER OF A0DLS =,13,5X,180N0n3ER OF L&GS =,13,

2 5X,35HNUJBER OF CONSTANT PRL3SURE f100Ls =,13,//)
FORGAT( 45X, 254LEG COMNECTICN INPUT OADA,

4 //,10%,6HLEG NG,9X,12/1PST JODE NO,4X,12HDWST NODL NO, 4%,

4.1-3
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4,1.7 (Continued) i

5 14HMNO OF ELEMENTS,S5X, 10HFLOW GURSS,5X,10HUPST PRLESS,5X%,
6 10LiDWST PRLSS) ,
WRITE(6,80) (((LCS(I,J),T=1,4),0L(I),PQLEG(T,9),
1 POLEG(I,10)),I=1,NLEG)
R0 FORWAT(10X,I5,10%,I5,10%,I5,10%X,I%,9%,5%,F10.5,
1 5X,Fl10.5,5%X,F190.5)
WRITE(H,9N)
a9 FORMAT(1HO,3X,30HLEG NO ELELENTS IN LEG===-- )
DO 3090 I1I=1, hLEP
K=LCS(II,5)
JI=LCS(IT,4)*2-1+%
wRITE(6,152) II,(ILEG(T),TI=X,]7)
300 CONTINUL
152 FORGAT(10%,I3,7%,10(13,34 --,13,14,),//,20%,10(1G6(13,34 --,1I3,14,;
+,//420%))
154 FOR&SAT(L1H1,S50¥,3195TEADY STATE CALCULATION DATA oy
1 49Y%, 33HLEG WORIULAE GENERATLD 3Y LEGCAL S
2 6X,46HLES NUMBER==FLOW GUESS-LOWER LTAIT-UPPER LIAIT
3 SOF-CON T DELTPe=me==l TER{=2%¥*] , 75TLRcl===0%*2 TrR.
4 .,//)
IF(NZF.LN.O) 30 IO 380
ARITE(h,154)

CALL CALC(MWODL NLEG,CALCY,NCPY)
380 IS(NZFLEGL,EN.O) SO TO 501
IF (N2F.EQ.D) S0 TO 400
NZF=0
WRITE(6,390) NIZFLLS
390 FORGAT(3%X, 25HNUIRLR OF ZER0O FLOW LEGY=,I3)
MLLG=#Z FLLG
30 T0 110
400 CONTINUL
PN 455 T1I1=1,KZFLEG
INLL=11I | |
PALEG(INEL,1)=0.000001
POLEG(INLL, 2y=1.0
JJI=LC3(11,2)
IF(LTYPL(IT) /10N 1 AHDLLTYPR( T T) o NEL32)URITE(6,999)
Iw( LY DL(T])/lj.NL 1 AR, LY 2E(JT) JXELR2) 3TOP 4105
JJI=LL(317,2)
PRES=N(TT)
PALEG(TJEL,11)=PRES
PRALEG(INIL,12)=PRLS
IF(PRES.ED.N.O)WERITE(6,299)
990 FORAAT(12,33IPROGRAN STN2 TN IUTRROUTINGE SSNDATA)
IF(PRES,EC.N.O) 3TOP 4104
JI=LCS(InEL,q4)
"LP (INEL,S)
R+JJ*2-1
DD 450 I=KX,J,2

eTopT T ey AT
‘u‘T ;.

ST “MLE (:@?Y/
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4.1.7 (Continued)

439

450
509

IND=ILEG(I)
YNEL=ILEG(I+1)
IF(IND.LN.QO) SO TO 430
CALL COwmPY

GO TO 451
IN1=LSTART(XHuLL)
IN2=IN1+NLPT(XMEL)-1
Pa(IN1)=PRES

Py IN2)=PRES
N(IN1)=9.0
N(IN2)=0.9

CONTINUL
IF(NSYST.EN.O) RLTIRN
NZF=1

GO ™) 50

SN0
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4,2 SUBROUTINE CALC

The CALC subroutine is respcnsible for the steady state calculations in
the gystem. CALC is called from the SSDATA subroutine. The subroutine will
compute the preassures at all the system nodes and flows in all the legs,
using pressure drop data obtained from LEGCAL. Figure 4.2-1 18 a generalized
flow diagram of CALC.

On entry into CALC the first phase performed by the subroutine will be
to identify any constant pressure nodes input by the user in the data deck.
This procedure is necessary to initialize the appropriate calculation arrays.
After the initlialization, the computation phase begins, All the legs will be
assigned conductance values from the LEGCAL subroutine. These conductance
values, along with constant factors, will then be inserted into two matrices.
The SIMULT subroutine will be called to compute the new pressure values.
These pressure values at the nodes are them ured to calculate the new flow
rates for the legs in the system. When all the flows pass the convergence
test, the flowe and pressures are written to # labeled common arrays and
program control is passed back toc SSDATA, If the number of iterations
exceeds 50, the subroutine also terminates with the most recent calculated

valuea of flow and pressure.

4,2,1 Math Model - The development of the CALC subrouiine to analyze complex
flow systems results from the assumption that all resistance factors in a
line can temporarily be assumed linear. The net flow arouad any node can
then be written as the sum of all the flows entering and leaving that node

or QNET - (,
1f Rl

2 is a resistance factor used to describe a resistance in a leg,

then R12 - APlZ/QlZ'




CALLED BY
SS0ATA

!

CALC
SUBROUTINE

¥

INITIALIZATION PHASE
INITIALIZE ARRAYS
FOR ANY CONSTANT
PRESSURE NOUES

!

COMPUTATION PHASE

i

CALL LEGCALTO
COMPUTE CONODUCTANCES
FORALL LEGY

ASSEMBLE CONDUCTANCES
AND CONSTANT FACTORS A
IN MATRICES

CALL SIMULT TO
SOLVE FOR PRESSURES

X

COMPUTE NEW FLOWS
FOR ALL LEGS

ALL
FLOWS IN LEGS
CONVERGED

NO

STORE FLOWS AND PRESSURES

1

RETURN
T0
SSDATA L.FIS 02104

FIGURE 4.2
CALC GENERALIZED FLOW DIAGRAM




where:
R12 = Resistance from node 1 to node 2 of the leg

APl2 = Pressure drop from node 1 to node 2 of the leg

le = Flow in the leg

Conductance is then defined as:
1

€12 TR,
where:?

G12 = Conductauce from node 1 to node 2 of the leg
Then:

o Qo “ 6y By

The net flow at any node (where three or more legs come together) must be
zero.

Therefore the flow requirement is satisfied if: i

Ly Gpy By — Py 2 8P ) - I, % Qe =0

Where: 1
?i = pressure at node 1
' P, = pressure at rode J )

AP, ., = a pressure rise or loss (from a pump or actuator) in leg IJ

QIK fixed flow in leg IK connected to node I

- Equations of the above form are input to a matrix for solution of pressures
at ncdes. These matrix solutian pressures are used in conjunction with the

‘ calculated conductance (G) to calculute a new flow guess in each leg. When
twu successive flow guesses for all legs in the system are within a specific
tolerance such as .001 CIS, the solution has converged. Refer to Appendix A

SSFAN Technical Manual, MDC A3059, Vol. II, for a more detailed mathematical

developuwent.



4,2,2 CALC Subroutine Description - The CALC subroutine is divided into two

phases. The first phase deals directly with the input data for constant
pressure node identification. Five arrays are generated which are used iu
the calculation of node pressures and leg flows in phase two. Specifically,
these arrays are NODEX, an array of external constant pressure nodes,
EXPRESS, an array of the constant pressure node values, LEGEX, the legs
connected to the constant pressure nodes, ISGN, which is set equal to +1 if
the constant pressure node 15 upstream of a leg and -1 if it is downstream,
and PEX which is set to & comstant value for every external pressure node.
Figure 4.2~2 desc'ibes phase one operation. If there are no constant
pressure nodes, this phase is omitted, otherwise PQLEG (I, 9) and PQLEG (I,
10) are searched for any constant pressure values. 1f the constant pressure
is in an upstream node, NODEX (J) is set equal to the node number, the
pressure value is placed into EXPRESS (J), and ISGN (J) is set equal to 1.
Should the constant pressure be in a downstream node the same arrays are
filled exéept ISGN (J) is set to a ~1. Alsc for any constant pressure node
found in PQLEG, LEGEX (J) is set to the leg number and a constant value is
added to PEX (NODEX (J)). With this sort completed the firgt phase of CALC
is finished.

Phase two operation of the CALC subroutine begins with initializing the
conductance matrix - CALClL, and the constant matrix -~ QN, to zero values.
(See Figure 4.2-3 for a flow diagram of the phase two operation.) A call is
now made to the subroutine LEGCAL for each leg in the system. The total
number of legs is passed through the subroutine argument. LEGCAL will
return the value of conductance to the G array ie the unlabeled

common.

Af er all the conductance values are calculated for each lep, they must
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IF NO CONSTANT PRESSURE NCDES
BYPASS PHASE 1

Jm=l
COUNTER FOR ARRAY LOCATION

S - Do I=1, ML
ML= OF LEGS

SEARCH PQLEG (I, 9)
AND PQLEG (I, 10)
YOR CONSTANT PRESSURE NODE

IF
; NODEX (J)=NODE #
CONSTANT WODEX (J)=NODE
PRESSURE YES EXPRESS (J)=PRESSURE
NODE
NO
NODEX (J)=NUDE #

EXPRESS (J)=PRESSURE
ISGN (J)=-1

LEGEX (3)=LEG #
PEX=CONSTANT
J=J+1

|
|
|
|
|
|
{
|
|
|
i
|
|
i
n
. ISGN (J)=1

: , Y IN UPSTREAM
|
|
|
|
i
|
!
I
{
|
]
!
|
|
|

S ke

‘ Y
[START PHASE 11|

F1GURE 4,2-2

CALC SUBROUTINE PHASE ONE OPERATION
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INITIALIZE CALC 1 AND QN jg— —
MATRICES TO ZERO

CALL LEGCAL

ASSEMBLE CONDUCTANCES AND
CONSTANT FACTORS INTO THE
CALC 1 AND QN MATRICES

1

SOLVE FOR PRESSURES
CALL SIMULT

¥

SET CONVERGENCE INDICATOR
COMPUTE NEW FLOWS
IFALL=0
SR

DO I=1, ML
ML=NUMEER OF LEGS

!

ha o - *‘H
l{LOW (Pyps e aM ¥ powns TrEAN *CLEG

!

[;EST CONVERGENC@]

ALL FLOW IN
LEGS CONVERGED

1
!
{
1

<:::;\\\ IFAIL=1

e o

ABS (Q(LT) -FLOW)
ABS (FLOW)+1.

YES

LE .00l

CALL LEGCAL TO
UPDATE PRESSURES AND FLOWS

TFATL=1 \
Q{IT)=(Q(LT)+FLOW) /2 RETURN TO SSDATA
A
e —— CONTINUE ) ;

FIGURE 4.2-3 ]
CALC SUBROUTINE PHASE TWG OPERATION ‘




be entered into the CALCl matrix, This is accomplished by a simple DO loop.
The main diagonal element of CALCL contains the sum of all the leg conduc~
tances surrounding a node, Each off-diagonal elument equais the sum of all
conductances around a nods for multiple legs connected to common nodes, and
for the remaining legs connected to the same node.

The QN matrix will contain the constant terms of the system of linear
equations that describe the model. Constant pressure drops in legs, external
flows and constant pressure sources are all inserted into this matrix. Any
constant pressure source or pressure drop is multiplied by the conductance of
the leg it {8 associated with. If leg (6) has a pressure drop term =
PQLEG(6, 5}, then PQLEG(6, 5) will be multiplied by the conductance for leg (6)
which i8 G(6), making the resulting term a flow. Thus, all external flows
bhave no multiplication factor.

With both CALCL and QN filled, the SIMULT subroutine is called to
solve for pressures in the system. The answers are returned through the
QN matrix and then put into the P array which contains all the system
pressures. Now a new flow is calculated for each leg in the system based
on the recent calculation of the pressures. The new flow is equal to the
difference of pressures between the nodes of the leg plus any constaut
pressure drops all multiplied by the conductance of the leg.

The solution for flows in all the legs are final when all the previous

flows (Q) and the latest calculated flows (FLOW) are within a specified

tolerance. For all flows 1if

ABS (FLOW-Q(IT)) _ oo (L

'ABS (FLOW)+1

then the flows have converged.

PRRPY V" PRONTN A‘-d .

X A




If equation (1) is not satisfied in each leg of the system a new value of

flow will be computed in each leg by the following equation:

Q) = LD 42- FLOW (3)

These new flows will then be given to LEGCAL for computation of new conductance
values for another iteration. If all the legs do not converge after fifty
iterations, the cycle will stop and all the current values will be used as the
steady-state variables. Before transfer is made back to SSDATA a last call is
made to LEGCAL to distribute pressure drops and flows for the steady state
conditions.

4.2.3 Computations. The only direct computation made in the solution of the
gteady state values in CALC is the calculation of FLOW. The purpose of this
of ccurse, is.to establish an error tolerance in flows that is reduced

through iterations to meet the convergence criteria as discussed 1n the
previous section. The majority of the CALC subroutine handles the bookkeeping
necessary to manipulate the leg and node numbers to compute system pressures

and {lows.

4,2.4 Approximations. The coeffiéients of the CALCl matrix are linearily

approximated to represent the system conductances. Inherent approximations
exigt in some of the constant data in ON.

4.2.5 Limitations. Most limitations exist in the areas of vhysical dis-
continuities. CALC was written to solve a flow balance in a system. Any

filow discontinuities that occur, such as in a simple unbalanced actuator, must
have mathematical formula to describe what happens to the flow. CALC also
requires the leg pressure drops to be continuous over a specified fiow raunge.
When this does not oz2cur, as v a check valve, the proper input from the check

valve subroutine must be feed to CALC so it may respond to the changed

4.2-8
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thorough discussion on the limitations of CALC.

4.2.6 Varisble Names

= et
-

: Variables Degcription
: CALCL M*M matrix of conductances
EXPRESS Array of constant pressures
. FLOW Latest value of leg flow
g G Array of conductances
IYATIL, I¥FLAG Indlicators
ILEP Array of leg numbers with the corresponding
pressure cn each end
LSGN Array giving location of constant pressure
node in leg

+1l - upstream
~]J. - downstream

ITER Iteration counter

LEGEX Array of leg nunbers connected to constant
. pressure nodes

M Number of nodes
ML Total nuwbey of legs
NCPN Number of constant pressure nodes
NODEX Array of external pressure nodes
)l P Array of node pressures
PQLEG (J, 5) Location of pressure drops or increases
PEX Array of externmal pressure constants
Q Array of leg flows
QN Flow gain or loss at a pressure rode

changed to an M matrix of conc:ants

4.2-9
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conditions., Please refer to Appendix D SSFAN Technical Manual for a more

Dimensions

PSI
CIS

CIs/rsy

PST
PS1
PSI
CIs

CIs




4.2.7 Subroutine Listing

SUBROUTINE CALC(#,4L,CALCL,NCPN)

Chkxx*x REVISED AUGUST 5, 1974 **x*

59

COlMAON WTELPL,NTOLPL, IPT,IPOINT,NPTS, INEL, KNEL,RTOPL,NLPLT(61,3),

1 POLEG(90,12),ILEP(90,10),ILEG(1400),B(99),0H(90),PEX(90)
2 ,G(90),72(90) :

DIARNSION CALC1(«,d),NODEX(10),EXPRESS(10),LEGEX(10),I5G(19)
DO 5 I=1,H

P(I)=0.

PEX(I)=0.,0

J=1

DO 110 I=1,nL

IFLAG=0

IF{PQLEG(I,%).GT.0,) GO TN 110
IF(PRLES(I,10).LE.N.) GO 0O 130
IF(IFLAG.ED,1) GO TO 1720
IFLAG=1

NODEX(J)=ILL®(I,3)
EXPRESS(J)=POLEG(I,10)
IsG0(J)=-1

GO 17O 120

NOOEX(J)=ILEP(I,?2)
EXPRLESS(JT)=POLLG(I,?)
ISCGH(J)=1

LEGEX(JT)=1
PEX(NODEX(T))=190.0+2PLX(NCDLX(.T))
J=J+1

G2 TN 50

CONTINUE

ITeR=1

INITIALIZE CALC1 ANDR 2 ARRAYS TO ZERO
DN 220 L1=1,.i

LD 210 Kl=1,n

CALCl(L1,X1)=0,

AN(L1)=0.

COnPJTE G*S FOR CALC ARRAYS

CALL LEGCAL(#L)

[alo) 31O K=1,1"KL

I=ILEP(K,2)

J=ILEP(K,3)
CALC1(I,I)=CALCI(I,I)+3(K)
CALCI(J3,J3)=CALC1(3,T)+5(K)
CALCL1(I,T)=CALCL(I,J)-GC(7)
CALC1(J,I)=CALCI(I,T)

CONTINUL

JUILD N ARRAY

DD 40N J¥=1,iL
IF(PALEG(JIX,5).EN.0.)C0 TO 4070
JY=TLLP(TX,2) ,
M(IC)=ON(ITY)=PILEG(TX,5)*¥5(TX)
JY=TLL?(J%X,3)

wbi2=10-"



4.2.7 (Continued)

¥ P

QN(JY)=2N(JY)+PRLEG(JIX,5)*G(JIX)
400 CONTINUL
DO 30 I'—'l,x"l
CALC1(I,I)=CALCI(I,I)+PEX(I)
3n CONTINUE ,
C WRITE(6,2005)((CALCI(I,J),J=1,r1),I=1,H)
c WRITE(5,2005) (ON(TI),I=1,:)
2005 FORMAT(1X,19E12.5)
c WRITE(6,2005) (PEX(I),I=1,:)
WRITE(6,2005) (POLEG(I,S),I=1,ul)
2010 FORSAT(1X,101I190).
IF(NCPN.EQ.,0) GO TO 6190
20 600 J=1,KRCPN
WX=NODEX(T)
LX=LEGEX(.T)
600 ON(NX)=MN(NX)+ISCN(T)*N(LX)+EXPRESS(J)*2920.0
© 612 CONTINUE
CALT, CXSOLV(CALC1, NN, d,K5)
DO 500 I=1,.4
500 P(I)=2W(TI)
CALCULATE NLW FLOW RATLS
WRITE(6,9000) (ON(I),I=1,H)
wRITE(6,2001)
3000 FORMAT(1:H0,(5X,14HNODE PRESSURES, 2X,73F12.3,/))
9001 FORAAT(140)
IFAIL=D
DO 435 IT=1,.IL
IU=ILEP(IT,?2)
IV=ILE?(IT,3)
FLOW={ (QM(IT)+POLEG(IT,S)=-Qu(IV))*S(I'T))

(o N ¢

«

C TEST kEW FLOw RATES
- IF(ASS(FLOW=-(IT))/(ARS(FLOW)+1.).CT.0.001)GO TO 434
C RECALCULATE FLOW RATLS

I IT)=FLOV
GO TO 435
431 IFAITL=]1
MIT)=(2(IT)+FLOW) /2.
435 CONTINUE
IF(ITER.EN,50)50 TO 520
IF(IFAIL.EN.N)GO D 520
ITER=ITER+1
GO TO 200
520 CONTINUL
IF(ITER.ED.S0)WRITH(6,9909)
9999 FORGAT(10X,332HENCLEDRED 50 ITERATIONS IN STRADY S5TATL,
+ 12{{=-PROGRA: CONTINUING)

C  #AKE A LAST CALL TO ALL LEGS TO OISTRIIUTL PRESSURL
c IROPS AND FLOW3 CALCULATED FOR STeADY STATE COADITIONS
KNEL=-1 '

DC 5000 I=1'A"‘]L

4.2-11



4.2.7 (Continued)

5000 ILEP(I,7)=5
CALL LEGCAL(uL)
RETURN
END



4.3 SUBROUTINE LEGCAL

LEGCAL 1s called by the CALC to obtain a leg conductance and fixed

pressure drope for a gilven flow guess for a particular lag.

|
1
q

|
; i The call variable ML 1is the total number of legs in the system. The
! constant pressure drop such as that across a check valve, relief valve,
f actuator, oy pump, 1s passed via PQLEG(NLEG, 5) in common. A positive
PQLEG(NLEG, 5) is a pressure risc such as at a pump, a negative is a drop

such as across a check valve. The leg conductance is passed via G(NLEG)

in common.

e I e MR Al

LEGCAL has two ways of obtaining these values, the first is by caliing
all the elements in the leg. The second is by using a formulae generated

for the leg previcusly.

Using the formulae s the most efficient way, but some components
which have external references such as actuators and reservoirs require
special treatment. An indicator system is set up to determine which method

oy should be used.

4.3~1
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CALLED FROM CALC

- ——— — —~{D0 NLEG=1, M.|
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RESET COUNTERS IN
LCS AND VARIABLES IN

PQLEG

CALL LEG ELEMENTS
TO BUILD A NEW
FORMULA

=

LT E—— -

CALCULATE AND STORE
CONDUCTANCE AND CONSTANT
PRESSURE DROP

lRETURNI

FIGURE 4.3-1
LEGCAL ORGANTZATTON
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4.3.1 Theory

LEGCAL calls the elements in 2 leg to build up a formulae for pressure
drop for a given flow. The formulae takes the foxm
DELTP =~ -PQLEG(NLEG,5) + (PQLEG(NLEG,6)*Q

+ PQLEG(NLEG,7)*Q**1,75
-+ PQLEG (NLEG, 8) %Q¥*2 ) *QS

Q is the absolute value of the flow and QS the sign

PQLEG(NLEG,5) 1s the constant pressure drop (+ ve for gain, - ve
for loss)

PQLEG(NLEG,6) 1s the constant for flow depenudent loss
PQLEG(NLEG,7) is the constant for turbulent losses
PQLEG(NLEC,S) is the constant for square law losses such as orifices.
The formulae 1s valid for
PQLEG(NLEG,4) > Q 2> PQLEG(NLEG,3)
If LCS(NLEG,6) = QS or ZERO and LCS(NLEG,7) is not equal to 5
The leg conductance (inverse of resistance) is calculated from the
leg pressure drop formulae, excluding the constant pressure drop value
G(NLEG) = QS*Q/P
where P = QS*(PQLEG(NLEG,6)*Q

+PQLEG (NLEG, 7) *Q**1.75

+PQLEG (NLEG, 8) #Q#**2) .
The Q and QS have been left in for clarity, the conductance is always
positive.
Using this formulae, the conductance can be flow dependent; lience

it has to be updated whenever the flow guess is changed.

o — e
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4.3.2 Assumptions

The assumption that the pressure drop can be described using the formulae
is generally valid., If for some reason an element in a leg cannot be described
in this manner then a pseudo description can be used without loss of accuracy.

This would involve taking the actual pressure drop and dividing by Q, the
result, a pseudo resigtance, would then be added in to PQLEG (NLEG,6), as though
it were a linear functlon, with the counters set to prevent re-use of the
formulae for a differeat flow guess.

4.3.3 Computation Method

The variable Ql, the new flow guess is first split into its absolute

value and its sign, #1.0. Tests are then wmade to see 1f a flow formulae
exists ox can be used.

The formulae does not exist 1f PQLEG(NLEG,2) = 0.0
and cannot be used 1if LCS(NLEG,7) = 5,

Additional tests are if the new flow 1s within the formulae flow
range such that PQLEG(NLEG,3) < Q < PQLEG(NLEG,4), and if the flow sign is

acceptable such that LCS(NLEG,6)*Qs > 0.0,

If all these test are passed, then the formulae is OK and can beé used !
to calculate a new conductance. ‘
If not, then the formulae must be regenerated.
The first thing that has to be done is to reset the counters and zero
the arrays. The new formulae is then bullt up by calling each element in
turn starting at the element connected to the upstream node. When the element
is a 1line, it is taken care of directly without a call statement, all other
components are called via their steady state entry.
The variables IND, and KNEL are the component number and the connection

number respectively.

fia W
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The common variables INZ and INX are set equal te the number of elements
‘ in the leg and the actual element that is being calculated respectively.
This allows particular component subroutines to determine which end of the
leg they are comnected to, and hence which node is located at the cowponent,

4.3.4 Approximations

The use of a formulae requires some approximatioas but these are usuvally
related to approxiwmations in the component model and are an integral part of
the componen wmodel. In general we think this method 1s aulte good but it
could be easily extended to a higher order approximation if it was found
desirable.

4,3,5 Limitations

So far we have not found any limitations to the technlque used in
LEGCAL itself.

However, some of the compouent subroutines cailed by LEGCAL such as the
bootstrap reservolyr pump and actuators, are cowplicated by the interaction

between the flow gucsses, flow direction and node pressures.

Some of these subroutines use calculations which, though conforwing to
the basic calculation technique, do not fall into any simple category and have

to be treated individually.

r&n 4.3-5 | u
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4.3.6 Variable Names

Variable
DELTP

1

KNEL

IND

LCS4
LCS5
ML
NTYVE
P

Q

QT

Ql

Qs

Degcription

Line Pressure Drop

Ith Element in a Leg
Component Connection Number
Component or Line Number

Do Loop Counter

Number of Elements in Leg
Address of Leg Data in TLEG
Total Number of Legs
Integer of Comp Type #/10
Flow Dependent Leg Pressure Drop
ABS Value of Leg Flow

Leg Transition Flow

Leg Flow Guess

¥low Sign CIS

For variables in common refer to Paragraph 3.3,

4.3-0
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4.3.7 Subroutine Listing

SUBROUTINE LEGCAL («L)

Cxxk* REVISED AUGUST 5, 1975 #****

c
c
C
c
5
7
C
C
c
400
401
C
C
C
C
C

CO.i:iON NTHLPL,NTOLPL, IPT,IPOINT,NPDS, INeL, ¥NEL, NTOPL,NLPLT(A],
1 POLEG(90,12),LCS(90,10),ILEG(1400),Pd(20),08(90),PEX(30)

2 ,G(90),NL(90)

yOMuOQ/bUB/DARA(ISO 9),P:1(1500), ﬂd(lSOD L P(300),7(300),C(399)
1,2¢300),RH0(20),S20RHAN(20),VISC(20),30L:(29),T hdp(zn),?vae(zn)
2,ATPRES,T,DELT,TFINAL,PLTDEL,PI,TITLE(20),LhGH,ICOﬁ
3,KTE0P{99) ,LSTART(150) ,RLPT(150),LTYPE("9),NC(99),INK,INL
4,INV,ISTEP,NLIVE,NEL, IND, IENTR, SHLINL, aWEL, iNLEG, 40N0ODE, aNPLOT
5,dNLPTS, NS

FIND THE SIGHN OF TAk FLOW GUESS AMD ITS A35ILUTE VALILE

DG 200 NLEG=1l,mL

N1=2L(NLEG)

ZA=A33(0N1)

IF(QAL.LE..00091)0A=,00001

AS5=8ICH(1.0,721)

CHECY TC sSc& IF 4L FORAULAL IS VALIN

IF(POLRG(NLEG,2) . EN.N,J.0R, LCS(WLEG,7) .LD.5)
NGO TH 4n0

IP(P“LLP(‘Lr',3).uP DAL,OR, PRLLG(MNLLS,4) LT NAYSC 1O 439
IF(LCS(NLEG,6)) 5,17200,7

I#(35.LT.0.0) GO 70 17309

GO TO 4006

IF(D3,CE.D.0)G0 T 1100

RELLT VARIAILLS AND COUNTLRS

CCHTINUE
POLEG(NLEG,1)=0A
PALEG(NLEG,2)=03
PALEG(NLEG,3)=0,0
POALEG(HLEG,4)=1,.0L5
DO 491 N=§,9
PRLLG(NLEG,N=1)=
LCS(NLEG, w)=0

CALCUOLATLE THu FORGILAE FOR THE LeS PRLESTRE BROP

LCS(NLLG,T7)=1
IJL[J"Lh'
LCS4=LCS(LES, 4)
LCs5= LCS('\LEr 5)
DOLEG(WLLG,11)=P!
POLEG(MLRG,12)=2!
Iil%2=LC54 ,
CALL BACH ELLARNGS IN THL LEG

LCS{HLEG, 2

i ))
HLCH(NLLS,3))

---- i nn K
i: H?ns ﬁﬁ»a.e. L

- 4.3-7
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4.3.7 (Continued)

N0 600 K=1, LCsH
I=LCS5+(R=1)*2
IRX=X
IND=ILEG(I)
KNLL=ILLG(I+1)
- I7 Tk BLEELNT IS A LING GO TO 500
IF(INDL.EN.O0) 3O O 50N
CALL COuPE
50 IO 54N
©C k%% THIS SECTION ADDS TAE VALULS INTO THL FORGULAL FOR Tin LINLS
C

500 CONTTNUE
OT=PARG( NHEL, 4)
IF(2A.GT.QT)GO 00 509
IF(DP,LT.POLLG(NLES,4)) POLUG(NLLG,4)=92T
PALEG(ALES, 8)=PARLI(RKNEL, )+ 2ALEC(NLES, 5)
CLLTP=RA* IS *DARG( NNLL, 3)
GO TC 598

595 IF(OT.GT.PRLEG(riLe3,3)) POLECG(WLLG, )=
OALEG(ALEG, 7)=PAR( TdLL, ) +PLUG(RLSG,7)
PELTF=2ARA( K510, 0) ¥Qa*dax*] 75

579 CONTISIL
PH(LSTART(KLEL) ) =P ILeG (N LEG,11)
PALEG(XLinG, 11)=POLeG{NLEG, 11) =DELTD
Pa(LSTART( e L) +RNLP (KN L) =1) =2 7LieG( LR, 11)
A LETART(RUEL) ) =24%*03
Li(LSTART( RELL) 4L (WHEL) =1)="A*T5

ANN COSTINRIE

TiE FOTLTILAR FOR DELTA P CAN 3k UsSED

OO0

1000 CINTINUL :
S(NLEG)=1.0/(POLEG(SLLG, R)+DP2LEG(WNLLES, 7) *¥Na%* [ 7S+2 L G( 105, 8) ¥ i
OALLG(NLEG,1)=2A
EALEG(WMLES, 2)=25
ARTTL(6,50) NLES,N), (BOLES(NLREG,T) ,I=3,8),C( 1Lus)

56 FORDT(13N LLG w3 ,13,7F12.3,L260.8)

200 COXNTINUE

TETIRG
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5.0 LINE AND ASSOCIATED SUBPROGRAMS

Subroutine LINE and associated gubprogram calculates the flow and
pressure conditions fo- all interior points within the line.

The values of the flows and pressures at the ends of the line are calcu-
lated in che applicable component subroutine,

Line is called by the main program at the beginning of each new time step
and calculates new values of pressures and flows. Line uses FRIC and DFRICD
functions to calculate the steady state friction and dynamic friction pressure
drops.

The theory of the method of characteristics haa been extensively
documented, but is often described in terms that are not readily understandable.

For convenience, a summary of the method is given in paragraph 5.1.1.

A detalled derivation is given in Appendix A.

P -
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5.1 SUBROUTINE LINE

LINE divides each line into segments, the length of each segment belng
greater than or equal to the velocity of sound in fluid multiplied by the
time step, DELI. LINE then calculates the flows and pressures for all the
interior line points as well as the end point characteristics. These
characteristi:s are subsequently used by component subroutines to calculate

pressures and flows at the ends of each line where the lines and components

interface.
5,1.1 Math Moééi

The equation of motion and the continuity equation, describing the
one-dimeneional unsteady flow of a compressible fluid in an elastic fluid

line, equationg (1) and (2), involve the actual distributed parametevs

and include the nonlinear viscous terms. These partial differential equatiouns

are trangformed into total differential equationa by use of the method
of characteristics., A finite difference method is8 then used to place the

total differential equations in a form suitable for numerical solution on
a digital computer.

hasic Equations

The equation of motion is:

¢, RO

9, ey -
ax ta Y tFQ =0 )

The condition of continuity ylelds:

3Q A aP

—— * —— -
35X T RUO% a*%2 ac ~ Y @)
where P = Pressure psia
Q = Flow cis
A = Flow area of line in2
t = Time sec
5.1-1




RHO = Fluid mags density {(ib~-sec**2) /in.*¥*4

|

E F(Q) = Pressure loss as a function of flow psi

\ a = speed of the wave propagation = (BULK/RHO)*1/2 in./sec
i BULK = Bulk modulus of the fluid psl

: X = Distance along line : in,

Method of Characterdistics

The basic equations (1) and (2) can be transformed into a pair of total
differential equations, the validity of which is restricted to certain lines
in the x-t plane called the characteristics., Integration along the
characteristics, Fig. 5.1-1, yields the following algebraic equations.

For convenlence let

RHO*a
A

(the number, Zc, is the characteristic impedance of a frictionless line) and

let
C left: C = Pyy - Z*va'*5—§~£-[F(QWT) + F(Qy ) 1(3)
C right: Cp = Pyx~Z*Qux + 5—%—5 [FQur) + F(Quy) 1(4)
then Pt2q, -cp=0 (5)

CR = Pyr - 2 * Qup

Pp = 2,Q, = C = 0 (6)

CL = PWT + Z *QWT

_ . Crt+ ¢
Pyp = + L N
2
C, -C
Q. = L R
WT (8)

(. SRR



PRI W par " T A v e ¢ -

T (TIME)

f Zf'c(fi///// ////F'RIGHT CHARACTERISTIC C(I+1)Z

///—'LEFT CHARACTERISTIC

Ti+-AT
¥ N e
. v
AT ~
<
1 .
————gy— . o
Ti v VW W WX X
. X{LENGTH)
a’pT A% AT
-— AX AX
? UPSTREAM FIRST INTERIOR SECOND INTERIOR DOWNSTREAM
END OF TUBE LINE POINT LINE POINT END OF TUBE

FIGURE 5.1-1 GRID OF CHARACTERISTICS WITH
INTERPCLATION

Equations (7) and (8) apply only to the intericr sections of the fluid

line. Points at the boundary wuse only one of the characteristic equations
to be solved simultaneously with the boundary condition. CR and CL are
stlll functions of the unknown, Qyr- Therefore, an iteration is used to
calculate Qyr. Cp and Cj, are first determined using only a rectangular

rule to approximate the frictiom. !

Cp = Pyy +2%Quw ~ a*At*F(Qyy) (3a)

Cr ™ Pux - Z*Quyta*at*F(Qux) (4a) ;

This gives a very close approximation or Qp. which then can be improved

by using the trapezoidal rule to evaluate CR and CL'
There are two ways to apply these equations to a line system! either 1

one has to modify the wave speeds slightly to make n = L/ (a*At) an integer

in each individual 1ine (L is the length of a line), or one has to use the

interpolating grid of Fig. 5,1~1 which has been applied in HYTRAN and is discussed

in more detail by Streeter and Wylie (3),
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) FIGURE 5.1-2 CHARACTERISTICS IN X,t PLANE

5.1.2 Assumptions

1. Transition from laminar to turbulent flow is assumed to occur at a

v : Reynolds number of 1200. .

2. VFrictlon factors used are based on circular cross—section, smooth

I.D., drawn tubing.

3. See Appendix A for assumptions assoclated with methed of character—~

| igtics.

e

5.1.3 Computation Methods

I Section 1000

Fa f The type of line N is isolated and the speed of sound and characteristic

impedance are calculated

i, w0 e

IF(LDN(N,1).EQ.1}) GO tc 70

A= l.8*(PARM(N,3)+PARM(N,2)/2.0)*BULK(IT)
A = BULK(IT)/RHO(IT)*(L.0+A/ (PARM(N, 4)*PARM(N,3))))
; GO to 75

. : 70 BULKH = BULK(IT)*PaRM(N,4)/(RULK(TIT)+PARM(N,4))
A = BULKH/RHO(IT)

PARM(N,6) = RHO(IT)*A*4 .0/ (PT*PARM(N,2)**2)




I£f the speed of sound is not large enough to produce two line podints, a
fix-up is taken and the percent error in the adjusted speed of sound is
printed

CONST = PARM(N,1)/DELT

IF(CONST.GE.A) GO to 78

PC = 100.-CONST*100./A

WRITE (6, 300)N,PC

A = CONST

78 PARM(W,7) = A

NLPT(N) = CONST/A+1.01

DELX is then calculated

PARM(N,5) = PARM(N,1)/(NLPT (N)-1)

Equivalent line length of bends and fittings is calculated for line N

EQUIVL = PARM(N, 2)* (LDN (N, 3)*12+

. LDN (N, 4)%57 . O+LDN(N, 5)/45. %

4.65+LDN(N,6)/90.%7.5)
The equivalent line length is8 then added to the actual line length and L
is used to calculate the laminar and turbulent flow constants q
PARM(N,B8) = 128,/PI*VISC (IT)*RHO(IT)/(DIA**4, )% a
(PARM(N, 1)+EQUIVL) '

BARM(N,9) = .2L3*%RUC (IT)*(VISCH*, 25)/(DIA**4.75)

* (PARM (N, 1)+EQUIVL)

The above steps are repeated until the data for all lines are calculated.

This data 1s then printed. A constant for subsequent interpolation calcula~-

tions, transition flow and address of line points are calculated and stored for

each line. ¥Finally, variables used for plugged and open conunections are initialized.

Dynamic friction entry DYFRI is called to calculate and store line

constants for the dynamic pressure loss equation. The returned valus

of DYFRI 1is not used.

{;.-'::;. o 5.1-5 ﬁ



Section 1000

N = N+1 |

A

READ LINE TINPUT DATA

CALCULATE SPEED OF SOUND (A) AND
CHARACTERISTIC IMPEDANCE FOR LINE N

:

CALCULATE SPEED OF SOUND (41) NECESSARY
FOR 2 INTERIOR LINE POINTS. STORE WHICH-
EVER VALUE (A OK Al) IS LARGER., PRINT
PERCENT ERROR IN SPEED OF SOUND IF Al IS
USED

CALCULATE DELX, EQUIVALENT LINE LENGTH,
LAMINAR AND TURBULENT FLOW CONSTANTS
FOR LINE N. STORE DELX AND VFLOW
CONSTANTS.

{

] IS N EQUAL TO NLINE? _ NO

) |
YES
]

lPRINT LINE DATA }

Y

CALCULATE AND STORE INTERPOLATION CONSTANT, TRANSI-
TION FLOW AND ADDRESS OF LINE POINTS FOR LINE N f

CALL FRIGL

o IS N EQUAL TO NLINE? NO >
1

INITIALIZE VARIABLES FOR OPENED AND i

CLOSED CONNECTIONS :

1 @

RETURN ;

FIGURE 5.1-3 LINE SUBROUTLNE FLOW DTAGRAM
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:
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o 3
t Section 2000 ’
R i INO = 0 l
' NO = INO+L } ’5
A [ i
&, )
Lo UPDATE TURBULENT AND LAMINAR FLOW CON-
vy STANTS TO ALLOW CALCULATION OF FRICTION 3
e FOR VEL OF SOUND *DELT LENGTH FOR LINE :
; IND E

RN DIVIDE FLOW AND PRESSURE DIFFERENC! OF
o LINE IND BY NLPT (FNp)-1

: CALCUTLATE AND STORE PRESSURE AND FLOW
v FOR INTERIOR POINT I OF LINE IND

|

- Lxs I EQUAL TO NLET (IND)-17 NO —
5 ‘
YES

l

CALCULATE AND STORE UPSTREAM AND DQWN-

Tf& STREAM END CHARACTERISTICS FOR LINE IND

o IS5 INO EQUAL TO NLINEZ_} NO ——-
¥

il l

' YES

‘ RETURN .

FIGURE 5.1-3 CONT.
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Section 3000

C INO = INO+1

A
1

’ CALCULATE AND STORE UPSTREAM AND DOWN-
STREAM END CHARACTERISTICS FOR LINE IND

\—t—~— YE§ ————— 1S NLPT(INO) EQUAL TO 2?

!

NO

NPT = 2 l

INTERPOLATE PRESSURES AND FLOWS ON THE <
UPSTREAM AND DOWNSTREAM SIDES i

T
]

‘ LCALL FRIC (PASS UPSTREAM FLOW) 1 '
; T* b

i CALL FRIC (PASS DOWNSTREAM FLOW) [ t
T I

'D

—.L-——l w—
CALL DYFRICE}
| .
CALCULATE LEFT AND RIGHT RUNNING i
CHARACTERISTICS

CALCULATE PRESSURES AND FLOWS FOR POLNT

- NPT
[

CALL FRIC (PASS NEW FLOW)

|

CALL DYFRICU (PASS DELTA FLOW)

1

RECALCULATE CHARACTERISTICS

[

RECALCULATE PRESSURES AND FLOWS FOR
POINT NPT

LﬂCALL DYFRICU (PASS DELTA FLOW) .] FIGURE 5.1-3 CONT.

r%m.. . | 5.1-8 I




Section 3000 (Cont)

‘NPT = NPT+1 l

IS NPT LESS THAN OR EQUAL TO NPLINE?

NC

I =]

I = T+l

|

STORE P (L) AND Q(I) IN PM AND QM ARRAYS,

RESPECTIVELY

IS 1 EQUAL TO NPLINE?

|

YES

l

Y

NO

NO

IS INO EGUAL TO NLINE?

T

YES
l

RETURN

IGURE 5.1-3 CONT.

5.1-9
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Section 2000

The laminar and turbuleunt flow constunts are updated to allow
calculation of pressure drop for velocity of sound * DELT length of
each line,
PARM (IND, 8)=PARM (IND, 8) *PARM (IND . 7) *DILT /PARM (IND, 1)
PARM (IND, 9)=PARM (IND, 9)*PARM (IND, 7) *DELT/PARM (IND, L)
The pressure and flow differences for each line are divided by the number
of line lncrements (number of line pointy -1).
DELP = (PPM1 - PPM2)/(u-1D
DELQ = (QQML - QQM2)/(N-1)
The preasures and flows are next caleculated znd stoced for vach
interior line point. Pressures and tlows on the upstreawm and downstream
gldey are interpolatéd then upstream and downstream end polnt characteristicy
are calculated aud stored for all lines
C(LUP) = PPI-ZC*QPI4+FRIC(QPL)

C(LDWN) = PMI+ZC*QM1-FRIC(GMI)

Section 3030

A DO loop 1s used to calculate the values for cach Lline,

DO 140 IN' = 1, NLINE

Pressures and fiows :n the upstream .nd downstream sides are {nterpolated .

PPI = PM(M) -PARM(IND,3)* (PM(M)-PM(M+L1))
QPL = QM(M)~PARM(IND, 3)* {QM (M) -(QM{(M+1))
PMI = PM(M+N-1)-PARM(IND,3)* (PM(M+N-1)-PMM+N-2))

QMI = QM(M4N-1)-PARM(IND,3)%* (QM(M+N-1) -QM (M+N-2) )

\

o

FRLE e St olillesi _atld . e

T e e b ity Sk




.
R
g
»
"

”

Upstream and downstream end point characteristics are calculated and
gtored,
C(IND*2-1) = PPI-ZC*QPI+FRIC(QrI)
C(IND*2) = PMI+ZC*QMI-FRIC{(QMI)
If there are only 2 pointd for the given line, control then passus to the
end of the DO loop.
IF (N.LE.2) GO to 140
If there are interlor points, the flows and pressures it these points are
then calculated. Pressures and flows on the upstream and downstream sides
of ifuteriovr polnt NPT are interpolated and steady state friction for each
of these flows 18 calculated by calling FRIC,
FRICM = FRIC(QMI)
FRICP = FRIC(QPI)
The decayed dynamic friction value ls calculated by calling DFRICD.
UYFRIC = DYRICD (QMI,MPT,JJ,M)
The characteristics are uow calculated for interior point NPT,
CL w +PMI+ZC*QMI-FRICM-DYLFRIC
CR = +PPT-ZC*QPL+FRICP4DYFRIC
The first approximaticn of the pressure and flow ac point NPT are calculated .
P (NPT) = {CRHCL)/2.
Q (NPT) = (CL-CR)/(2.%ZT)
Friction is recalculated u:. ag the new flow,
FRICR=FRIC (Q(NPT))
Dynamle friction is updated using the difference between new and old flows.

DYFRIC=DFRICU (DELQ,MPT,JJ,M)

5.1-11




The characteristics are updated using the average of the

values of friction along with updated dynamic friction.

CL = CL4(FRICM~-FRICR)/2. = DYFRIC

CR = CR4+(FRICR-FRICP)/2. + DYFRIC

new and old

The pressure, flow and dynamic friction ave calculated a final time.

P(NPT) = + (CR+CL)/2
Q(NPT) = (CL~-CR)/2.*ZC)

DYFRIC = DFRICU(DELQ,MPT,JJ,M)

Once the pressures and flows for all paints have been calculated, they

are stored in the PM and QM arrays.
DO 130 1 =~ 2, NPLINE
PM(M+1-1) = P(I)
QM (M+1-1) = Q(1)
130 CONTINUE

5.1.4 Approximations

Sea Appendix A
5.1.5 Limitations
See Appendix A

5.1.6 Variable Names

A Velocity of Sound in Fluid
BULKH Equivalent Bulk Modulus of Hese
CL Left Running Ch;racteristic
CONS'T Constant-Line Length/DELT

CR Right Running Characteristic
DELP Pregsure Drop for DELX Length

1IN/SEC
PS1
P81
IN/SEC
PST

PSI

B I e ]
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DELQ Flow Difference for DELX Length CcI1s

DIA Line I1.D. IN

DYFRIC Dyuamic Friction PSI

EQUIVL Equivalent Length of Line IN

FRICH Pressure Drop for DELX Length Using Flow QMI PSI

FRICP Pressure Drop for DELX Length Using Flow QPI PSI

FRICR Tressure Drop for DYLX Length Using Flow Q (NPT) Pl

I Fluid Yemp/Pressure Number -

INO Counter -

JJ LSTART (IND)+NLPT(1ND)-1 -

LDWN Downstream Line End Address -

LLPT NLPT(1IND)~-1 -

Lup Upstream Line knd Address —-

M Dunmy Variable -- 5

MPM1 Address of Current Upstream Line Point - l

MPPL Address of Curreant Downstream Line Point " !

MPT Address LSTART(IND)+1 - |

N Counter —

NPLINE NLPT (IND) -1 — 'z

NPT Current Interior Line Point PS1 |

PC Pexcent Error —_ i

PLAST Past Pressure Value Ps1 ?

PML Interpolated Pressure on the Upstream Side Psl ;
) PP1 Interpoloated Pressure on the Downstream Side Psi |

PPM1 Dumumy Variable ~—

PPM2 Dummy Vartable —-

;ii....................................llllIIIIIIIIIIIIlIlll.......................................... .



QM1
QeI
QM1
QQmM2
REN

ZC

Paut Flow Value

Interpolated Flow on the Upstresm Side
Interpolated Flow on the Downstream Side
Dummy Variable

Dummy Varilable

Reynolds Number

Dummy Variable

5.1-14
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5.1.7 Subroutine Listing

SIBRONTINE LINE

C *** REVISED WAY 1, 1976 #*x*

[ e I

1700

A0 0NnN0

1300
10

COiON NTELPL,NTOLPL, IPT,IPOINT,MPTS, INLL, KNEL, NTOPL, NLPLT(61,3),
1 PGLEG(9N,12),LC8(90,19),ILEG(1400),Pa(90),CN(90)
COAON/SUB/PARM(150,9) ,Pa(1500),08(1500),P(300),0(300),C(300)
1,72(300),RHD(20),520RHD(20),VISC(20),BUL~(20),TLiP(20), PVAR(29)
2,ATPRLS, T, DELT, TFINAL, PLTDEL, PI, TITLE(2U) , LEGN, ICON
3,%TE:4P(99) , LSTART(150) ,NLPP(150),LTYPL(%9),NC(99),IN%, INZ
4,19V, ISTEP,NLINE,NEL, IND, IENTR, 4NLINL, sNLL, MHLEG, aNHODE , SR PLOT
5,4NLPTS, . iD3

THI5 SUBROUTINE 3IMULATES LIAES AS DISTRIBUTED PARAALTER SYSTE.S
USING. THE JETHO9 OF CHARACTERISTICS

DIAENSION LDN(150,7),LC(300)
ENUIVALENCE(ILEG(1),LON(1)),(C(1),LC(1)"

IF(IENTR)190C,2000,3090

CONTINUE

TII5 DY READS LIWNE DASH NUABERS(LON) AsD LINE PARAIETLRS(PAR:)=5ELC

. N =INDIVIDUAL LINL NUABER

LON(.,1)=LINE TYPE

LDN(.,2)=PLRCENTAGE IMCRLASE IN LINE LOSS

LON(.,3)=N3:43ER OF 45 DECG tLAOJIS

LON(,.,4)=3U48ER OF 90 DEG EL3NWS

LON(., 5)="0TAL OF 3END ANGLES LT, 90 DRES DEG

LDN(., Y= 02 L OF 3EAD ANOLES .Che. 90 DLG NEC

LDN(«,72= "LUID TELPERATURE/PRESSURE NUNBER

PARG (., 1) = LaNGTH

PARI(.,2)=LINL OD In,

PARG( o ,3)=ALL THICKULSS/CONSTALT

PARA( o ,4)=:10DULYUS OF LLASTICITY PST/PRANSITION FLOwW FOR GIVEN
RrN,DIA + DENSTITY IN**3/50C

nd 1100 I=1,NLINE

READ(S,1300) N, (LMi(R,T),T=1,7),(Parc(1,J),I=1,4)

FORAAT ( 815,4L19,9)

IF(LDN(H,7))10,20,30

LON(N,T7)=12=LDN(:,7)

30 To N

LONM(N,7)=1

CONTINUE

IFP(I.uLe) wWRITL(5,439) 4

FORAAT ( 431 THE LINLE CARDS ARL OUT OF Ciduit AT U3k , I5)

CONTIUE

REXN =RLVYNOLD*S NU:I3ER

ENUIVL=ENUIVALENT LLiISTH

PAR:(.,5)=DLLY

PARA( . ,6)=CAARACTERTSTIC T..PCDANCE

PARN( ., 7)=VELOCITY? OF SOUND T4 THL LINE

PARi{ o, 8)=LAAINAR PLOw CONBPLANT POR GIVEAN DIA,VISC + DLuSITY

PARA( o ,9)=TURIIJLLNT FLOW CUWSTANT FOR SIVEN DIA,VISC + DENSITY

PARVG(.,2) IS INPUTHD AS LINE S0 AXD CONVERTED TO LINE ID

5.1-15



5.1.7 (Continued)

REN=1200
N=1
DO &0 N=1,NLINE
T=LON(N,7)
Mm=N*2
LC(”):l
LC(Aa=1)=1
IF(LDN(N,1).0r.19) GO TO 65
LC(m)==1
LDH(N,1)=LDN(x,1)-10
65 IF(LDN(N,1).EQ.1) 30 T2 70
PARI(N,2)=PAR: (N, 2)-PARA(N,3)*2,0
A=1,8%(PARA(N, 3)+PAR:(N,2)/2.0)*3ULK(IT)
A=BULK(IT)/(RAD(ITY*(1.0+A/ (PARK (N, 4) *PARI(N,3))))
30 TO 75
70 BULKN=RULR(I'C) *PARII(N,4)/(BILR(IT)+PAR:(N,4))
A=3ULKH/RBO(IT)
75 A=S0ORT(N)
PARA(N, G)=RIO(IT)*A*4,0/(PT*PARI(N, 2)**2)
CONST=PAR: (1, 1)/DELT
IF(COUST.GL.A) GO ™) 73
PC=110,-COMNST*190./A
ARITE(G,300)1, °C
A=CONST
783 PARA(N,7)=A
NL2D()=CONET/A+1.01
PARG(", 5)=PARI(, 1) /{RLPT(N)=-1)
FOUIVL=PARA(N, 2) ¥ (LDN(N,3)*12+LDN(1, 4)*57.0+LDON(iF,5)/45. ¥4, A5+
1 LOa(1,8)/90.%7.5)+PARA(N, 1) *LOn(N,2) /190
DIA=PARIG(N, 2)
PAR(M,3)=128,/PI*VISC(IT)*RIQ(IT)/(NRIA*X*4 ) *(PAR(:d,1)+LQUIVL)
PARG(M,0)=213*REC(IT)*(VISC(IT)**,25)/(DIA*X*4,75)*(pPari(4,1)
1+ECUIVL)
a1 CONTIRUE
WRITE(G,349)
ARITE(6,350)((1),(PARS(T,T),I=1,7),I=1,NLIL)
a==1
L3TART(1)=1
no 20 M=1,KLINGL
IT=LDN(N,7)
PARA( M, 3)=PARN(N, 7)*DELL/PAR:(Y,5)
PARG(N,4)=.T7354*REI*PARI(H, 2)*VISC(IT)
Jd=pi42
IF(LSTART(N)+NLPT(W) . 3T, INLPTS=2) 30 T3 232
LSTART(N+1)=NLPT(W)+LSTART (W)
YPI=NYFRI(DLLD,IT,I,")
Z{()=PARN(N,6)

Z(:+1)=2(:1)
an CONTINUL
C***




5.1.7 (Continue?)

Chkk
T Chkk

2013

Ch*x %

INTTIALIZE VARIABLES USED FOR PLUGGED AND OPEN
CONNECTIONS, (MHLINE)=PLUGGED, (MNLINE-1)=0QPLA
LSTART(@NLINE)=MNLPTS-1

NLPT(ANLINE)=2

N= NLINE*2

C(N)=0.0

C{:3-1)=ATPRES

Z2(N)=1.0E25

Z(N=-1)=1,0E-10

JUNK WILL 38 3TORED If Pa(wiNLPTS-4) THRO Pa(iMLPTS-1)
LIKEWISE FOR Qii()

IF(NLINE.GT.MNLINE-1) GO TO 252

RETURN

WRITE(6,475) NLINE,USTARD(NLINE),NLPL(NLIME)
WRIT: (6,999)

FORUAT(19X,313PROGRAG 3 TOP IN SU3ROUTIHNE LIWL)
3T0P S101

FORAAT(S5X, 2HLERROR #5 ¢ 3I10)

COUuTINOE

Do 2020 INO=1,MLINE

IND=INO
PARA(IND,3)=PARG(IND, Q) *PARN(IND,7)*DLELT/PARA(IND,])
PARG{IND,9)=PARA(IND, D) *PARU(IND,7)*DELT/PARA(IND, 1)
ZC=PARA(IND,H)

N=HLPT(IND)

A=LETART(IND)

PPii1=Pri( 1)

PD{12=Pii(vl=1+NW)

D}.LD (Pplll—l. LAJ...)/(F 1)

oNil=0.0(:0)

0’\.7 ql(u-l"‘l)

DLLO=(3M111-2M12)/(N=-1)

LLPT=nN~-1

DO 2019 1I=2,LLPT

PP.i1=PP.,1=-DLLP

NN 1=0N01-DLLO

Du(ri=1+I)=PP:11

Na(u=1+I)=2201

COMTINUE

LIP=InNN*2=1

LOwWN=T1In*2

P{LUP)Y=P. (i)

ALUP)=-0:i(1rl)

P(LDO) =P d+N=-1)

(L) =00 (a+h=1)

CALCULATE CR FOR UPSTRLEANS LANDPOINT

PPI=Pi1 (M) ~PARN(IND, 3)YA(Pu(0)=Pui(i+]))
API=0N( ) =PARAG(IND, 3)* (D et) =%i(:41))

Dy I=Pii( #i+d=1)-PARI(IID,I)*(P i( =1 =Pa(a+il=2))

501‘-17
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5.1.7 (Continued)

(@)

a0

e N NeXD)

0o

100

Qi T=Qu ({+11=1) =PARG( IND, 3) *(Qut (H+N=1)=0u( +N=2))

C(LUP)=PPI-ZC*QPI+FRIC(DPI)

CALCULATE CL FOR DDWUNSTREAM EMN POINT
C(LDIN)=PII+ZC*NiI-FRIC(QITI)

COWNTINUE

RETURN

CONTINUE

DO 140 INO=1,NLINE

IND=INO

ZC=PARM(IND,6)

N=HNLPT(IND)

11=LSTART(IND)

JJ=A*N‘1

NPLINE=-1

CALCULATE CR FOR UP3TREANL ENDPOINT
PPI=Pi{)=-PARM(IND,3)*(2:i(a)=-2uu(.i+1))
NPI=N5 () =PARG(IND, ) ¥ (i (i) =01 (u+l))
Piil=Pui{ii+N=1)=PAR:H{IND,3) *( Pu( i+ii=1)~Pui( 4N~

23)
WiT=06 (G4+N=1)=PARS(IND, 3) ¥ (Dai(d+N=1)=Txi(8+R=-2))

C(IND*2-1)=PPI-2C*JPI+FRIC(?PI)
CALCULATE CL FOR DDISTREAS END POINY
C(INN*2)=P:iI+2C*DII-FRIC(NAT)
IF(3.LE.2) 30 1D 140

ALGORI™MHL: FOR INTLRION PDINTS OF LINLSs
NPT=2
1 PT =1+
CORTINUR
APP1=PT+]
P I=Pr=-1

INTERPOLATION BOUTIHE

PPT = INDLUPOLATLET PRLLSOGURE OW TIL PLUS(DOWIS
Pl = IXNTERPOLATED PRLHSYURE OX THL
STHILAR NOTATION IS5 UJSED FORQ TFLOJS
NPI=D4(APTY=PARG(IND, 3) * (D (wiPT)=Ni(HPPL))
PRI=PH(APT)=PARG(INN, 3V *(Pu(a20)-P:i(:1P21))
Puitl=PiA(uiPT)=PARA{IND,I)*(P.i(PT)=-Pil{P1))
QAI=O£(HPT)-PARm(IﬂD,3)*(Qu(JPT)-QJ(ﬁPH1))
PIRST APPROYIAATL CL + CR

FRIC/i=FRIC( A1)

FRICP=FRIC(DPI)

DYFRIC= D“?pr(ﬂlI,HPT,J],J)
CL==RyI1=-2C*DI+FRICu+DYFPRIC
CR==PRI+7C*NPI- EhICﬂ-DVRRTP

CALCULATE PRESSURE(P) ARD FLOW(ND) JETING THAL ARIOVLE APPROXNTIOATICUS

P(NPT)= -(CR+CL)/2.

A(NPT)= {(CR=-CL)/(2.%2C)
FRIPR FRIC(Q(NDT))
DELN=N(NPT) =2 ( %PT)
DYFRIC=DFRICU(DLLA, uPT,JT,2)

5.1-18 . o
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35.1.7 (Continued)

C PLAST=P(NPT)
QLAST=0(NPT)
C RECALCULATE CL + CR USING PREVIOUS ESTIJATE OF 9

CL=CL-(FRICM=-FRICR)/2.,+DYFRIC
CR=CR-(FRICR=-FRICP)/2,-DYFRIC

c RECALCULATE P 4+ Q USING I4iPROVED CL + CR
P(WPT)= -(CR+CL)/2.
RA(NPT)= (CR=-CL)/(2.*2C)
BELQ=D(NPT)-NLAST
DYFRIC=DFRICU(DELQ,HPT,JJ,.1)
HPT =4PT+1

NPT=HPT+1
IF(NPT.LE.RPLINE) GO 7O 190
C AFTuLR FIWNDING P + Q POR THE WHOLE LINE, PUT TACSE VALOLS IRTO v +

DO 130 1=2,WPLINE
Pii(d+I-1)=P(1I)
Or(+I-1)=2(1)

130 CONTINUL

140 CONTIWNE

300 FORAAT(/,54,4AHFIX-0UP TAKEN AT LINE 13,VLL OF 30UND IN LIWNE,I%4,2X%,
128I5,F8,1,17HPER CENT IN ERROR)

349 FORGAT(//,198 LINE DATA,/,91 LINt W§0.,3%,6HLENGTH, 9%, 8dINTERNAL
1,7X,4wALL, 11X, 10H40D0JLUS OF, 5%, 4HDELX, 11X, 14HCHAARACTERISTIC,
2128 VELOCITY OF ,/,32X%,

3 3HDIA,12X,%4THICKYLSS, 6%, LOHELASTICITY, 20X, YHIMPLDANCE
4,114 S5004Y)
350 FORIAT(/1X,15,10%,F8,4,7%X,F8,4,7%X,F8.4,7%X, Ff1l0.3,5%,F%.4,7X,F3.4,
167,F11.4)
360 FORLAT(1X,5%X,I5,5812.5)
RETORN
END
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5.2 SUBROUTINE FRIC

FRIC 1s a function subi.atine that is ugsed to calculate steady state
pressure drops for laminar and turbulent flows.
5.2.1 Math Model

Steady state pressure drops are computed using the Darcy-Weilsbach

equations 4
FRIC = Q%128*VISC(IT)*RHO(IT)*PARM(IND,1)/(P1*DIA ) for laminar flow

FRIC = Q*Q+75%.213%RHO(IT) *VISC(IT) * 2O*PARM(IND,1)/DIA " *° turbulent £low

Note: The equations assume a Reynolds number of 1200. Since in each
equation all variables except flow are actually comnstants for a given
line and fluid, laminar and turbulent flow constants PARM(IND,8) and PARM(IND,9)
ave calculated 1in the 1000 section of LINE subrcoutine for use in this
subroutine. The transition flow for each line PARM(IND,4) i1is also calculatced
in LINE's 1000 section.

The pressure drop equation can then be written

FRIC = Q*PARM(LND,8) for laminar flow

FRIC Q*Q1'75*PARM(IND,9) for turbulent flow.

5.2.2 Asgumptions

1., Transition from laminar to turbulent flow is assumed to occur
at a Reynolds number of 1200. Flows having a Reynolds number greater
than 1200 are considered turbulent while flows having a Reynolds of 1200
or less are assumed laminar.

2. The friction fuactors used are based on circular cross-section,
smooth I.D., drawn tub 1g.

5.2.3 Computation Methods

Not. applicable.




i
8

5.2.4 Approximations

Presaure dropse calculated for flows in the Reynolds number range
of 1200 to 3000 are approximate since a transition flow equation was not
developed. The turbulent equation is used in this range.

5.2.,5 Limitations

FRIC should not be used to calculate pressure drops across
non-circular cross section passages or across rough I.D. tubing.

5.2.6 Variable Names

Variable Description uUnits
Q Fluid Flow N’ /SEC
Q1 Absolute Value of Fluid Flow IN3/SEC
FRIC Pressure Drop PSL or PSI/Length

(depending on the
form of the constant)

IS Q1 GREATER THAN
NO PARM (IND, 4) YES
Y
Y
CALCULATE AP CALCULATE AP
FOR LAMINAR FOR TURBULENT
FLOW FLOW

A

RETURN

Y

¥IGURE 3.2-1 FRIC SUBROUTINE FLOW DIAGRAM

i;
1
1
1
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5.2,7 Subroutine Listing

FUNCTION FRIC(QA)

C *** REVISED AUGUST 5, 1975 **xx

' COMMON/S02/PAR(150,9),Pi(1500),0¢(1500),P(300),70(300),C(300)
1,%2(300),RHO(20),520RHO(27),VISC(20),BULK(29),TExP(20),PVAR(20)
2,ATPRLS,T, DELT,TFINAL, PLTDEL, PI, TITLE(20),LEGH, ICON
3,XTEMP(99),LSTART(150) ,MLPT(150),LTYPE(99),HC(99),INX,IH2

APy

4,INV,ISTEP,NLINE,NEL, IND, IENTR, ANLINE , SiNEL, MNLEG, HIRNODE , N PLOT
5,NLPTS, DS
N1=A3S(0A) :
IF(Q1.GT.PARH(IND,4)) GO TO 19
FRIC=QA*PARM(IND,R)
RETURN e
10 FRIC=QA*DQ1** [ 7S5*DPARY(IND,9)
RETURN
END
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5.3 SUBROUTINE DFRICD

Function DFRICD is used by LINE to calculate pressure loss due to
dynamic friction caused by local fluid acceleration. The theory used (see
Reference paragraph 9.4) provides an efficient method for determining
dynamic friction that gives close correlation with experimental results.
5.3.1 Math Model

The theory used for the basis of this subroutine is described in the
paper noted in Reference paragraph 9.4. Equation (29) of the referenced
paper is the expression used to describe the coubined steady state and

dynamic pressure losses under laminar flow conditions.

f(t+ae) = g%ﬂ v o(r) + i%X (yp + v, ¥ v3)
a a

Substituting equation (35) Into equation (33) produces the following expressions

for vy Y, and Yy

: —RO00K A%y /a2
' 12 (t + at) =y, (£) *e + 40,5 (V (t + L) -V (t))
y 2
~200% At¥v/a
y, (£ at) = ¥y (t) *e 4+ B8.1% (Vv (£t + At) - V ()
e ’ , 2
o ~26. 4% Aty /4
b ¥a (t + AL) = Yy (t)*e + (v (£ + at) -V (),

3

3'. Each expression for y at time t + At contains a decayed pressure at t
added to a pressure logs caused by & change in fluid velocity.

Converting velocity to volumetrie flow rate and 1.R. to IL.D. yields

‘;m‘ . 5.3~1 ‘j



% F(t+at) o 128 *p*vkq (&) 16 *%*v

" n % pt D
- &

' 2

' -8000 * At*v¥*4/D 4%40 _
: [[y1 (t)ke + gpz ¥ (@ (e¥dt) - Q (1)) ]
! .
j,'-,[fv\l ~200 *Ap * V*‘G/D‘- 5‘1:—8_._1_ ! )

2
=26.4 *At *vk4/D 4 _
+ [)'3 (t)*e + H*Dz (Q (t + At) Q (£)) 1] ] .

Since the first term in the equation is steady state pressure drop for

o laminar flow, it is omitted in this subroutine. The dynamic pressure drop

_.' k‘.
" equation can then be written 1
2
, ~BODO*AL*V*4/D
£(t+At) = lﬁﬁ%ﬁM *y, (t)*e
= ;
S 16 * 160 , . : '
L + ——— k (Q (t4AL) - Qit)) i
. T D f
5' 2 t
16*()*\) "ZOO*At*\J*(#/D '
. —— * v, (t)*e !
- : D {
2 b 16 * 32.4 i
i + ST R (Q (Tat) - Q (2D |
n. : kD 2 1
; Lok 26 L*ATRVEL (D |
Fona + B x gy (1) ke j
b 2 3 :
b D
v s (@ (erae) - Q (8)
kD

This equation is used to calculate turbulent as well as laminar {low pressure
drops wnder dynamic conditions since lirtle is known about the effects of

dynamic friction under turbulent flow conditions.

in the subroutine, pressure losa at time T to be decayed is expressed by:




16*o%y
DZ Yl,2,3 , and

is actually the latest Y value calculated by entry OFRICU. The first tiwe
through the 3000 section of line (i.e., T = DELT), the decayed pressure values
are set to zero,
5.3.2 Assumptions

See Reference (4).

5.3.3 Computation Methods

Entry DYFRI 1s called from the 2000 section of LLINE., The purpose of this
entry is to calculate and store the dynamic pressure loss equation constarnts
for all LINES. The value returned to LINE ,Y1(l), is oot actually used.
DFRICD 1is next called from the 3000 section of LINE. New Y values are calcu-
lated using past Y values multiplied by their decay factors. Y1, Y2 and Y3
are summed and set equal to YTOTAL. This decayed value of pressure loss,
YTOTAL, at program time T ~ DELT is returned to LINE which uses it in the
first iteration of each time step to calculate flows and pressures at a given
interior line point. DFRICU entry is made from the 3000 section of LINE and
is used to update the Y values of DFRICD using changes in flow. YTOTAL
is set equal to YOLD and all Y values are updated. Y1, YZ and Y3 are next
summed and set to YTOTAL. YOLD is subtracted from YTOTAL and the resulting
value is returned to LINE.

5.3.4 Approximations

This method of calculating frequency dependent friction 18 in itself
an approximation of the exact expression. The method was chosen to
cuanserve computer ccre and computation time.

5.3.5 Limitatvions

See Reference (4).
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DFRICD

|

CALCULATE DECAYED VALUE

OF PRESSURE LOSS FOR Y1, Y2
AND Y3. SET YTOTAL EQUAL
TO SUM OF Y1, Y2 AND Y3

DFRICD = YTOTAL

RETURN

ENTRY DFRICU
l

l YOLD = YTOTAL

CALCULATE UPDATED Y VALUES
USING DELTA FLOWS. SKT
YTOTAL EQUAL TO SUM OF

Y1, Y2 AND Y3

DFRICD = YTOTAL - YOLD

.

[

RETURN

DFRICD FLOW DIAGRAM
F1GURE 5.3-1

5.3-4
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ENTRY DYFRI

[—LINE NO. = M
- N
- CAJLLCULATE AND STORE '
) Y1, Y2 AND Y3 CONSTANTS
! OF AQ TERM FOR LINE M
E]
CALCULATE AND STORE ?
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5.3.6 Variable Names

Variable

CONST
DELQ
DFR1CD
DIA
EX1
EX2
EX3

JJ

MPT

YOLD
YTOTAL
Y1 ()
Y2 ()

Y3 ()

Description

Constant in dynamic pressure
New flow ~ 0l1d flow

Dummy variable

I.D. of tube

Constant in dynamic pressure
Constant in dynamic pressure
Constant in dynamic pressure
Address LSTART(N) + NLPT(N)
Address LSTART(N)

Address LSTART(N)

Address LSTART(N) +1

loss

loss

loss

loss

-1

equation

equation
equation

equation

Counter indicating assigned line nqmber

Dummy variable

Decayed value of pressure
Array for Y1 valves

Array for Y2 values

Array for Y3 values

5 70773 - 6
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5.2.7 Subroutine Listing

C ki RLVI LD AU;UaP 5,

)

1975 xa

COHUON/SUS/PARI(150,9),Pa(1500) ,0:4(1500),P(300),0(300),C(300)
1,2(300),RHD(20D),520RdO(20),VISC(20),3ULK(29),TLrP(20),PVAP(20)
2,ATPRES, T, DELT, TFINAL, PLIOEL, PI, TITLE(29) ,LEGN, ICON
3,%XTEAP(99), LS TART(150),NLPP(150),LTYPE(29) ,NC(99),INX, INZ
4,INV,ISTER, NLIAL, WLL, IND, IENTR, aNLINE, tNEL, sNLEG, SNWNODE , wHPLOT

5,muNLPDS, niDS

DIALNSION Y1(1500),Y2(1500),Y3(1500)

DATA ¥1,Y2,Y3/47300*0,0/
TYI{EPT)=Y1(siPV)*Y1(..T)
Y2(4PT)=Y2(eiPT)*Y2(.)
Y3(|=pT) Y‘;(l‘ Pl)*\’?( ]1)

YTOLAL=YT1(PP)Y+Y2( i) +Y 3 (e PT)

OFRICL="CIMYPAL,
RETORN
ENTRY DFAICH
YOLD=YVOIAL

Vi(ePD)=Y1 (M) +5LLO*Y 1 (-
YO(sPD)Y=2(0. P0) #0000 %2y
YI(sPCY=23 (e POY4OLLAYY ()

)
)
)

YTOTALSYY(aPD)+Y2(aPTY+Y3(4PT)

DFRICND=YYOTAL=-YOLN
RETURTT .
ENTRY DY®RI

3t 3590 - ZERC Y1,Y2,Y3 ARRAYS (JLAE

RAD=PARA(:1,2)/2.0
AS=LSTART( )
JI=a+NLPT () =1
CONST=PARA (1, 7T)*DELI*RUG(.
YI(xi)=1460,*¥CONET
Y2(:ui)=32,4*C0Oa5T
Y3(:a)=4.*¥CONST

'D')*VI;C(HP“)/(PI*K\U**A )

CONST=DLLT*VISC(«PT)/RANK*D,

LX1==R001%,*CONST
EX2==200,*CONST
EN3==26,4*COnET
Y1(JJ)=L%2(LX1)
Y2(JJ)=LXP(LX2)
¥Y3(JJ)=EXP({L¥%3)
DFRICH=Y1(1)
RETIRU

" Ry
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5.4 SUBROUTINE CHAR

The function subroutine CHAR was set up to obtain interpolated values
of the line characteristics, CU( ) and CD( ) between TIME = T - DELTA
and T.

The interpolations are required by subroutines using integration, such

ag PUMP51, which require evaluation of the line characteristics at time

intervals smaller then DELT..

The subroutine is divided into three parts, using two entry points. %
ENTRY CHARIN which 1s called from the 2000 section of the component
subroutine sets.up the address system, for the number of active connections,

and returns the storage addresses to the calling routine.
ENTRY CHARUP 1s called from HYIR arfter the call to LINE and before

the call to COMP. This call adds the latest characteristic values é

and calculates the interpolation formula counstants ready for use. !
Function CHAR calls obtains interpolated values of the line

characteristic for TIME wheve TIM = 0.0 when TIME = T-DELTA

and TIM = 1.0 when TIME = T,

using tlie constants derived in the call to ENTRY CHARUP in the interpolation

formulas.

5.4,1 Theury

The Lagrange Interpolation formula was taken from Reference (3) Chapter

3. A second order interpolation was used which requires the solution of

formula. s
YX ) = ZLk(X) * Y (Xk)
k=0
where
LICX) = (X - Xo) "+ (X-Xi-1) (X - X{+1) (X-Xn)/

[(Xi -~ Xo) -+ (¥1 - X1-1) (Xi-Xi41)- -+ (X1 -~ Xn) ]




and v{(Xk) is the value of Y at time X.

for 1 = -1, 0, and +1 this becomes

LD (E = (X + 0% (X - 1)/ [(—1-0)*<~1-1>]

= &0 !
LE® = G+ DHE-D/ [ Or* oD ] ﬁ
= (X% -n* 1 :’!
L) (R) =  (R+LY* (X+0) / [(1+1)*(1—0)] 1
= (x40)/2 ]
Y@ = XZR(Y(-1)/2 - ¥(0) + Y(1)/2 :

+

XK*(-¥(-1)/2 + Y(1)/2)

e £5

Y (0)

This formula is then used to obtain an iunterpolated value of Y

L S,

between X = 0 and X = 1.

The fixed time system was chosen to simplify the calculations,

e

5.4.2 Asgsumptions

The Lagrange interpoclation technique has limitations when applied
to rapidly changing functions, in that it tends to produce overshoot.
Since there 18 no pre-determined functlon that can be used and the
interpolation is always using the last piece of data, any interpolation
routine be it first, second or third order will suffer from some deflciencies.
Hence the choice of technique has to be based on the advantages and

disadvantages of each method.

B, 5.4-2 '
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5.4.3 Computation

The function subroutine uses the entriles to initialize and update
the data, to aveld time consuming tects in the rumnirng portion of the
program. The initializatioa section under ENTRY CHARIN is called from
the 2000 section of the calling subroutine. The CUCD( ) array is
initialized to the steady value of the line characteristic and the line
number is stored in the NCUCD( ) array. It will be ~ve if its the
upstream end of the line. The number of connections for each component
is passed to the subroutine via the commow variable INX. The address
of the first line conmnection is returned to the subroutine by the value
of CHAR, which 1s then converted to an integer address in the calling
program.

5.4.4 Approximations

Not applicable.
5.4.5 Limitatlons

The Lagrange interpolation technique does not produce a smooth curve
from one time interval to the next, however the typical characteristic data
form a relatively smooth curve so the interpolation error i1s not very
great.

5.4.6 Variable Names

Name Description Dimension
CHAR Valve returned to calling routine PSI

or integer address

cucn( ) Array of characteristic values and
formula for interpolation

I DO loop counter

N Line number 4ve or -ve




Name Description Dimension

NCUCD Storage for N values
N1 Rotating addresses
N2 Rotating addresses
N3 Rotating addresses
N4 Rotating addresses

TIM No. dimensional time




5.4.7 Subroutine Listing

Chrk

309

FUNCTION CHAR (J,TI4E)

REVISED AUGUST 5,1075 **xx

COAuOV/bUB/PARu(lRO 9),2i(1509),0Q0(1500),0(300),2(3n0),C(300)
1,2(309),RHO(20),520RHG(20),VISC(20),BULK(20),TExP(20),PVAP(20)

2,ATPRES, T, DELT, TFINAL, PLTDLL, PI, TITLE(20) ,LEGH, ICON
3,%T=uP(9%9),LSTART(150) ,HLPT(150),LTYPL(99),AC(99),IN%, Il
4,10V, ISTEP,NLINE, HEL, IND, IhJ"R,uuLINL,udLL,.NLbu,xN\ODb,d\RLOL
S,HNLPTS,dDb

DI.iLNSION CUCD(4,929),NCUCD(99)
COunLON /CO11PD/D(4500),L(1500),LE(29,4)
DATA I,N1,N2,N3,N4/1,1,2,3,4/

DATY NuUCU(l)/l/
TIvi=1.0-(T-TI:E)/DELT
CBAR=CUCN({2,7)+CUCD( 4, T) *TIA+CUCO(R3, J)*mI”**Z
RLTURN
ENTRY CHARQP
IF(I.ECQ.1) RLTIRH
i14=13
.k]3=;-]2
i12=41
H1=i149
no 399 I=1,%CDH
W=7 CO(T1)

CiCiu(wl,I)=C(x)
CUCK(4,I)=CiCO(wW1,1)/2-ClICNH(33,1)/2
CUCO(¥3,I)=CUCD(N1,I)/2-CUCC(HZ,I)+CUCD(N3,I)/2
COI“PIN'

CIAR=UCHD+, 91

RETHRN

LWTRY CHARIN

CHAR=I+.0N1

Do 20 X=1,1T3X

N=L(LL(J,4)+X-1)

JUcCnN(l1,1)=C(N)

CnCo(2,I)=C(1)

CUCD(3,1)=C(N)

NCUCH(I)=1

1CH=1

I=I+1

CONTINIC

QLTURH

END
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6.0 COMPONENT SUBROUTINES

The components modeled vary froem the simple restrictor to a very fast
regponse pump., Each model is broken down into its most basic equations of
motion and flow, the gum total of all these equations can be very cowplex,

but individually they are usually simple.

i New subroutines can be added without difficulty and, if the compurter
system can tolerate unsatisfied extemal references that are not called
during execution then component subroutines not in use, can be omitted from
the input deck or file when not required.

In working with the program it 1s necessary to get a good grasp of the
fundamentals involved in the simulation, even the most carefully checked

routine can have traps built in which are not always fouud until the output

i
i
!
|
|

data is carefully examined by someone who khows what it should loock like.

—— — .
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6.1 SUBROUTINE COMP

Subroutine COME which is called by HYTR, reade -nd prints all component
input data, sorts out connection data for all componen: 8, and calls each
individual component in the order in which it was input
6.1.1 Math Model

Not applicable.

6.1.2 Assumptions

Not applicable.

6.1.3 Computation Methods

Section 1000

A cowmponent Integer card is read and its data is printed. Connection
data for the component is sorted out and stored. The real data cards for
the couwponent are then read and printed, if any exists. WNext, the addresses
of the component's real data, temporary, double precision and integer variables
are established. Finally, the individual component subroutine is called
passing as arguments its starting address in the real data, temporary,
double precision and integer arrays. This process 1g repeated until all

input components have been called.

Section 2000

This section consists of a DO loop that ranges from 1 to the
number of input components, Within the loop a componeint group type is
isolated by taking its type number, dividing by 10 and forcing truncation |
(due to the use of integers). This truncated value is then nsed in a computed
G0 TO statement to direct control to a statement or section that calls
the specific component. 1f there is more than one component of that group
type, specific component isolation is accomplished by subtracting the group

component type number from the individual component type number and using the




resulting value in a computed GO TO statement. This GC TO statement
then directs control to a statement that calls the component. COMP
isolates and calls each component in a simple and straightforward
manner aiding in the running of the overall program since every
component has to be called each time step in the transient calculatiouns.

6.1.4 Approximations

Not applicable.
6.1.5 Limitations

Not applicable.

6.1-2
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6.1,6 Variable Names

Variable Description Units

I Counter
J Counter
KK Dummy Variable for L& :
KTYPE Dummy Variable for LTYPE( ) ?
LDATAC Number of Element Real Data Cards d
L1 Data value 1
L4 Data value 1 ;
N Counter
NCI Number of Last Actilve Connection ;
NDATAC . LDATAC/1000 ;
NLIM " Nuuber of Real Data Fields :
NN Dummy Variable Representing Maximum Number

of Component Connections
NTYPE Croup Type Number
NX Data Value 2
N1 Dummy Variable Representing Max Number of

Real Data Fields for a Given Component
N2 Dumany Variable Representing Max Number of

Temporary Variableg for a Given Compounent
N3 Dummy Variable Repregenting Max Number of

Double Precisioun Variables for a Given

Component
N4 Dummy Variable Representing Max Number of

Integer Variables for a Given Component

6.1-3



6.1.7 Subroutine Listing

. SUBROUTINE COMP
C *** REVISED AUGUST 5, 1975 **%

DOU3LE PRECISION DD .

COriON WTeLPL, W IMOLPL,IPL,IPOINT,NPCS, INEL, KiEL, ITOPL,ALPLI(61,3),.
1 2R2LEG(39, 12),ND(1)0 10)

COvisiON/3U3/PARN(150,9),P:(1509), Ou(ISOO) P(300),7(300),C(300)
1,72(3900),Ru0(29),520Ri10(29),VISC(20),BULK(20), TbJ‘(’O),?VAP(20)
Z,ATPRSS,;,DLLL TFINAL, PLTOEL, PI,TITLE(20),LEGN, ICON
3,XTh«P(99), LQTART(ISO) NLPT(150), LL{PL(QQ),NC(QQ) TdX, INZ
A, I3V, I5TeP,MLINL, RELL, Ii\.b,IPh y INLINE , ANEL, WHLEG,, MANGDE , 13 PLOT
DIAIJLPL)' 15

COuDN/CoNPY/T(4500) ,L(1599),LE(93,4)

DISENSION DO(1499),Lr(19,15¢),LC(1)

L”UIVAL ENCE (L(L1),LT(1,1)),(D(1),DD(1)),(C(1),LT(1))

DATA L1,L4,w¢/1,1,2

kD=1

IS(IENTR) 1299,29007,2009

1700 CCatINUL
N3 17011 1I=1,190
o 1902 J=1,159
1902 NI, 1)=LT(I,T1)
1901 CO-TISUE
1103 COITINUE

I~T

HCI=N .
z THIS Ruad SOATEAeNT INPITS DHL PULLOGING DATA
C I =THDIVIDUATL COaPIdbNT WULRBER
C LTE2E =COi 200 e YR

READ(5,170) 1, LFYUL(I),LDAlAC (L(LA-143),7=1,12),XTraP(1)
WPITL(S ,'J']')) I,I,00Y2u(1),LRATAC, (L(LA-1+40),T=1,12),YTLaP(I)
JUATAC=LOATAC/10ND
LOATAC= LDA;AC-HﬂATAC*lQﬂQ
IF(RTraP(I))11,12,13

11 ".Trl“P(I)=IQ" \.l'_uuL(I)
30 3 13

12 l\.l.“ lD( ) 1

13 ’ le\rJh
\T]'\ LOATAC* 3
Chx* DATAC LQUALS THE NUA43eR OF ELbAaL T RULATL PATA CARDS

KTYPE=LTV°'(1)
MC(I)=mD(XRTYFPL,7)
IF(IC(I).ED.0) 30 ') 7
" '=L4

NA=ELA+LC(I) -]

D:'J 4 'T="'\ \"1\’

IF(L()) 1,

1 L(N)==L(N)*
LC(L() )=
WCI=HNCTI+.
1o I U0 I

2 L) =nilIAn*2=-n(XTYen, )

2
r -7
2=

3
1

60 1_4
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6.1.7» (Continued)

GO TO 4
3 L(N)=L(N)*2
LC(L(N))=0
NCI=NCI+1
CONTINUE
IF(L(WNN) LT« iNLINE*2-1) GO TO 6
NC(I)=NC(I1)-1
NMN=f{iN=1
37 TO 5
5 COYTINUE
IH.. "'L\'CI
IF(NCI . NL.NWC(I).AND.ND(KTYPE,1D) ,NE, 0)u0 T3 420
fF(JC(I) LT.MD(KTYPE,S8)) NC(I)=ND(XTYPE,R)
7 N1=MD(KTYDE,1)
N2=1D(KTY?L, 2)
N3=D(KTYPE, 3)
=ND(HTY?LE, 4)
IF(MLIG.EDQ.0) GO 70 15
READ(5,459) (D(L14N=-1),uW=1,HNLIs)
IF(IND.RELI) GO TD 410

U o

'\'I=L1
DO 19 KX=1,LDRATAC
SRITE(AR, 510)" (D Hti+i=1),  2)

NN=114413
10 CONTIAURE
15 INX=0
IF (NCATAC.ULW.D)Y 30 00 2D
IF (LDATAC,GU,ND(RTYPL,A)) wNl=NLIsH
LE(TI,1)=L1
LE(I,2)=L1+:l
GO T9 30
29 CONTINUE
LE(I,1)=LE(NDRTAC,1)
LE(I,?2)=L1
INX=1
30 TF(NX*N3.,LE. 1) Fﬁ TO 40
Li(I,3)=(LL(I,2)+82+3)/2
L1=(LE(I,3)+N3)*2+]
30 TGO 50
49 LE(I,3)=LR(I,2)+52)
Ll=Lr.(I,3)+;.‘]3 ,
50 LE(I,4)=L4 1
LA=L4+i4
EHTRY C0«iPC
2000 COATIANUE
TTYPL=LTYPL (IND)
NTYPL =XTYPL/1)
N1l=L&(InD,1)
12=LE(IND,2)
N3=LE(IND,3)

— 6- 1-5



6.1.7 (Continued)

C 360
210

220

I\’
9
[

W4=LE(IND,4)

GG 1D (219,220, 233 24n,250,250,275,280,2%0,3090) ,%

GO TD 409
CORTINYE
CALL BRANI1 (D(11),D(u2),D0(N3),L(N4))
GO TO 409
CONTINUL
KTYPE=RTY?2L~-20
GO TD (221,222,223,224),K{YPE
CALL VALV?21 (D(W1l),n(2),DD(N3),L(N4))
S0 TO 400
CARLL VATLV22 (D(WR1),D{WN2),DD(H3),L(14))
GO TO 490
CALL VALV2I(D(N1),D(N2),00(uN3),L(R4))
30 TO 400
CALL VALV24(D(HN1),2(x2),20(N3),L(H4))
0 TH 400
CoONTINUE
XTYPL=RTYPL=-31

G0 TO (231,232,233,234),KT7YPE

CALL CvaL3ll (u(ﬂl),:( 2),ON(R2Y,L{4))
GO T 400
CALL CREL3I2 (D(N1),0(w2),D0(N3),L(%d))
G0 T2 4nn
CALL CVALIZ(2(=11),D(=2),00(xN2), L))
50T 400

TALL CVALIA(D(A1) ,0:32),00(33),L(MNd))
0O A0

Y CORVIANIE

CALT Rl;‘“"l (2CA1),2(572),2%(53) , L(H4AY))
GO PO 400
CONTIUL

NTYPE=RTY2L-59
G TG (231,252,253,254,4900) ,WTYPRL
CALL 0U5PS1 (D(11),7(72),55(¢3),L(131))

SGOTO 490
CALL BJuio52 (T(a1),2(W72),00(H3),L(xa))
536G 00 400
CALTL, PULPE3 (D(21),0D(H2),20(63),L(N4))
30 TS 4an
CALL PURPHA (D(1R1),0(?),D0(w3),L(:14))
3 TN 49C

0 CONTINIL

TPYPL=RTY PL=50

59 10 (261,2672,253), VTYRL

CALL TaVRGL (2(a1),D(42),93(.13),L(44))
30 PO 400

CALT, RSVAG2 (D(H1),n(412),0n(83),L(14))
S0 TO 400 |

CALL RBVRGEY (D(il),T(:2),505(83), Lx4))

6.1-6
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6.1.7. (Continued)

GO TD 40n
270 RTYPE=KTYPL=-70
GO0 TO (271,272,4N00) ,KTYPL
271 CALL ACUNT1 (D(N1),D(N2),DD(N3),L(nN4))
GO TO 400
272 CALL ACUM72 (N(d1),D(W2),DD(N3),L(i94))
SO TO 400
280 CONTIHUL
KTYPL=XTYPE-30
50 TO (28L,282,2%3,400) ,KTYPL
291 CALL FILT31 (D(W1),D(N82),DD(N3),0L{(iH4))
GO TO 400
292 CALL FILTA2 (D(N1),D(N2),0N(N3),L(%N4))
30 TC 400
283 CALL FILT83(D(N1),D(N2),0DD(N3),L(44))
30 TO 400
299 CONTINDEL
XTYPE=KTYPLE=01
80 TO (291,292,203,294,295,296,297,293,292),KIYPLG
291 CALL TESTO1 (D(W1),D(N2),00(N23),L(R4))
C291 <CONTINUE
G2 't 400
292 CALL CAD92 ((wWl1),D(u2),DD(13),L(N4))
30 D 465 '
203 CALL CAD93 (D(FY),D(R2),n0(N3),0(34))
30 TO 400 .
204 CONTINUL
GO ™D 4090
295  CALL APU9S(D(1),D(wW2),DD(i3),L(N4))
30 TH 4D0
296 30 TO 400
297 30 TO 400
202 CALL CADIS(D(N1),D(w2),Du(N3),L(N4))
SO T 4090
209  CALL CALR29(D(N1),D(N2),DD(83),L(x84))
GO TQ 490
300 COSTINUL
RIVPL=RLYPL-100 .
— GO 0 (301,302,293,2304,305,306,307,400), X0V 2L
301 CALL ASTLIOL (0D(A1),3(12),02(:43),L(5H4))
SO TO 4n0
3N2 CALL ACTIN2 (D(#1),D{(N2),DD(N23),L(14))
30 TO 400
303 CALL ACTIA3 (O(til),D(«2),00(W3),L(K4))
GO TO O A00
IN4  CRALL ACT1N4 (D(wl),D(HN2),D5(R3),L(x4))
30 'TO 400 '
305  CALL ACT105 (N(H1),0(d2),00(#3),0{n4))
60 IO 400
306 CALL ACTING (D(H1),D(W2),D5(w3),L{wd))

€T 83535 e+
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6.1.7 (Continued)

307
400

410
999

420
190

1749
1.0
450
500
510

GO 7O 400

CALL ACTIO7 (D(l),D(N2),n(t13),L(N4))

CONTINUE

IF(INLEL.NE,N.OR, TND,GELNEL) RETOURH

TaN=IuNN+]

IF(IEATR) 1003,2009,20909

WRITE (6,130)

WRITEL(G6,799)

FPORANT(1IX,3YAPROGRAM S5TOP I SUBROUTINRG COaR)

3102 6901

VIRITE(S,190)IND

FORUGAT(SX, 42i1THERE ARE #ISSIHNG CONNECTIONS IN COu? N0
WRITE(6,969)

STGP 6001

FORAAT (1515)

FORAAT ( 354 ToIE eLLaEJT CARDS ARL OUYT OF ORDER )
FOALAT (85E17.0)

FORGAT(1430,5X,481RC0:P%,15, 2%, 1208 I TuGER DATA, 2%, 1515,)
PORAAT(/,5%, LAHRRAL DATA CARD 4 ,I5,2%,8E17,4)

LD

w fg‘.{f‘:r\ r
UL \;gx ! )
Ly

f

6. 1-8 . o L I
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6,11 SUBROUTINE BRAN11

The branch subroutine describes a simple lossless junction in the
system, which can have any of the configurations shown in Figure 6.il-1.
The program is generalized so that th.ce can be any cowbination

of upstream and downstream connections.

—— T AT G TR ovdncid vty i _dmm’f © Lo 88
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FIGURE 6.11-1
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6.11.1 Math Model

Starting with the basic line equations
P+ 2(I) x Q(I) ~C(¥) =0 . 1)
where C(1) is the Ith line characteristic
Z(I) 1is the line characteristic
and Q(I) is the flow out of the line into the branch junction (positive
flow is8 into the junction) .

Rearrunging (1) we get

Q(I) = PX/Z(I) + C(1)/z(1) ()
If ZQ(I) = 0 (3)
I=1,N,
1 PX*Zl/zm -Zc(n/zm %)
u I‘l, N .

! Let DT(B)Zl/Z(I) ()

. I=1, N
CN = c(I)/z(m) (6)

25
PX = CN/DT(3) N

which is the solution for the pressure at the flow junction.

B s el Y P

i Q1) = (C(I)- PX/Z(1) (8)

for cavitation conditions

If (PX.LT.PVAP) or IF (DT(VCAV)GT.O) PX = PVAP
Q1) = (C(1) — PVAP)/Z(D) 7
QNEW = Net flow away from the junction
DT(VCAV) = D(VCAV) - QuEW

DT(QCAV) = QNEW




6.11.2 Assumptions

The math model does not incorporate any of the losses which normally occur
at junctions which have changes in diameter, flow direction, or flow division.

Line losses due to steady state friction are incorporated inte the values
of C(I) but are not corrected for the average flow in that line segment. This
will tend to give rise to inaccurate pressure losses during flow acceleration,
but under steady or pseudo steady conditions there will be no error.

6,11.3 Computation Method

Section 1000
This section calculates the variable D(3) for each comnection.

Section 2000

Section 2000 initializes DT(VCAV) and DT(QCAV) to zero.
Section 3000
This section retrieves values for Z(I) @ C(1), and sums C(I)/Z{1).
From this PX 1is calculated and then the pressures and flows are returned to
the line ends in P(1) and Q(I) if the pressure is greater than the vapor
pressure or if there is no cavitation bubble present signified by DT(VCAV)=0.0,
If cavitation condition exists, the flows are calculated using PVAP
at the junction instead of PX. The net flow at the junction, QNEW is then ;

calculated and added to the old cavity volume DT(VCAV). !

The values of DT{QCAV) and DT(VCAV) are stored for use next time !1
s and the cavitation model will continue to control the pressure at -he junc- 1
tion until the pressure rises again and a series of negative QNEWS refill

the cavity, and then the simulation returns to normal.

6.11.4 Approximations f

The oaly computation approximation is the use of pseude Z and C for

an unassigned connection # which is less than the number of connections to




the branch such as blanked off connection will be most unusual in practice
and the error will not be noticed.
6.11.5 Limitations

The limitations of this subroutine are due to the pressure drop errors.
It is recommended that a series of special type branch subroutines be added
su that these losses can be taken into account. This particular subroutine
being fast and simple and should be kept until the other subroutines are addeds
Additional losses can be simulated by adding a pseudo 90 degree elbow or bend,
to the appropriate line.

6.11.6 Variable Names

NAME DESCRIPTION DIMENSIONS
CN Temporary Variable gIS
1 Integer Counter
N Integer Counter
NC1 Number of Line Connections
PX Branch Pressure PSI
DT (QCAV) Previous cavity flow CIS
QNEW Net cavity flow toward
the junction CI1s
DT (VCAV) Cavity Volume IN**3

For variables in common reter to Para. 3.3.

6 114




6.11.7 Subrourtine Listing

SU3ROUITINE B3RAN1Y (D,DT,DD,L)

T k%% REVISED AUGUST 5, 1975 *%#*

1000

1301
1509

2009

3997

DOUBLE PRECISION DD
DI#ENSION D(1),D0(3),0D(1),L(1)

COWHON HTELPL,WTOLPL,IPT, IPOINT,NPTS, INEL, KHLEL, NTOPL, HLELT(61,3),
1 POLEGC(90,1?)

”OnJON/aUu/?AR'(lSO 9), vn(1>00),Qu(150n),P(300) n(300),C(300)

72(300), PHO(Z“),070P10(70) VISC(20),30L1(20),TE4P(20), PV\B(ZO)

2 GATPRES,T,DELT, TRINAL, PLTDEL, PI,TITLE(20),LELGH, ICON
3,XTEGP(99) , LSTART(150) ,NLPT(150) , LTYPE(99) ,NC(99), INX, IAZ
4, INV,ISTEP, dLIAE,NEL, IND, Ilwim,ANLI«L,“JLL,HJLFC,U.mouu,ﬁanOT
3, 4NLPTS, 4NS

INTEGLR VCAV,NCAV

DATA V\.;V, ,\,A‘]/l, 2/

IF(IKNTR)190D,2000,3009

CONPINUE

IF(IHEL.NL.D) GO T2 15909

DT(3)=0.0

DT({VCAV)=0,9

NCI=HNC(IND)

ng 1901 I=1,HCI

IT()=DT(3)+1.0/2(L(I))

BT

T (VCAV)=DPALES(INEL, 11)

RETIL

T(VCAV)Y=9,0

DT(NCIW)=0,0 .

RETURH

GCI=AC(I%D)

Tw=d,n

N9 3119 I=1,%CI

=C(L(I))/2(L(I))+CH
COMTIHIL
PX=C:1/DT(3)

CHECK T Lok, IF 23 I L VAP Ok N 3U2ELL IS PRESENED
IP (PR LT.PVAD(RTAEGP(INDS))OR,ODV(VCAV) (GLe2eD) 50 2D 3023

oD 3020 I=1,%CI

2(L(I))=02¥
ML(I))=(T(L(I))=-2X)/2(L(1))
RN

AT TR Y)Y

nd 3030 I=1,4CI
P(L(I))=PVAR(X{LP(IND))
AULITY)=(C(L(I))=DVAP(KTra®(Ing)))/2(L(I))
ANEWEMIE A+ I(L(I))

CALCOLATE TilL 3U33Le $12c
D(VCAV)=DT(VCAY) =Ntk
TR(DT(VCAYV) . LT.N. ﬁ))”(VCAV)=0.0
DTINCAV) =00V

RLTIRA

Bt AVALBLE COPY

3 6. 11-5 .



6.21 SUBROUTINE VALV21

VALV21 simulates a simple two-way valve, witk an input valve position

time history. Its main purpose is in simulations associated with test rigs
where a fast or slow, opening or closing valve is used to generate system
transients. It can be used to simulate directly operated solenoid valves,

or balanced poppet valves, but not those which have displacement characterigtics

such as two stage sclenoid valves and unbalanced poppet valves,

A typical valve is shown in Figure 6,21-~1.

+ ve Displacement

“--Conneciion No. 2

Connection No. i

GPF 79 00%9 1%

i FIGURE 6.21-1
TYPE NO. 21 TWO-WAY VALVE




6.21.1 Math Model
g The basic equation for flow through an orifice
1/2
Q= AREA % cda % (2%(P1-P2)/RHO) 1)

where AREA = area of the valve orifice inz
Cdevalve discharge coefficient

RHO = fluid density lbs sec/in’
Q = flow in CIS

Pl = dinlet pressure PSI

P2 = outlet pressure PSI

From the line equations
Pl = -2,Q,+ C; )

P2 = Z.Q.+ C (3)

20t G

using a +ve flow convention from 1 to 2

where Cl = Con #1 line characteristic
and Z1 = Con #1 line characteristic impedance

Assuming no flow loss,

Qan-QZ . (4)
Substituting 2 and 3 in 1 we get
2
Q" = VFAC(—ZlQl + C1 - 22Q2 - 62) (5)

where VFAC = (AREA * Cd)2 * 2/RHO . i

Equating the flows we get

Q%+ QX(Zp* Z,) *WFAC = (C] = Co)*VFAC = O (6)

Q%+ Q*EB +vg = O ) |
where

VB = (z; + Z,) x VFAC (8a)

VC = (c2 - cl) x VFAC . (8b)




The rescrictions on the solution are

when Vc = 0 Q=29

which gives

Q = (-VB + (VB**2_4%yC)** 5)/2

6.21.2 Assumptions

The math model assumes a square law characteristic and a constant discharge
coefficient for the complete flow range, which in practice is not correct.
At very low flows the pressure drop tends toward & linear characteristic,
and the discharge coefficient varies.

In addition, most valves have inlet and outlet passages and fittings
which add to the pressure drop and hence modify its overall characteristics.
These can of course be lumped together to obtain an approximate overall
square law but the resulting characteristic would not fit very well over
the complete range of flows and valve openings.

Tc avold these errors a more complex math model is required, and this
should be iwplemented in another subroutine.

6.21.3 Computation Method

A call to INTERP is made to derive the valve opening from the input
data which includes a table of valve pusitions versug time., A first order
interpolation ig used in this derivation, second or higher order interpolations
will cause unintended valve motion.

Once the valve opening 1s established, the valve area is calculated,

and then the flow.




Since this is a direct calculation there is no difference between
the math model and the calculation technique until very small valve
openings are reached. To avoid division by zero, valve openings of less
than 0.00001 are ignored and the flow is assumed to be zero.
6.21.4 Assumptions - To be added later.
6.21.5 Limitations

The computation is limited to a linear valve area versus position
relationghip. This apparent limitation can be overcome by imputting a non-
linear valve position versus time relationship which can produce any desired
area versus time.

The concgtant discharge coefficient is also a limitation but since
the changes in discharge coefficients depend on the particular valve configura-
tion; this limitation is not easily overcome.

If the valve slot wildth and discharge coefficient are input as
1.0 then the valve position table becomes a table of the product of valve
area, times the discharge coefficient, versus time.

The combined effects of area and discharge coefficient can then be

inputted, but this will still leave out the effects of changes 1in the

orifice characteristic with differential pressure.

- v .
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6.21,6 Variable Names

NAME

AREA
CONST
DELTP
DIFF
10D
Ll

L2
QX
SGN
VALY
VFAC
VYMAG

DESCRIPTION

§5. VALVE AREA

5S. VALVE CONSTANT

$S8. VALVE PRESSURE DROP
CHARACTERISTIC DIFFERENCE
ERROR INDICATOR

DIMMY VARIABLE

DUMMY VARIABLE

VALVE FLOW

SIGN OF FLOW

VALVE POSITION

VALVE FLOW CONSTANT
ABSOLUTE VALUE VALVE POSITION

FOR VARIABLES IN COMMON REFER TO PARA. 3.3

6.21-5

DIMENSION

IN*%*2
PSI/CIS**2
PSI

PSI

CIS

IN
PST/CIS**2
IN

R i, s PP
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6.21.7 Subroutine Listing

C *hk

1000

1100

Ch*x*

1500

2000

3000

SUBROYUTINE vALV21 (D,DT,DD,L)

REVISED AUGUST 5, 1975 **¥*

DOUBLE PRECISION DD

COMMON NTELPL,NTOLPL,IPT,IPOINT,NPTS,INEL,KNEL,NTOPL,NLPLT(61,3),
1 PQLEG(90,12),LCS(90,10),ILEG(1400),PN(90),0N(90)

DIMENSION D(24),DT(2),DD(1l),L(5)

COMMON/SUS/PARM(150,9) ,PIi(1500),0M(1500),P(300),0Q(300),C(300)
1,2(300),RHO(20),S20RHO( 20),VISC(20),BULK(20),TEM®(20),PVAP(20)
2,ATPRES,T,DELT, TFINAL, PLTDEL,PI,TITLE(20),LEGN, ICON
3,KTEMP(99),LSTART(150) ,NLPT(150) ,LTYPE(S99),NC(99),INX,INZ
4,INV,ISTEP,NLINE,NEL, IND, IENTR, MNLINE, MNEL, MiNLEG, MNNODE, MNPLOT
5,MNLPTS, MDS

IF (IENTR) 1000,2000,3000
CONTINUE

IF(INEL.NE.0) GO TO 1500

L(3)=9

L(4)=9+(L(11)+7)/8*3

D(3)=(D(1)*D(2))**2*2/RHO(KTLP(IND))

L(5)=L(11)

D(4)=(2(L(1))+2(L(2)))/2.

D(5)=1.0/D(4)**2

VALY=D(L(4))

IF(VALY.EQ.0.0)GO TO 1100
DT(1)=RHO(KTEMP(IND))/(2.*(D(1)*VALY*D(2))**2)

DT(2)=0.0
" RETURN

DT(1)=0.0

DT(2)=10.E5

RETURN

STEADY STATE SECTION ****

PQLEG(INEL,8)=PQLEG(INEL,8)+DT(1)
0X=PQLEG(INEL, 1)

PQLEG( INEL,6)=PQLEG(INEL,6)+DT(2)
POLEG(INEL,11)=PQLEG(INEL,11)-(POLEG(INEL, 2)*QX*(DT(2)+QX*DT(1)))
RETURN

CONTINUE

DT(1)=0.0

DT(2)=0.9

RETURN

CONTINUE

L1=L{1)

L2=L(2)

CALL INTERP (T,D(L(3)),D(L(4)),10,L(5),VALY,IOD)
VYMAG= ABS(VALY)

DIFF=C(L1)-C(L2)

IF(DT(1)+DdT(2).GT.0,0)GO TO 3300
IF(VY4AG.LT.0,00001) GO IO 3100

VFAC=D(3) *VALY**2

6 . 21-6
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6.21.7 (Continued)

3100

3200

3210

3220

3230
3300

3400

3500

3600
3700
3750

3800

QX=SIGN(VFAC*D(4)*(SQRT(1+ABS(DIFF)/VFAC*D(5))~-1),DIFF)
P(L1)=C(L1)-Z(L1)*QX
P(L2)=C(L2)=-2(L2)*(-QX)

Q(L1)=QX

Q(L2)=-0X

GO TO 3210

CONTINUE

P(L1)=C(L1)

P(L2)=C(L2)

0(Ll1l)=0.0

Q(L2)=0.0
IF(P(L1l).GE.PVAP(KTEM4P(IND)).AND,P(L2).GE. PVAP(KTENP(IND)))RETURN
IF(P(L1).LT.PVAP(KTEWMP{IND)).AND.P(L2).LT. PVAP(KTENP(IND)))
+ GO TO 3230

IF(P(L1).LT.PVAP(KTEMP(IND)))GO TO 3220
P2=PVAP(KTE:P(IND))

Z2T=2(L1)

P1=C(L1)

IF(C(L1).GT.PVAP(KTEAP(IND)))GO TO 3500
P1=PVAP(KTEMP(IND))

GO TO 3600

P1=PVAP(KTE/iP(IND))

2T=2(L2) ‘

P2=C(L2)

IF(C(L2).GT. PVAP(KTEMP(IND)))GO TO 3500
P2=PVAP(KTEAP(IND))

GO TO 3600

IF(P(L1)-P(L2))3210,3400,3220

IF(DT(1) «GT.0.0.AND.DT(2).GT.0.90)30 TO 3400
IF(DT(1).GT.0.0)GO TO 3220

GO TO 3210

P1=PVAP{KTEYP(IND))

P2=PVAP(KTEWP(IND))

GO TO 3600

IF(VY4AG.LT..00001)GO TO 3600
VFAC=D(3)*VALY**2
QV=VFAC*2T/2.0*(SQRT(1.0+4,0*ABS(P1-P2)/(VFAC*2T**2))-1.0)
QV=SIGN(QV,P1-P2)
IF(P1.GT.PVAP(KTEHP(IND)))GO TO 3700

GO TO 3300

Qv=0.0

GO TO 3750

P(L1)=C(L1)-QV*Z(Ll)

Q(L1)=QV

N(L2)=(C(L2)~P2)/Z(L2)

P(L2)=P2

DT(2)=DT(2)-QV-Q(L2)

IF(QV.EQ.0.0)GO TO 385

RETURN :

P(L2)=C(L2)-QV*Z(L2)

o 8:21-7 L —
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6.21.7 (Continued)

Q(L2)=QV
3850 Q(L1)=(C(L1)-P1)/2(L1)
- P(L1)=P1
DT(1)=DT(1)+QV-Q(L1)
RETURN
END



6.22 SUBRCUTINE VALV22

Subroutine VALV22 describes a genmeralized four-way valve which
can be a segment of a servo actuator (connected to it by lines) or
control any servo or utility type function.

The valve position 18 derived from ioput data, tabulated versus
time. The actual position is obtained using linear interpolation between
the neareat two data inputs.

The valve orifice areas are derived uging a variable law which
can effectively describe leakage, open center, underlap and overlap
conditions, with various pressure gains.

The valve calculations are treated somewhat differently to
other components. Pressures at the valve ports are obtained using
a matrix technique with a iterative solution. This method can easily
be extended to Include other flow paths such as the flrst stage flow
for an electro-hydraulic servu valve.

VALV22 will also be expanded in the future to include the effects
cavitation at all four ports, since fast openings or closing valves
are a common source of cavitation at returu and load ports, and even
at the supply port under high flow, low pressure conditions.

6.22.1 Math Model

CALCULATION OF ORIFICE AREAS

Spool and sleeve type servo valves can have a variety of orifice
configurations, the commonest of which are round holes and square or
rectangular slots.

“Becauge of radial clearances between the spool and sleeve, there

is usually a leakage flow when the orifice is completely covered.




This leakage tends to round the ends of what would otherwise be a linear
flow versus spool position characteristic. In order to simplify the
flow calculations, we have assumed that the valve area is an equivalent
area which allows the orifice equations to be used at all times.
The orifice equation
Q = AREA*CA*SQRT (2% (P1-P2) /RHO) * SIGN (P1-P2)

i used in the fcrm

QNEW = VA (TI)*SQRABS(CALC2(I)-CALC2(N5))

where VA(I) = AREA*Cd*SQRT{(2/RHO) * X

and CALC2( ) are the pressures at the valve connections.

To obtain the valve area, for a given valve position, a characteristic
curve is generated based on the projected cut-off position, the projected
max open position and the max valve area.

The maximum valve area is cowmbined with the discharge coefficient
and the SQRT(2/RHC) to give an orifice resistance. The formula used
to generate the characteristic curve is

X = (.54 XT/(1l + ABS(KTk2)**Y)*k(1/Y)

where 04X £1.0 for all values of XT.

when Y is large 1e 64, the characteristic curve is almost a
stralght line between projected cut-off and projecied maximum opening.

Family of curves for different values of Y is shown in Figure 6.22-3

(s : 6.22-2
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TYPE NO. 22 FOUR-WAY VALVE
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FIGURE 6.22.2
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CALCULATION OF PORT PRESSURES

A pseuedo linear admittance G(I) for each valve port is calculated from
the pressure across the port and the flow through it.

G(I) = DELTAP/Q(I)
with all the valve admittances evaluated, the circuit shown in Figure §,22-3
is solved using a matrix method to obtain the pressures at P{I).

The calculated pressures are then used to obtain updated values of Q(I)
and the iteration is repeated until the changes in flows bacomes negligible,
6,22,2 Assumptions

The technique used to solve the group of equations does not have any
significant problems but may have some stability problems when the cavitacion
model is added.

The pseudo linearization of the orifice coefficients is valid since it
is updated by the latest flow guess.,

6.22.3 Jorputatiors
1000 Section

A test 1s made to determine if a port is not dimensioned, which
can happen 1if 1t is a 3-way or 2-way valve. 1If the area is zero or XT
is zero, XT is set to .0001 to prevent the computation blowing up when XT

is used in the denominator.
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1500 SECTION

The steady state section 1s straight forward, the valve impedance is
added to the leg PQLEG (INEL,8) for each call to a particular comnection, and
the pressure drop acro:ns the particular valve pert 1s subtracted from PQLEG
(INEL, 11).
Note: When some parts are closed during steady state, it 1s not essential to
have them in a leg as an element. lf>the connection is not called it will
only add a small transient flow when the transient section 1is started.
3000 SECTION

Figure 6.22-2 shows a simplified flow dlagram of the 3000 section.

The first computation 148 a call to INTERP, to find the valve position.
In the call statement D{L(5)) is the start of the time table,
D(L(6)) is the start of the valve position table and L{(7) is the number
of tabulated values in each of the tables, a first order interpolation
1s used. XV the valve position at time T is returned.
In the next section a DO loop 1s used to calculate XT and the
value of VA( ).
In the next section (NEW, the new flows, are calculated using the

0ld pressures which were loaded into CALC2( ).

Ve The calculated flow is compared with the previcus flow value,

1f the absolute value of the difference exceeds .0l, an error indicator

N is set to 1,

Using an average of the new and old flow, G( ) 1s calculated.

A test is then made for too many iterations or if N = 0, 1if so the
calculation is considered complete. The fteration limit is not normally
needed.

Lf both tests fall, the next section loads the CALCL( ) and CALC2( )

6.22-6 Lﬁ




3000 SECTION $

CALL INTERP TO FIND VALVE POSITION

CALCULATE VALVE PORT COEFFICIENTS,
VA{ ), AND SET GCAV( ) EQUAL TO
ZERO FOR EACH PORT

K = 0

|

CALCULATE LEG ADMITTANCES FOR ,
EACH PORT )

| LOAD CALC1 AND CALC2 ARRAYS |

ICALL SIMULT‘

~ o

N =
K= K+1

FOR EACH PORT,

CALCULATE NEW FLOWS AND AVG
WITH OLD FLOWS. SET N =1

IF THE DIFFERENCE BETWEEN FLOWS
EXCEED ALLOWABLE ERROR. SET
GCAV( ) TO ZERO.

IF CALC2( ).LE.PVAP SET GCAV( )
. |= 10.E10

1
[is N=00ORKD20? —NoO

YES

CALCULATE AND STORE PRESSURES
AND FLOWS AT LINE CONNECTIONS

RETURN

VALV22 rLOW DTAGRAM
FIGURE 6.22-4

6.22-7




arrays and calls SIMULT to obtain new values for the pressures at the valve
ports and restarts the calculation, The last gection stores the flows uand
pregsures at the line junctions betore returning.

6.22.4 Approximations - Not applicable.

6.22.5 Liwmitations

The current limltation of VALV22 is the possible need for a variable

orifice coefficient, particularly in the overlap region.
An undesireable feature is8 the need for up to four nodes at the
Junctions with the lines when all the parts have a significant flow.

The extra four nodes require a significant amount of computation and

extra storage space in the CALCL( ) array of SSDATA.

6.22.6 Vauriable Numes

NAME DESCRIPTION DIMENS1ONS _

CALCLC( ) Solution array

CALC2( } Solution urray i
G() Leg admittances CLS/PST ?
GCAV( ) Pseudo Cavity Impedance ;
I Integer counter '
K Integer counter

LET Data address in PARME

N Integer counier




6.22,6 Variable Names (cont'd)

NAME
N1

N2

N3

N4

N5
PDELTA
QCAV( )
QNEW
VA()
XT

Xv

DESCRIFTION DIMENSIONS

Address variables which are rolled during

calculation

Leg pressure drop PSI
Cavitation flow (not used) (W)

Leg flow CI1s
Valve orifice impedance array cIs/prs1i/2
valve position IN

Temporary variable




6.22.7 Subrcutine Listing

SUIROUTINL VALV22 (0O,0T,NDD,L)
Chrdxd RLVISED AUGUST 5, 1975 *wk*
DOUMLE PRECISION DO

COi 10N NTELPL,NTOLPL,IPT,IPOINT,NPTS,INEL,KNLL,NTOPL,NLPLT(61,3);

1 POLEG(90,12),LCS5(90,10),ILEG(1400),PH(920),00(90)

S0 ON/8 /DAR.(ISO 2),Pi(1590),0:(1500), D(300) 0(309),C(309)
1,2(300),RH0O(20), S’OPHO(ZO) VIoC(ZO) 3ULK(20) TLuP(&O) PV\?(Z?)
Q,ATPRLS,T,DLLT,TFIHAL,?LTDBL,PI,TITLE(ZO),LEGH,ICOS
3, RTELP(29),LSTART(150), “LPT(lSﬂ) L'TY2E(99) ,RC(99),1Ix¥%, Iwu
4,1INV, IoTuP,HLIll,NLu,IHD I NlR,deIil,HNLL,H!LLB,ANJJDh, LT
5,viNLPT3,110S

DIORNSICHN CALC1(4,4),CALC2(4),YA(4),G(4),nCAV(A4),ECAV(4)

DIAENSION D(1),pr(1),0n(1),L(1)

OATA w1,N2,%3,484/1,2,3,4/

DATA C\LC.,JCAV/Q*O 0/

IR(ILNTK)1009,2907,3000

C o*xx INITIALIZE COAPONLNT CONSTANTS
1n09 CORTIAUL

IF (THEL.WLLD) GO T2 1500

LEI=((L(11)+7)/2)*2
L(6)=17+LEI

L{%)=17
CL(7)=L(11)

AVv=2(L(%5))

SUT J2 VALVE COJdSTAN 23 FOR STLADY STATL

OO0

nO 1094 I=1,4

N=4*]-3

BIH+2)=T(2+2) *320RE0( XTEnP(IND) ) *, 65
XT=D(N+1)=D(ix)

D(N)=(0(+)+D(N+1)) /2.,
IF(D(14+2)LL.OJN) O(+2)=.N0001
IF(XT.EQ.N.0) Xi=.9011

D+ =

AT=(XV=-B(W))/D(3+1)

IR(D(rI+2) JEN.N,0)D(i+3)=2,1
DD(I+4)=D(H+2) % 5+ET/ (1 +AVS(X0*2, ) *¥*D(d+3))
1 *¢(1,/D(i+3)))+., 0001

1994 21(1)=9.9
RLTUDRN

la
Cx***3TEADY STANTE SECTION *xk*
C

1500 CrHTINULE
POLLTA=PILEG(IARL, 2) *(POLES(INLL, 1) /DU (XaLL+4) ) **2
PALEG(INLL,11)=P00eG(INED, 1) =200
PALLG(INLL,3)Y =P AL {INEL,B8) 41, 0/T(WiLL+) **2
ﬁ”(”\lr)-D‘L(J(IJLL 1)Y*PALI S(INLL,?2)
LI

BEST AvalliBLE_COPY

. A60 22-,10;,‘,,&&‘. .



6.22.7 (Continued)

C

2009
2002

3100

‘ad
[
[¥))
(=]

% k&
* kk

QOO0

a0
*
*
*

DO 2002 Ia5,8
DT(I)=0.0
RETURN

TRANSIENT CALCULATION SECTION

CONTINUE

TO FIAD VALVE POSITION
yO(L(3)),D(L(6)),1D0,L(7),%V,N)

CALL INT=RP

CALL INTERP(T
VALJLS FOR C AND 7

SLT UP VALVE ARLAS AND GLT

D5 3100 1=1,4

N=A*I-3

XT=(XV=D(N))/D(H+1)

VA(I)=N{N+2)*({ S+XT/ (14225 (XT*2,) **D(d+2))
1 *%(]1,0/D(2+3)))+.00331

SCAV(I)=0.0
COMTINDE
R=M
G0 70 3240
N=1

=41

SET COJRTER FOR 0O LARGL
ARAITTANCES

FLOWH AND
FOR ORIFICILES

CALCULATE XEuw
CALCOLATE VALULS

Dd 3290 I=1,4

N5=I+1

IF(NS.LN.5) 45=1
ONEW=VA(I)*SORA35(CALC2
DT(I)=DT(I)*3+2NLa*,7
IF(ABS(DT(I)=0ONLW) o GT. N INL/(ARS (L) +1.0)) N=1
GCAY(I)=90.0

IF (CALC2(I).LE.P
CONTINYJE

(I)-CALC2(N5))

CHLCX LRRON INDICATOR OR TCO #iAdY TTERATIONS

IT(1.EN,D.0R X, GTe 20) GO IO 3400
PG 3250 I=1,4

’(I)'VA(I)**7/(\" (DT(I)+.03061))
LOAD CALC1 AND 2 ARRAYY

nn 3inn 1=1,4

v (DT(I+4).a1.0.3) S3CAV(IY=19,.3

CALCL(I,N1)Y=1,0/2(0L(I))+3(Nd)+G(N1)+3CAV(I)
CALZ1(I,d2)==-G(N])

6.22-11 =~ e
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6.22.7

3300

AN
*
»
»

3400

* k&

s X2 KL

14580
2
3590

O

(Continued)

CALCl(I,NB)sn.O

CALCl(I.N4)=-G(N4)
CALC2(I)=C(L(I))/2(L(I))+PVAP(KTLAP(I10))*GCAV(I)
W5=N1

31=N2

N2=3

N3I=N4

Na=NH

CONTINUE

CALL SIAULT TO CALCUUATE YALVL PORT POLESIRLES

GO T0 3150
coNTINUL

RETIRY PRESSIRES AdD FLOUS 0 THL LIWE ADRESSED

no 3579 1=1,%

LI=L(I)

P(LI)=CALC2(I)

Q(LI)=(C(LI)-CNLC?(I))/Z(LI)
VAP=9VA?(KTbJP(IQD))
IF(?(LI).GT.VAG.ASU.DT(I+1).LE.0.0) ~o TR 3590
i15=1+1

IF(HS.SQ.S) 15=1
DT(I+4)=DT(I+4)—Q(LI)—GT(I)+GT(¥5)
I?(DT(I+4).LT.Q.0) DT(I+4)=0.Q

HGRITE(6,2) K,ﬁ(LI),CALCZ(I),C(LI),Z(L[),DT(I)
FORAAT(IX,IS.5E12.3)

fOATIA0L

RETIRN

LsD

BEST_AvricaslE COPY
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6,31 SUBROUTINE CVAL31

Subroutine CVAL3l mcdels a simple undamped check valve shown in Figure
6.31-1, which is typical of the many check valves in use in industry and on
aircraft. Although the actual mechanical configurations vary greatly the
basic method of operation stays about the same.

The subroutine is not limited, and can be used for any uumSer of check
valves, within the limits of the common storage.

6.31.1 Math Model

The check valve is assumed to have a variable orifice characteristic
between the fully open and fully closed positions,

Reverse flow can take place transiently until the valve closes.

No etfort has been made to include the effects of flow forces on the
poppet eince these are not very well defined theoretically, and depend
upon the actual valve geometry,

The model used to calculate the steady state pressure drop assumes a
straight line flow/pressure drop characteristic between the cracking pressure
and the fully open position. The cracking pressure drop is set equal to the
inlet area divided by the srring preload and the slope, DT’5), ir set to
the change in pressure required to fully open the poppet divided by the flow
at that condition which is

DT(4) = D{1)*CV*SQRT(DT(2))*S20RHO
where D(1) 18 considered to be the maximum valve area.

The orifice resistance at the fully open position DV(10), is used
when the flow exceeds DT(4). Figure 6.31-2 shows graphically how this
is done.

In the transient analysis the flow through the valve is calculated using
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the normal valve equarions, with the valve orifice area being proportiomal to
the valve displacement.
The valve position is calculated using an iterative procedure.
The flow is first calculated using the last position of the valve, and
the latest values of the line characteristics,
QA = SIGN{CA*(-1+SQRT (X + CB*ABS(CDIF)}),CDIF)
Where: CDIF = C(L(1))~-C(L(2))
CA = DT(1l) * XNEWk*2
C8 = DT (2)/XNEWA*2
DT (1)=CA* (Z (L(1))+Z(L(2))).
DT(2) = 2.0/ (CA*(Z(L/1))+Z(L/2)))**2 where the temporary variable CA is
CA = (CV*D(1)/D (5))**2/RUO
With Q known the two pressures can be calculated:
Pl = C(L{1)) - Qa*2(L(1))
P2 = C(L{2)) + QA*Z(L(2))
These values of pressure at either side of the valve are then used to calculate
the force on the valve poppet.
F= (P1 - P2) *D(1)-D(6)~D(4)*XNEW~, O5*VNEW
Where: D(1Y = Poppet area
B{4) = Spring rate
D(R)Y == Spring preload
The .05 term is a damping factor.
The poppet acceleration:
ANEW = F/D(3)
= FORCE/Poppet mass
The velocity and position:

VNEW = VLST + (ALST + ANEW)/2 * DELT
XNFW = XLST + (VLST + VNEW)/2 * DELT

6.31-2
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XNEW, the new calculated position, has to be tested for position limits.
A lower limit of 0.00001 inches is used to allow some leakage and to prevernt
division by zero in the computation.
6.31.2 Limitations
; The model does not account for displacement flow due to poppet motion,

for the variacions in orifice characteristics with poppet position, for

secondary pressure drops due to other flow restrictions and for flow forces
on the poppet.

v The simple integration method which was chosen to save computation time
and cost will not give very good results for very fast tramsients but since !
the poppet will normally be fully open or closed for the majority of the time,
the above limitations were considered to be acceptable for a component that "
could be used many times in a system. L

i 6.31.3 Comnutntions i

i

1000 Section - In the 1000 section, the steady state valve characteristics

are calculated, ready for use in the steady state entry, since simple character-

istlcs are assumed. The computation wainly consists of calculating and storing

the temporary variables.
1500 Sectiocn - This section is Gallrd from LEGCAL via COMPE using either CON
#1, 1f the check valve is connected so that the free flow direction is the

N

same as the positive flow in the leg, or CON #21f the valve is in backwards.

v . When the valve 1s closed,
IENTR = 1 & QS = -1 or IENTR = 2 QS = 1,

The valve impedance is set at 1.0E8, which is essentially open circuit.

e T TIvr R e reya—




Vhen the valve is fully open (IENTR = 1, QS = L, or IENIR = 2, Q$ = -1)
plus Q > DT(4), the valve orifice impedance DT(10) is added into the
Q**2 term of LEGCAL formulae.

With the same basic conditionse but with Q > DT(4) the valve
characteristics are assumed to be a constant pressure differential,
plus a linear flow/pressure gain.

When the flow guess 18 negative for CON #2 the constant differential
becomes a pressure rise,

The three modes of the check valve, closed, partially open and
fully open will show up in the leg constants particularly when a negative
rlow guess is tried, there will be a sudden increase in the formulae 'Q’
constant.

2000 Section = In the 2000 section new variables are calculated for
use in the transient section In order to cut down on running time.

3000 Sectilcn - The calculations for Q, Pl and P2, and PISTON
acceleration follow the theory discussed in 6.31.2 above.

An iterative procedure is used to improve the calculation using
an iteration limit of six, or an error of less than .00l inches between
successive values of XNEW, to terminate the iteration.

Under normal operation, the valve will be elther fully open or fully
clesed, so that there will be no iterations.

The ralculated value of XNEW is cherked and if it is at a stroke limit,
and if the calculated acceleration or velocity are in the limit divection

they are uet to zero.

6.31-5
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These limits are not applied when the acceleration or velocity are
away from the end of stroke.
6.31.4 Assumptions

The assumptions made are assoclated with the valve orifice
celculations and the lack of flow force effects. These assumptions
speed the cowputaticn but can be a source of inaccuracy.
6.31.5 Limitations

The main limitation is the lack of a cavitation simulation which
can cause lavrge Inaccuracies when the pressures drop below vapor
pressure.

6.31.6 Variable Names

Name Description Dimension
ALST last poppet acceleration IN/SECh*2
ANEYW Latest poppet acceleration IN/SECH*2
CA Orifice variable -
CB Orifice variable -
CD1F Characteristic difference PSI

Ccv Discharge coefficient




Name Description Dimension

F Force on valve poppet LRBS

MM Iteration DC loop counter

Pl Con i1 pressure PSI

P2 Con {2 pressure FSI .

QA Valve flow CIS |r

Qs Leg flow nign ];

VLE Last poppet veloclty IN/SEC : ‘

VNEW New poppet velocity IN/SEC 1

XLST Last poppet position IN !

XNEW New poppet position » IN

XPREV Iteration poppet position IN i
4
'1

s
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6.31.7 Subroutine Lis ting

SUBROUTINL CVAL31 (P,DT,DD,L)
Ck*%*x REVISED AUGUST 5, 1975 *#*k+
DIMENSION 2(1),DPT(1),PD(1),L(1)
DOUBLE PRECISION DV
COM.ION NTELPL,NTOLPL, IPT,IPOINT,NPTS,INEL,XNLL,NTOPL,NLPLT(61,3),
1 PQLEG(90,12),LCS5(90,10),ILEG(1400),PH(90),0n8(90)
COMAON/SNB/PARG(150,9) , Pel(1500),0:4(1500) ,P(300),2(300),C(309)
1 2(300),RA0(2),520R00(20),VISC(20),BULK(20), TblP(”O),DV“P(7 )
»ATPRES, T, OLELT, TFINAL, PLUDEL, PI, TITLL(’O),LECL,ICOM
3 RTEsP(99), LSTART(150) ,NLPT(150),LTYPE(29),NC(99),INX,IN%
4,INV,ISTEP,NLINE,NEL, IND, ICNTR, GNLINE , tiidEL, idLEG, MINODE , A PLOT
S,WJTDTa,uDS
N(1)=INTERAAL DIAALTER (INLET)
D(-2)=INTERNAL JINGETLR (OUTLET) HOT IW USE
D(3)=POP2LT »ASS
N(4)=SPRING COMSTART
N{5)=iiAX 20PPLT OISPLACENENT
D(5)=SPEINC PRELCAD
DT(1)=CONSTANT STORAGE
D'T(2)=CONSTAIT 3 PORAGE
DT(3)= STORAGE FQOR FULLY OPEN ORIFICE COEF.
DL(A)= S5TIRAGE FOR PREVIOUS POPPET VELOCITY
NT(5)=5TORASE FOR PREVIIUS POPPET ACCELERATIOM
DT(6)= STORAGL FUOR 2REVIONS POPPLT POSITININM
IF(ILNTR) 1903,zZ000,3006N0
1709 CONTINWOE
IF(INLL)19720,1019,1500
1919 CYV=,65
2(1)=D(1)**2,*21/4,
1020 DT(1)=D(6)/D(1)

NNOOOOO0O0OT000

RT(2)=D(4)*D(5)/(1)+DT(1)
OT(3)=(PA3({TLnP(IND))/2.0)/(D(1)*CV)**2
DT(A)=D(1)*CV*¥3ORT(NT(2) ) *S82GRJIO(RTEaP(IND))
DT(S)=(0r(2)-D1(1))/0T(4)
RLTIRK

C SECTION FOR STEATY STATL CALTULATION

159N LO]' QUL
M=PRLEG(INEL, 1)
N53=PALEG( IXLL, 2)
LCE(INLL,6)=0
IF(L(I).EQ,L,) SO G 1599
TAE VALVE IS CONNLCTeD CONVLJTIONALY
IF(L(3).NE.D)GC TN 1990
IT(N5.2.1.) GO MO 1709
30 TO 155N
c THL VALVE I5 COMILCTRD BACKNARDS
1500 IF(L(3).ML.1)GD DO 17090
If(NS.LT.1.0) 350 THO 1799
C THE VALVE IS CLOSeED
1459 PALEG(INEL,5)=1,005+PALLG(INKL,R)

(@}
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6.31.7 (Continued) : o 5,

POLEG(INEL,11)=POLEG(INEL,11)=-2A*05*]1,0L5

RETURN
1700 IF (NALLE.DT(4)) GC TO 1800
c THE VALVE IS FULLY OPEW
IF(POLLG(INLL,3).LT.DT(4)) POLLG(INEL,3)=DT(4)
DL(6)=D(5)

POLEG(INEL,8)=DT(3)+POLEG(INEL,8)
PROLEG(INLL,11)=PALEG(INEL,11)-NS*QA**2%DT( 3)
ROTURN
C THiy PLOw IS LESS THAN TaLE 'FULL OPERN FLOW!

1290 PALLG(INEL,11)=POLEG(INLL,11)-DT(1)*2s
1 =2A*J5*DT(5)
DT(R)=((DT(S)*QR)/NT(2))*D(53)
IF(PRALEG(INEL,4).3T.DI(4)) PRLEG(INEL,4)=0T(4)
POLEG({INEL,S5)=PCLEG(INLL,5)=DD(1)*DS5
PALLG(INEL,R)=PLuG{INLL,5)+0T(5)
RE TR

CSREAXERXTLLESATL TAPIT OATA TEUIINATES PROGERAk* k%%

1700 WRITE(S,%98)

A98 FONJIAT(10¥,33HPROGRA. STU2 IN SUIRCUTINE CVALIL)
S'TOP 1331

2000 CONTINYL
BE2Y=D(L)/(D(5)/(1.0+3(5)))
CA=(TV*D(1)/D(3) ) **2/RUD( KTy iR(IWD))
ODT(L)=CA*(Z(L(1))+2(L(2)))
DT(2)=2.0/(CA*(Z(L{1))+Z(L(2)))**2)
nT(4)=0,
NT(3)=0.
RETURN

3NN CHOWTINIIF,
COIF=C(L(1)Y)=C(L(2))
XLST=NT(6)
VLS T=RT(4)
ALST=DT(5)
'(I , ‘_)(I .'r\
ILw=VL3T

d 3176 da=1,4
PREV=ONEN

In(xzmu.Ll.O.ﬂ) 50 02 30
A80=(WNEW+,0001) **2
CR=DT(2) /X587
CA=NT(1)*x3"
AN=STGH(CAX (=1+5ORT( 1+C ¥ ALS(CNIF) ) ) ,CDIF)
GO UMD 3INARN

3950 NM=0,0

30650 P1=C{L{1))=NA*L(L(1))
P2=C(L(2))+3A*7(L(2))
F=(PRPI1=22)Y*D(1)=0(8)=D(4)* L=, 05* VN

~
1]

[O4}

c Fl=,A3%(P1=-P2)*N(2) *XLST/{1.+XL5T)
C Rl=2,CV*ARS(F1-P2)*N(2) *XLRT/(1.+XLSET)
Br‘ ? !H '7:5-. 'V Ak
fmet & e EE e fr
S SN
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6.31.7 (Continued)

c

3100

9993
3150

3299

F=F-F1

ANEW=F/D(3)

VNLW=YLST+( ANEW+ALST) /2*DELT
RAEW=XLST+(VNEW+VLST) /2*DELT
IF(XNEW.LT.0.00001) XdEw=0,0
IF(XNEW,GT.C(5)) XNEW=D(5)
IF(ARS(XNEW=XPREV) LT.0.001) SO TO 31590
CONTIRUE
WRITE(6,999)P1,P2,7, 0, Z(L(2)),2(L(2)),C(L(1)),C(L(2))
FORJMAT(19%X,8F12.4)

IF(¥NEW.GT.0.0) 5O TO 3200
IF(ANEALT.0.0) DT(5)=0.0
IF(Vilkw,LT.N,.0) DI(4)=0.0

GO T3 3510

IF(ENENJLT.D(5)) GO TO 3490
IP(ANLW,.CGT.N.T) DT(5)=9.0
IT(VNLI.OT.0.0) 2T(4)=9.0

GO TO 3399

DT(4)=UNLW

“T(5)=ANLW

nY(6)= vui : /
P(L(1))= j
B(L(2)) .2 | /
AL(2))

RELTIRN /
ERD -
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6.32 SUBROUTINE CREL32

[ X-]

Connection No.2

. Connaction No.1

onnection No.3

FIGURE 6.32-1
TYPE NO. 32 PRIORITY VALVE

w

Subroutine CREL32 models a priority valve shown in Figure 6.32-1. ?
The subroutine models the priority valve as a combination check und relief
valve, The check and relief valve are considered to be arranged in parallel
between connection #1 and #2. The velief valve cracking pressure is referenced
between connections #2 and #3. When the relief valve is closed, flow is allowed

in only one direction from connection #1 to connection #2 through the check valve

which preveats flow in the opposite direction. When the relief valve is open,

flow is allowed in both directions between connections #1 and #2. ‘




6.32.1 Math Mcdel
The priority valve has several modes of operation depending upon the
pressure differential between connections #2 and #3 and connections #1 and #2,
1) P2 - P3 > relief valve cracking pressure
The relief valve is open and flow 1s allowed in eicher direction between
connections #1 and #2.
2) P2 - P3 > reliet valve cracking pressure and P2 ~ P3 > relief valve
reseat pressure,
If the relief valve is open, flow is allowed in both directions.
If the relief valve {s closed and P1-P2> check valve cracking pressure
there 1s leakage flow through the relief valve,
If the vrelief valve is closed and P1~P2> check valve cracking pressure
there 1s flow through the check valve {rom connection #1 to connection #2.
3) P2-P3 ¢ relief valve reseat pressure
P1-P2 < check valve cracking pressure, the relief valve and check
valve are closed and there 1s leakage flow through the relief valve.
P1-P2 5 check valve cracking pressure, the relief valve is closed
and there is flow through the check valve from connection #1 to connection #2,
For steady state caleulations the relief valve is agsumed to be open.
A linear relationship between flow and pressure is assumed to caleulate
the pressure drop through the valve,
PQLEG(TNEL,6) = D(TZREL) + PQLEG(INEL,6)
Ql = PQLEG(INEL,1)
PQLEG(INEL,11) = PQLEG(INEL,11) - D(TZREL)*QLl*PQLEG(1NEL,2)

where, PQLEG(INEL,6) is the total impedance of the leg.

6.32--2
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D(TZREL) is the iwpedance through the rellef valve

QI and PQLEG(INEL,1) is the flow through the leg.

PQLEG(INEL,11) is the upstream prassure of the leg.

In the transient calculations the pressure differential between
connections #2 and #3, and #1 and #2 are compared with given cracking
and reseat pressures for the relief valve and the check valve to
determine which of the flow conditions described above exist at that
particalar time step. Once the flow condition is established an impedance
based on this condition is selected and used to calculate the pressures

and flows at connections #1, #2 and #3.

Q(L1) = (C(LL) - C(L2))/(Z(L1) + z(L2) + ZI)
Q(L2) = -Q(Ll)

Q(L3) = 0.0

P(L1) = C(L1) = QCL1l) * z(L1)

P(L2) = C(L2) - Q(L2) * Z(L2)

P(L3) = C(C3)

where:

Q(LL), Q(L2), Q(L3) are the flows at conneccions 1, 2 and 3,

Z(L1) and 2(L2) are the impedance at connections 1 and 2,

Z1 is the impedance of the valve.

P(L1), P(L2) and P(L3) are the pressures at comections 1, 2 and 3.
6.32.2 Assumptions

The relief valve is assumed to be open during the steady state
calculations to allow the flows and pressures to balance with the rest of
the system,

The check valve is assumed to open and close instantancously.

6.32~3




The reseat pressure for the check valve 1s assumed to be equal
to the cracking pressure.
6.32.3 Computaticns

1500 Section - 1n the 1500 section the impedance for the valve is
added to the impedance for the ieg, PQLEG (INEL,6). A new upstream
pressure PQLEG, (INEL,11), is calculated using the impedance of the
open relief valve.

3000 Section - In the 3000 section an lmpedance for flow through
the valve 1s selected depending upon the pressure differentials between
connections #2 and #3 and connections #1 and #2. This impedance is used
to calculate the flows at pressures at each of the connections.

6.32.4 Approximations

None
6.32.5 Limitations

The CREL32 subroutine does not include the cffects of inertia
or damping on the valve components, Therefore, use of the CREL32
subroutine where these cffects may be significant may give erroneous
results.

6.32.6 Variable Nawmes

Variable Description Units
D{CL0OS) Rulief Valve Reseal Pressure PST
DELPL Pressure Drop Across Connect. 2 and 3 PSI
DELP2 Pressure Drop Across Connect. 1 and 2 PSI
D(IPCH) Check Valve Cracking Pressure PSI

D (1PREL) Relief Valve Cracking Pressure PSI
D(IZCH) Check Valve Impedance PSI/CIS

6.32-4
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Variable Description Units
D(IZLK) Relief Valve Leakage Impedance 7 PSI/CIS
D(IZREL) Relief Valve Impedance PSI/CIS
Ll Connection No., 1 : -
L2 Connection No. 2 -
i; L3 Counnection No. 3 . -
NPOSCK Temporary Variable -
NPOS1 Temporary Variable -
NP0OS2 \; Temporary Variable -
DT (POSO) Valve Position Indicator -
DT(PL) Pressure at’ connection #I PSI
DT (P2) Pressure at conneétion #2 PSI
DT(P3) Pressure at connection #3 PSI
Z1 Temporary Variable -
yAY Impedance of the Valve PS1/CIS
|
o i
:
6.32-5
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6.32.7 Subroutine Listing

SU3ROUTINE CREL32 (D, DT,nN,L)
C *** REVISED AUGUST 5,1975 *#%
DOUBLE PRECISION DD
DIMENSION D(G),i(5),0pD(1),L(4)
COM4.iI0N WTRELPL,NTCLOL,IPT,IPOIAT, WPPS, INLL, RWLL, NT?OGRPL,NLPLY( 41, 32),
1 PQLEG(90,12),LCS(90,10),ILEG(1400),PN(3N),30(90),PLX(5D)
CNeHNN/SUB/PARA(150,9),P:(1500),0Q:4(1509),P(310),2(300),C(2317)
1,2(300),RH0(29),S20RH0(20),VISC(20),3ILK(20),TEaP(29),PVAR(20
2,ATPRES,T, DELT, TTINAL, PLTOEL, PI, TITLE(20),LrGN, ICCH
3,KTEUP(99), LS TART(150) ,NLPT(150),LTYPE(99),NC(99),IHL, 117
4,18V, ISTER,ILING, WLL, IND, TENDR, ANLINL, #NLL, (NLEG, ANNOLE , 4G 2LAT
5, NLPTS, 4DS
INTEGLR POSO,CLNS,P1,E2, 73,2V
DATA IPREL/Y/,CLOS/2/,12REL/3/,12CH/4/,12L8/5/,1PCH/6/,2030/1/
1 ,e1/2/,v2/3/,03/4/,29/5/
IF(ILNTR) 11900,2009,3009
1000 CONTINNL
DP(POS0)=1.0
I¥ (INEL.HE.D) SO 00 1560
IF(L({4).L3.0) 3O 70 179489
IF(INV) 103N0,1159,1740
1737 IF(IAVL.ED.=-L(4)) 30 'T7 1045
50 T3 11750 _
1340 IF(T eV, EN.L(4)) GC T3 1952
1045 L(4)=1
30 Y0 1059
1158 L(4)=0
1959 CONPIAL
RETIRS

)

< SPLADY STATL ZLCTION

15n0 I (XILL-2) 1600,17993,1700

1509 0I1.iP=N(I7%REL)
IP(L(A)ED2.,Q) SO 03 151N
DIAP=D(IZLY)
S POsNY)==-1,N
N=LCSG(INLL, 3)
PEU(d)=29).
AM(A)=D(CLOS) * 20, =2 LeG( INEL, 1) *POLeS( T30, 2)
CS(INLL,7)=5

1510 2 LLG(IMLL,6)=014P+P LEG(TINEL,R)
A =PALEG(INLL, 1)
DT(P1)=PALLS(INEL,11)
POLEG(INEL,11)=P2LEG(TALL, 1) =DIiP* I *22Le5( Ik G, 2)
DT(P2)=PRLL.S(IuEL, 11)
NT(ZV)=DI.iP
LCS(INEL,7)=5

1700 RLTURN

2000 COMITTNOLN
RLTIIR

3050 CORTIN0NL




6.32.7 (Continued)

L3=L(3)
ALI)=0,0
P(L3)=C(L3)
DIr(e3)=P(L3)
DELP1=D1(22)~DT(P3)
NELP2=DT(P1)-DT(?2)
NPOS1=DELP1/D( IPREL)
NPOS 2=DLLPL1/D{ CLOS)
NDOSCX=DELDP2/D(IPCi)
IF(DT(PO50))3100,3200,3200

3100 IF(NPOS51)3200,3120,3120

3120 2I=50RT(DT(ZV))
DT POSO)=1,0
GO T 3100

3130 27 (POSO)=-1.0
IF(NPOSCK)3140,3140,3150

3140 2I=D(I%LK)

GO TO 3400

2I=N(1%CH)

30 TS 3400

3200 ®RIT=(K,097)

999 PORAAT(192%, IZHPROGRA,:

3150

Ty, 2103
‘)3‘.".) Is S

2)
<

33n0

32
P351)3263,3320.3310
3310 I

LRLL)
50)=1.0
3409
3329 ):7)3700 3340,3339)
2339 & PE(ST(ZIV))
IF( T.0L7.2.32)%1=2,72

=3 = 3 e
v o~

) 0
<
3

]
n—~

1 UL 2
.'-_4 "J (] (.J — .

[

3340 21I=DT ZV)**Q.
nr(eds0)=1.
I¥(Z21.GT. 1170 )OT(RBES)=-1.0
GO WD 3499

3430 0(L1)=(C(L1)=C(L2))/(2(L1)+Z(LY)+3
ML2)=-7(L1)
P(L1)=C(L1)="(L1)*7(L1)
P(L2)=C(L2)=-Y(L2)*%(L2)
DT(PLl)=2(L1)

DT(P2)=2(L2)

DT(P3)=P(L3)

DT(2V)=21
C umrrk(s 4919)22031, ¥P0O32, TPISCN, T
4910 FORLAT(2X, 6HNDOS1=, T4, 2K, GALPOS 2=
o WRITL(6,4000) 2(L1),7(L1),?(L2),0

CaANNG FORAAT(1%Z,8L12.4)
ELTIR
ARV

6.32-7
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ROUUIAL CFLL32)
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(2550),DELRL, DLLP2
I‘,?Y,?ilp“:C" 14,
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6.33 SUBROQUTINE CVAL33

Subroutine CVAL33 iodels a ¢imple undamped one~way restrictor shown in
Figure 6.33-1, which is typical of the many restrictors in use in industry and
on aircraft. Although the actual mechanical configurations vary greatly,the
basic method of operation stays about the same.

The subroutine 1s net limited, and can be used for any number of one-way
restrictors, within the limits of the common storage.

6.33.1 Math Model
The one~way restrictor ls assumed to have a variable orifice characteris-

tic between the fully open and fully closed positions.

Reverse flow can take place transiently through the variable oriiyice when

the valve is closing.

The model used to calculate the steady state pressure drop assumes a

ey

S stralght line f{low/pressure drop characteristic between the cracking pressure
and the fully open position. The cracking pressure drop 1s set equal to the E
inlet area divided by the spriag preload. The slope, DT{DHPSQ) equils the
change in pressure required to fully open the poppet divided by the {low at

that conditivn which 1is

Y

DT(INTTQ} = I(DIAIN)*CVR*SQRT (DT INTTDE) ) *3Z0RHO(KTEMP (1ND))
where D(DIAIN) 1is considered to be the maximum valve area, 1
The orlfice reslsiance at the fully open pesition DT(ILDSA), 1s used when
the flow exceeds UTCINITQ). Figure §.33-2 shows graphically how this 1s done,

In the transient analysis the flow through the one~way restrictor is

calculated using two orifices in parallel, with the valve oritice area being !
proportional to the valve displacement.

The valve position is cualculated using an ftterative procedure.

6.33-1
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Connection No. 2
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FIGURE 6.33~)
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FIGURE 6.33--2
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The flow is first calculated using the last position of the valve, and
the latest values of the line characteristics.
DT(QT) = X*{-1. + SQRT(1l. + ABS(Y))*SIGN(l.,Y)
Where: X = ((&(L1l) + A(L2))%CKT*#%2.,)/2,
Y = 4.%(C(L1) ~ C(L2))/(CKTA(#(L1) + &(L2)))**2
CKT is equal to the sum of the two orifice coefficients.

With Q known the two pressures can be calculated:

Pl = C(L(1)) - DT(QT)*Z(L(1))
P2 = C(L(2)) + DT(QT)*Z(L(2))
The values of pressure at either side of the valve are then used to calculate

s, the force on the valve poppet.
¥,

I = (PL - P2) *D(DPIALIN) - D(LOAD) - D(SPRING)XXNEW ~- ,0S5*VNLW

Where: D(SPRING) = Spring rate

D(LOAD) = Spring preload
The .05 term is a damping factor.
The axial flow forces on the poppet in the one-way restrictor are equated
with the net change of momentum as
F1 = 2,%CY*ABRS (P1-P2)*DT(ARFAC)
When: CV = Valve discharge coetficlent (.65 assumed)
: P1~Py = Pregsure drop across the poppet
DT(ARFAC) = Area factor dependent on poppet position
The total force on the poppet 1s then
¥ o= F-¥1
: _ The poppet acceleration:
ANEW = F/D(MASS)

= FORCE/Yoppet mass

{‘ 6.33-3
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The velocity and position;:

UNEW = VLST + (ALST + ANEW)/2 % DELT
XNEW = XLST + (VLST + VNEW)/2 * DELT

XNEW, the new calculated position, has to be tested for position limita.
A lower limit of 0.001 inches 1is used to allow some leakage and to prevent
division by zero in the computation.

6.133.2 Asgumptions

The model does net account for dispiacement flow due to poppet motion,
for the variations in orifice characteristics with poppet position and for
secondary pressure drops due to other flow restrictions.

The simplest integration method,which was chosen to save computation time
and cost,will not give very good results for very fast transients but since
the poppet will nommally be fully open or closed for the majority of the time,
the above limitations were cousidered to be acceptable for a cowponent that
could be used many tiwmes in a system,

6.33.3 Computations

1000 Section - In the 1000 section, the gteady state valve characteristics
are calculated, ready for use in the steady state entry, since siwmple charac-
teristics are assumed. The computation malnly cousists of calculating and
storing the temporary variables.

1500 section - This section is called from LECCAL via COMPE. 1f the
one-~way restrictor 1s comnected so that the free flow direction is the same
as the positive [l.w in the leg, 1.(3) equals zero. L(3) equals one if the
valve 1s in backwards. When the valve is closed, the steady state pressure

drop comes from the restrictor oritice.

6.33-4
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When the one-way vestrictor is fully open plus Q > DT(INITIQ), the valve
orifice lmpedance DT(TK2) is added into the Q**2 term of the LEGCAL formulae.

With the samc basic conditions but with Q < DT(INITQ) the valve
characteristics are assumed to be a4 constant pressure differential, plus a
linear flow/pressure galn.

When the flow guess is negative for CON #2 the constunt differential
becomes a pressure rise.

The three modes of the restvictor, closed, partially open and fully
opun will show up in the ley constants particularly when a negative {low
guess Ls tried, there wiil be a sudden increase in the formulae 'Q' constant.

2000 Section - Ilan the 2000 suction new varlsbles are calculated for use
in the transjent section in order to cut down on running time.
acceleration follow the theory discussed in 6.33.2 above.

An 1ltervative procedure is used to fmprove the calculation, When an
error of less than 001l inches between successlve values of XNEW 1y reached
the lteration is terminated.

Under wormal operation, the one-way restrictor will be etther fully
aopen or fully closed, so that therce wlll be no iterations,

The caleulated value of XNEW is checked and 1f it is at a stroke limit,
and 1f the calculated aceelevarion or velocity are in the liwmit divection

they are set to zeru,

These Limits are not applied when the acceleration or velocity are away
from the end of stroke.

6,304 Approximations

The approximatious made arc associated with the valve orifiece calculations,

These approximations speed the computation but caa be a source ol inaccuracy.




6.33.5 Limitations
The main limitation is the lack of a cavitation simulation which can
cause large inaccuracies when the pressures drop below vapor pressure.

6.33.6 Variable Names

Name

DT (ALST)
DT (ARFAC)
ANEW

D (LOE¥)
cv
D(DIAIN)
D(D1AOT)
D (D1AOK)
DIS

DT (DPSQ)
.

¥l

DT (LN1TDP)
DT(INITQ)
DT (K1)
DT({K2)

DT (LDSA)
D (LOAD)

D(MASS)

Degeription

Last poppet acceleration
Area factor

Latest poppet acceleration
Orifice discharge ccefficiant
Dlscharge coefficient

Inlet diametcer

Outlet diumeter

Orifice diameterx

Poppet displacement

AP divided by tlow

Forewe on valve poppet

Axial flow force on poppet
Initial valve AP

Initial flow

Orifice constant

Orifice constant

Spring preload dlvided by inlet area
Spring payload

Poppet mass

6.33-6

Dimension
IN/SEC*#*2
IN**2

IN/SEC*#%2

IN

IN

IN

1N
PSL/CLS
LES

LBS

Ps1

CLs

LBS

LB-SECHA*?
IN

[V



Name
D(POPDIS)
rL

P2

QA

Qs

DT (QT)

D (SPRING)
DT (TK2)
DT (VLST)
VNEW
DT(XLST)
XNEW

XPREV

Max. poppet displacement
Con #1 pressure
Con {2 pressure
Valve flow

Leg flow sign
Total valve tlow
Spring constant
Oritice constant
Last poppet velocity
New poppet velocity
Last poppet position
New poppet position

lteration poppet position

Dimension
IN

PSI

Cls

LB/1N

IN/SEC
IN/SEC
1IN
IN

1IN




6.33.7 Subroutine Listing

SO3ROOTIVE CVAL33 (2,97,8D0,L)
Chadk REVISLED AUGUST 5, 1975 #hk+
C SOUBLE PRECISIOHN DR
DTAEBNSION D(l) Dt(l) oR(l1),L(1)
C0.1:40N NTELPL,NTOLPL, IPT, IPDINT, NP5, IdKL, KNLL, NTOPL, NLPLT(61,3),
1 20QLEG(90,12), L\b(“ﬂ 19),ILEG(1400),05(90),72:3(90)
COLON/SN3/PARG (150, q),Pu(lSO“) ﬂu(1500),°(300) o(3n0),C(309)
1,7%2(200) ,RHD(20),520RHO(20) ,VISC(20),30LK( 2C) , TLa®(20),2VAR(29)
Z,ATPRbS,T,DBLT,T?IﬂAL,PLTUEL,PI,TITLL(ZQ),LLGN,ICON
3,KTEAP(99), LSTART(150) ,MLPT(150),LTYPL(D9),4C(99),TNK, T2
A, TRV, TSTeP, HLIVE, SLL, INC, Tt TR, »NLIQE, 5080, il LLG, 13N00L0 , 2L PLEY
54 MILPTS, MBS
INTLGER DIAIY,DIAOR,S5PRING, POPOIS,CORF,DIAQT,DOS2,AREAC,
+ TX2,771, OOLU,VLST,BLQT,XLST,DELP,SUB

C khkkt D = ARRAY hkkk
TATA DIAIN/Y/,DIANT/2/,4035/3/,5PRING/4/, 20PDIs/5/,
+ LOAD/S/,DIACR/T/,CULP/8/
c kkkk P -~ APRAY kkkk
SATA TR2/1/,00/2/,°20Ls/3/,VL5T/ 48/ ,ALET/S/  XLST/6/ e/ T/,
+ 71/°/,%2/%/,1d1T0R/19/,0050/11/,LhsN/12/,1IR1IT/13/,
+ ARPAC/1%/,50%/15/
c D{1)Y=INTERNAL DIAGKDEE (INDeT
C D2Y=TPRRNAL DIAARTR? (SUTLET)
C C(3)= D\;PD'*"‘ aABSE
C DA)=5DRTNT CONITANT
o N(5)=:A% 5)0p0T YLIPLACE 1517
C D(RY=3PRINS "RELOAD
C S(7)=2RI7ICE DIALKLTLR
C C(R)Y=DI3CAARSGY CRLFFICTL WD
c DI 4)= STORASE AR DRLNIZIEG Po2PLT VELRCITY
C IT(5)= Q”D”A,L FOR ZPREVIIUS POPIET ACCrLrRATION
c MM B)= STIARACE FOR DPRLVIUDIS PIP2LT PO3ITICH

IP(InitR) 1999,2090,3000
1909 CTATIIUL
IF(IMAL)1029,10810,1500
1719 CONDTINOL
CV=,4%
D(DIAIQ)=D(DI%IT)**2.*PI/4.
DTIANT)=D(NIADT)**2,*51/4,
DANINDR)=G(NIANK yR*D *DI/4,
CT(S3)=0(DIAOT)=-D(SIANY)
1720 NT(RL)=(2./RHG(ZDELD2(IND) ) ) *¥* 5D (DIAOR)*A(COLT)
DT(X2)=( 2. /00 (T aP(I40n) ) ) *¥* . S*D(SIAIT)*CV
L(T%2)= (°d°('“ﬂ D(Iﬂ“))/ -)/(U(UI\IJ)*"”)**°
DT(APFAC)=(RES(ETEIP(I493))/2.) /(D(TIADR)*S(TOLF) ) **2
O"(L”cx) D(Lﬁﬂj)/J(PI I3)
DT(INTTNR)=D(IPRIIG) *0(P0221:3) /(SIAIT)+30(LN3A
1"(IJIrﬂ) u(nlﬂI«)*c:**P*"(n“(1¢:r;1))* 73~~~(r~u,o(1\3))
T DPREN) =D(SPRING) *D(POBNIS) /(DN DIAIN) *DT(IRITSE))
pLTIRN ‘

T 0f

ILADLE COPY ‘

6.33-8
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6.33.7 (Continued)

C SECTION FOR STRADY STATLE CALCULATION
1500 courIngn
M=DPOLEG( INEL, 1)
OS=POLEG( INEL, 2)
DT(JOLN) =nNA*NS
LCS(INEL,’)=05
IF(L(3).EQ.1)GC O 14800
C Till, VALVE IS CONNECTED COMVLITINNALY
IF(L(3)NL0)SO 05 19200
IF(AS.kN.1.) GO T 1790
GO TO 1550
C TAL VALVE IS CO:IECTun SACYARDNS
1609 IF(L(3).HNL.1)30 TO 1996
IF(Qs.Lr1.0) GO v 1700
C THE VALVE IS CLOSID
1589 PALEG(INEL, R)=DT(ARP\C)+POLLSE(IALL, 3)
POLLS(INEL,1Y)=27L0G(I300,1)=058*CAX* &k 3D ( ARFAC)
DT(XL3T)=7.9
RUTIIRM
1700 IF (DALURE.OT(INITD)) GO ) 1309
c TrkL VALVL I QULLY SPLA
IF(POLLC(INEL,3) LV OT(INTIDY)) PRLAG(ISLL,3)=DT(INITY)
TR(ZLST)=N( POPDTS) :
PWieC(INEL,3)=nT(PV2)+P2LEG(INEL,R)
POLEG(INLL,11)=P 2L i (INBL, 11)=N5*DA* X257 (13 2)
REDIJR™N
C TAL RPLOW I3 LEET 2 AW Tdi 'FOLL OPLD SLOG!
1300 2OLEG(INEL, 1) =POLLC(INLL, 11)=0T(LDSA) ¥
1 =QA*NS*P(5PSD)
DTUXLED)={ (DT(OPSD) *2N) /F(IATTI2) ) *D( 20PDIS)
IF(POLEG(INHEL,A) ST.20(IITD)) PALEG(IVNEL,A)=DT(I:I07)
POLEG(IALL,3)=PLLG( I, 5)=0T(LD3A) *05
PRLES(INEL,8)=PRLEC(IHEL, E)+DT(D250)
RETUREN
CR** x> TLLESAL I92UT OATA TLROIGATLS FROGRA, kxkkx
1900 RIPCL(G,207)
199 PORSET(17X,334PRD7ARA,., 37O T4 SRIPTINL CVALILI)
sroo 1531
AN00 COSITI L
DT(OELB)=(N(DIAIN)=D(DINCR))/(D(222DI3)/(1.+42(R25PDIS)))
DP(E2)=(2./R8D(XLLIP(I9D) ) ) *¥¥ S*D(COLT)
OT(VL3)=n,.0
DT(ALET)=9.0
PLTIRN
391N CCRTINUL
ITER1=1
Ll=L(1)
L2=0(2)
il vi=( XLST)
)

VAaL=0T(VLS3T

16.33-9
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6.33.7

3959

919

3150

(Continued)

ANLW=DT(ALST)

DIS=XNEW/D(POPDIS)
DT(ARFAC)=DIS*DT(SUB)

DT(TR2)=DT(K2) *DT(ARFAC)

XPREV=XNEW

CKT=DT(K1)+IT(TKR2)
¥=((Z(L1)+2(L2))*CKT**2,)/2.
¥Y=4.*(C(L1)=C(L2))/(CKT*(Z(L1)+2(L2)))**2,
SPAC=1,.+AR5(Y)
DT(QT)=X*(~1,+5QRT(SPAC))*SIGN(1.,Y)
CONTINUE

P1=C(L1)-DT(T)*2(L1)
P2=C(L2)+DT(T)*2(L2)
F=(?1-Pz)*D(DIAIQ)-D(LOBD)-E(SPRIKG)*XNEN-.OS*VEEN
Fl=2.,*CU*An5(P1-P2)*DT(ARFAC)
F1=2.*CV*ABS(?1-?2)*DT(DLLP)*DT(XLST)/(l.+DT(XLST))
F=F=F1

ANLYU=F/D(ASS)
VNLH=DT(VLST)+( ANEW+DT (ALST) )/ 2*DELT
UNEEDT(KLS T+ (VIEW+YT(VLST) ) / 2*%DELT
IF( %MW LT, 0,0) ¥ilEw=0,0
IF(XNLvi.CT.D(POPDII)) XnLu=D(POPDIS)
ID(ABS(XNLW-XPREV).Lf.ﬂ.ﬂﬁl) 30 T2 3130
IF(ITERl.GE.25)WRITt(4,910)XN£W,XPREV
FORAAT(19¥,*¥Xuby =% ,2F40,10)
IF(ITLR1.ED,.25)50 TC 315N
ITLRI=ITLERI+]

KPREV=XNL"Y

NIS=XLEw/D(PIBNIH)
IT(ARFAC)=DIs*DT(3T3)

CO 0D 3NAN

IP(XIILW.GT.0,3) &C 1O 3200
I7(AGLY.LT.0.0) BT(ALST)=9.0

IR (VAL LT.0.0) PI(VLSET)=0.9

GC 't 3599

IF( NI LT (29PDIB)) =0 TO 234nA9
IF(ANE«.GT.N.N) DI(ALST)=0.0C
IFP(VHEN.3T.0.0) DI(VL3ST)=Nn.0

GO 7O 35900

DT(VLST)=Vikd

DP(ALST)=AlLW

CT(ALS D) =Xk

P(L1)=71

2(L2)=22

"L1)=DT("T)

M L2)==-DT(QT)

RET!IRN

LMD
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6.34 SUBROUTINE CVAL34

Subroutine CVAL34 models a two stage relief valve of the type shown
; in Figure 6.34-1. This 1s a high response device used to limit pressure
- surges and to compensate for slow pump pressure controls. The subroucine
can be used for any number of relief valves within the limits of the
common storage.
6.34-1 Math Model

The relief valve 1is assumed to have a variable orifice characteristic
between the fully open and fully closed positions. The effects of flow
forces on the poppet are not included since these are not very well
defined theoretically and depend upon the actual valve gecmetry.

In the steady state section the relief valve iy assumed to be closed
with no pilot flow.

In the traansient analysis the flow through the valve 1s computed
with the normal valve equations. The poppet position is predicted from
the previous time step and is used to compute the valve orifice arwa.

The relief flow is first calculated using the predicted position

of the valve, and the latest values of the line characteristics.

Q1 = SIGN(CA*{SQRT (1.4+CB*ARS(CDIF¥))-1., CDIFF)

where: CDIFF = C(L1) ~ C(L2)
CA = ((ARRELF#CV)*%2% (Z(L1)4+2(L2)) /RHO(K TEMP (IND))
CB = 2.*RHO(KTEMP (IND))/ ( (ARRELF*CV)*# 2% (Z (L1)+Z(1L2))**2) 3
CV = Discharge Coefficient ;

ARRELF = Valve orifice area open to return pressure
If the predicted poppet position is zero, the flow calculation iy
bypassed and the element pressures are set to the up and downstream character- !

istic pressures.

6.34-1




Connection No. 1 Connection No. 2

——

Free Flow

FIGURE 6.34-1

TYPE NO. 34 TWO STAGE RELLEF VALVE
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With QI known the two pressures can be calculated:

i

P(L1) C(L1) - Z(L1) * QI

P(L2) c(L2) - 2(2) * Q1
When the valve is open or the difference in P{L1l) - P(L2) is greater than
the relief pressure, the latest position of the poppet is computed.
A force balance on the poppet yields equation (1).
FORCE,pnap = (P(L1) - DT(PCAV) Y*D(ARPOP) ~ DT (PKPOS)*D (KSPOP)
- D(KZPOP) (1
where
DT (PCAV) -~ Cavity pressuie behind the poppet
D(ARPOP) -~ Poppet area
DT (PXPOS) - Predicted poppet position
D(KSPOP) - Spring constant for poppet spring
D (KZPOP) - Poppet spring preload
An equivalent circuit schematic in Figure 6.34-2 can be drawn
modeling the operation of the two stage relief valve.
The force on the poppet in Equation (1) can be set to the velocity
of the poppet times a damping factor.

FORCE = VNEW % D(DAMP) = Qeavity X D(DAMP) (2)
popp D (ARPOP)

Equating the right hand side of cquation (2) to equation (1) yields an expres-
sion for flow in the reliefl valve cavity-Qqayiry.

2
Qeauiry = (P(LL) = DT(PCAV))* DCARPOFIT - b7 (PXPOS) %D (KSPOP) D) (ARPOP)
D (DAMP) D (DAMP)

D (ARPOP)
D (DAMP) =

- D(KZPOP) *

6.34-3




The leakage flow (Ql) from the high pressure side of the poppet

to the cavity is

. E@1) - DT(PCAV)
@ D (COELKP) ()

where

D{COELXP) = Pin leakage coefficilent at poppet

The pressure drop from the cavity to return pressure is:

. S T L
DT(PCAV) - P(L2) = D (COELKS) * DT (COEFS) )

where

Q2 - Tlow from cavity to return through the sceat

D(COELKS) - Pin leakage coefficient at seat

DT(COEFS) - Constant based on open orifice area of pin

and seat

The flow balance from Figure 6.34-2 gives

Q2 = Ql - Qeavity (6)

Equations (3) and (4) are substituted into (6) to yield an equation

with two unknowns - Q2 and DT{PCAV). Kquation (5) gives DT (PCAV) in

terms of Q2 and this substitution ylelds the following equation:

2
Q2 - DYT(COEF) _ ~
" %%%%%%%%)+ Q2 (D(COELKS) ! l')
[DT (COEF)* (T (L1)~r (L2) 4'%%%%5%22‘*(DT(PXPOS)*D(KSPOP)*”(KZPOP))] -0 W

After solving for Q2 in equation (7) the pressure in the cavity DT(PCAV) is
determined from cquation (5). Q1 can now be solved for in equation (4) and the
flow into the cavity (Qcavity) is easily computed. The poppet velocity is

VNEW = (Q1-Q2)/T{ARPOD) (8)
The position is determined by a simple integration

KNEW = DT (XPOS) + (VNEWHDT(VLST))/2.*DELT (9)

6.34-4
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wheie
DT (XPOS) - proevious puppet pasition
:’ DT(VLST) ~ previous poppet velocity
DELT -~ Time step
XNEW, the new calculated position, fs then tested te determine
if the poppet 1y at a THwit., A predicted position is computed for
the next time step and the caleulation is finished.
6.34.2  Assumptivns
1t 1s assumed that there are no variuicions fa orifice characteristics
with poppet position, and the {low forces on the poppet are nepligible.
The simple integration method was chosen to save time and cost., Some
errors  will be obtained for very fast transients Yt this 1s considered
acceptable for a component that could be used wany tiwes in a system,
6.34.3 Computations
1000 Section = 1n the 1000 scction, tewporary variables ave caleulated
and stored 1in the D ad DT arrays.

1500 gection ~ 1n the 1500 scetion the steady state values used in the

computation of leg flow are computed and returned to the PQLEG array,

2000 Section -~ The poppet position and velocity are inftianlized in the

2000 section.

g

3000 Section — The caleulatdions for Q, P(L1), (L2) and poppet velocity

follow the theory discussed in 6.31.2 above.

The velocity of the poppet and hence Its positfon Is computed i1 the
difference In P(L1) and ?(1.2) is greater than the rellefl pressure or the

predicted poppet position is preater than zero. l
{

6.34-5



*;:

.he calculated value of XNEW is checked to determine if it is at a
stroke limit, and if the calculated velocity 1s in the limit direction.
Should these conditions occur the liwmit subroutine will set the velocity
(VNEW) and position (XNEW) to zero. These limits do not apply away
from the end of the stroke.

From the computed value of XNEW a new poppet position 1s then
predicred for the next time step,

6.34.4 Approximations

The approximations made are assoclated with the valve orifice
calculations and the absence of {low force effects. These approximations
speed the computition but are a source of inaccuracy.

6.34.5 Limitations

The main limitation is the lack of a cavitation simulation. This
can yield erroncous results whenever the pressures drop below vapor
pressure.

6.34.6 Variable Namou

NAME DESCRIPTION DIMENS LON
ALPHA Dummy variable -
D(ARPIN) Pin rod end arca TN**2
D (ARPOD) Poppet ared IN4 %2
ARRELF Compu d rellef arxca IN**2
D (ARSRY) Area of seat relief port IN**2
BETA Dummy variable —_
CA Dummy variable -
CB Dummy variable -
CDIFI Differcrce in characteristic pressures PS1
6.34-6
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NAME

CHI

DT (COEF)

DT (COEFS)

D (COELKP)

D (COELKS)

cv

D (DAMP)

DT (DIAL)

DT (D1A2)

DT (GAMMA)

D(KSPIN)

D (KSPOPR)

D (KZP1N)

D (KZPOP)

DT (PCAV)

DT (PXPOS)
" o

QL

Q1

Q2

DT (VLST)

VNEW

D (XMAX)

XNEW

DT (XP0S)

XPOSIN

Dummy variable

Dummy variable

Dummy variable

Pin leakage coefficient at poppet
Pin leakage coefficient at seat
Discharge coefficient

Poppet damping factor

Computed relief diameter

Computed seat relief diameter

Angle of relief flow relacive to poppet

Pin spring constant

Poppet spring constant

Pin spring preload

Poppet spring preload

Pressure In poppet cavity
Predicted poppet posltion

Relief flow

Leakape flow through poppet and pin
Leakage flow through seat and pin
Previous poppet velocity

Poppet velocity

Maximum poppet travel

Latest poppet position

Poppet position

Pin position

6.34-7

DIMENGION

C1S /151

CIs/PSsl

LB/TM/SEC
N

1N

DLG
LB/1W
LB/IN
LB

LB

st

1N

CIS
C18
C18
1N/SEC
IN/SEC
IN

1IN

. IN

IN
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6.34.7 Subroutine Listing

~

.

3

(@]

SO3RQUTINL CvAL34 (D,DT,DND,L)

*kE REVISED AUGUST 5,1976 #**+

1360

1500

2000

DIMENSION D(1),D0(1),00(1),L(1) '
COAGON HTPELPL, NTOLPL,IPP, IPOINT, NP5, INLL, KALL,NYOPL,NLELE(E1,3),
1 ?2LL%(90,12),LC5(90,10),ILREC(14929),P11(20),0:1(90)
COION/S U@/°\Rl(150 92), Pn(l500) N.i(1590),B(300),2(300),C(330)
1 2(300),R139(2),520%30(29),VISC(20),B0LE(20),Tie49(29),°VAR(20)
2,ATPRES, T, DELT, TFIOAL, PLTDLEL, PI,TITLE(20), LEGHW, ICOMN
3,WTHHP(99),LST%RT(ISO),NLPT(ISO),LTYPE(Q?),HC(QQ),INX,INZ
4, IRV, ISTEP, NLINE, NEL, ITND, TENTR, MILINE , 36EL, S LES , aNODE , 3 PLOT
'xu\]Lp S NS
ISTEGER ARPOP, XoAX, PRELF,COLLY?,COLLKS,CCLK ,COEFS, PCAV, 2CAY,
+ ARSRP,ARPIN, DIAl DIA2,PZ Oo,K?Oo,VLJ y ORGP, GALHA , COLEFA
kkkk D - ARRAY IJPUT VARIABLES ***x¥ :
DATA ARPOD/1/,¥XAAKR/2/,KSPDR/3/,KZP0OR/4/, °PELP/5)\CO€LK?/5/,.
+ COuLXS/7/,ARSRP/R/ ARPT/Y/ ,KEPIN/L1N/ , DA/ 1Y/,
+ GALIA/17/ \
*¥hkk DT « COHPITED VARIASLED ***x l
PATN PTN1/1/,3142/2/,COEF/3/, BRPOS/ 4/, ¥205/5/, VL3V 6/,
+ IuwR31/7/,C007s/2/,°CAv/8/,CRLrA/1Y/,0CAV/11/ b
IF(IchNTR) 1902,2000,300N0 :
CONTINDL
IF (INELLIL.G) SO T 1599
DT(RIAL)=D(ARPOD)
N(ARPOD)=(D(ARRPOD)**2)*pT /4,
DI(DIAY) =D ARSRD)
D(ARSRP)=(D(ARIRP)**¥2)*DT /4,
DEAR2TA )“(3( ARPT)**2)*DT /2,
'J(u.\ hl\) C'.-;».\)*PT/I"O.
3(3-\&;-].’\)35‘[ \](J(‘.:\ I n?\) )
DT(IADISIY=D(ARPIN)/D(KEDPIN)
TV=.45
RETOR
STEADY STATE SLCTION
CHrINIgE
TR (KNEL.NL, 1) RETHR
PALLG{INEL,5)=3,01.64+P7L x:(IULL,G)
NI=P2LLG(INEL, 1)
PALLG(INLL,11)=27LL3(1 L, 11)-3 DEA*II*27LLG{INLL, 2)
RETURN
’U’TI\UL
DE{OACAVY=Nn,1
ST(COLFE)=02.0
DT(PCAV)=2(L(1))
DT(eY D?‘)-- a
DE(AP05)=D.0
AGRIGN=,0

nPT(VLSt)=9,0"
DT(COET)=1./0(COLLIR)=D(ARRAR) ¥ *¥2/D(DALP)
DT (COLFEA)=D(ARPDD) /D DALP)

6 . 34-8
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6.34.7 (Continued)

3000

. 3100

3119

31590

9nn

WRITL(6,900)7T(COLW),DT(COLFA)

RETURN

CONTINUL

Ll=L(1)

L2=L( 2)

NI=0,0

IF(DT(NCAV) . GT.D.0)GD "™ 3110

IF(NDT(PXPOS).EQR.0.0)3C D 3100
ARRELF=(NT(DIN1)Y+D(IAIA)*DT(PXPO5) *2,)*%2%PT /4, -D(ARP)P)

CA=( (ARRELF*CV)**2%(Z(L1)+2(L2)))/PNO(RPLaP(IND))

CA=2 . *RUO(KRTEAP(IND) ) /( (ARRELF*¥CV) ** 2% (Z2(L1)+7%2(L2))**2)
CDIFF C(Ll) C(L?2)
NI=SIGN(CA*(SART(1.+C3*ALS(COIFF))=-1,),CDIFF)

CCNTINUE

P(L1)=C(L1)-2Z(L1)*21
P(L2)=C(L2)+2(L2)*I

Q(L1)Y="71

2ML2)==-21I

P2=2(L?)
IF(P2,.GT.PVARP(RTEAD(IND)))IGO TO
IF(D0(PXPO3) LN, 0.7)G0O D 31720
ARRELP=(DT(DINL)+ (SN AA) * NP (P03 ) %2, ) *¥*2%DT /4 ~D( A

CA=S( (ARRLLE*CUY** 2% (2 (L1V472(L2)))/RHD(ETReEP(IND))

Co=2, %N UTeaP(IAR) )/ ((ARRLLF*CV) ** 2% (I([L1)+2(L2) ) **2)
CoRICP=C(L1)=-C(LD)
NI=SIGH(CA*(GORT( 1. +C2*A33(CNIFF))~-1,),CRIFT)

CONTINDL

P(LLY=C(L1)=-2(L1)*O

PAL2)=PVAR(KTELP(IHD))

P2=2(L2)

WL1)=21

ML2)=(C(L2)-2(L2))/2(L2)

DL(NCAV)=DT(DCAV)=((L2)+2I)

IF(DM{DCAV) LT N.N)DT(2CAV)=0,.9

CONTINYL

WRITE(A,I00)P(LY),P(L2),d(PRLLF),C(L1),C(L2)
FORAAT(1%,170812.5)

IF((P(LL)=P2) JLT.D(PRLLF) JARDDT( PEPIS) o L,
RPOSIN=(P(L1)-P2=-D(PRILF))*DI'(INPOST)
IF(XPOLIN.LL, O, N)S30 ) 3200
ARRELF=(DT(DIAN2)=D( 3N 0R) *XPOSIN*2,)**2%p1 /4,
ARRELF=D( ARSKP)=ARRLLE

ST(COERS)=( 2, *(CV*ARALLF)**2Y /R0 ( X700
ALPHA=IDT(CCOLF) /DT(COLFS)

L TA=),+DT(COLF) /D{COLLKEE)
CHI=(DT(COLFAY)*(DT(PXPI3)*D(KIPIP)+3( 17
CHI=CHI+NT(COLF)*(P(L1)=-P2)

CHI==CHI
22=(=-3L7
N2=8173:

3150

&27IP)

N.0) RLTCIN

2(1M2))

PoOR))

A+SORT(BETAX*2-4  FALOUAYARS (CII) ) )/ ( 24 AL PIA)
1(72,CA1)



6.34.7 (Continued)

32nn
3390

30 I0 3309

N2=0,0

CONTTHUL

DT(2CAV)=02/(COELES ) +)2**2/DT(COEFS)+P2
21=(P(L1)=DT(PCAV))/D(COLLP)
VNEW=(Q2-21)/D(ARPID)

XilEil= DL(XPOb)+(VNEH+3'(VLwT))/2.*DLL
CALUL XLIAIT(XNEwW,VUNLW,ASIGN,0.0,0(X08AR))
DT(VLST)=VNbu _
DL(PEPIS) =2 ¥ XNLw=DT(XPD3)
IF(XWEWJED. 04 0) 2D( PXPOS)=0,0
DT (KPIS)=XNEW

WRITE(6,910)T

FORGAT(10X,* DATA CALCULATL R
RTPOINN

END

T TIsk =%,F12.5)
, PH

TN
= iggf%ifﬁ
bmi‘ﬁﬂ/"yx
T
oM e
&r~“
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6.41 SUBROUTINE RESTA1

REST41 simulates a fixed, two-way, orifice restrictor with two connections. ‘i

The coefflcient of discharge is assumed the same for flow in either direction

so that the unit can be instulled buckwards 1.e., either end can be called

connection #1.

Connection No. 1 /—Connuction No. 2
[> Flow

Orifice Diameter

ubraarri i

FIGURE 6.41-1
TYPE NC. 41 ORIFICE RESTRICTOR

6.41-1



6.41.1 Math Model

The basic equation for flow through an orifice is

0 = AVRCU* (2%(P1-P2)/RHO( ))% ()

) where AV = area of the valve orxifice in2
o CV = discharpge coefficient

RHO = fluid density in lbs secz/in4

Q = flow in CLS
Pl = 1nlet pressure in U'SIT
P2 = OQutlet pressure in PS1.

From the line equations

rl = —ZlQl-IC1 2)

2 = 22Q2+C2 (3

using a +ve flow convention from Pl to P2

where €3 = Con #1 line characteristic

Z1 = Con #1 linc characteristic impedance
C2 = Con M2 line characteristic
Zy = Con #2 line chavacteristic impedance.
2 Assuming no flow loss (4)
f G =10 =4q,
substituting cquations (2) and (3) 1in (3)
Q2 = (—ZIQiCl-ZZQ~C2)*CVZ*AV2*2/ RHO( ) (5)

= The solution to this equation is
Q = SICN(CA* (SQRT(L.+CBAABS (CDLFF))=-1), CD1FF)

where CA = (Zl+22)*CV2*AV2*2/RH0( )

o= G- C
CDTF LG

( 6.41-2



2 2 2
CB = 2%RHO( )/ ((AV *CVT)*(Z14£2)7).

" Pl and P2 are then calculated using the Q value.
Pl = C1~- Z1*Q (8)

P2 - C2 + Z7%Q (9)

6.41.2 Assumptions
l. It is assumed that the restrictor does not have any ancillary
parts and that the o1l volume is sufficiently small so that inte-
gration 1s not required.
2. The discharge coefficicent is considered the same in either
flow direction.

-

6.41.5 Comp-itation Methods

SECTION 1000
Input crifice diameter, D(1), 1lu converted to area
B(1l) = D(L)**2%pP1/4,
The steady state orifice equatlon constant is calculated using the
formulu:
D(3) = RUOC )/ ({L(2)*D(1))**2%2.)
Leg coustant for Q2 is updated and pressure at outlet connection is

calculated and storod.

6.41-3



SECTION 2000
Constante for the dynamic orifice equation are calculated.
D(3) = ((D(L)*D(2)**2*(Z(L(1))+Z(L(2))))/RHO( )

D(4) = Z*RHO( )/(((D(1)*D(2))**2)*(Z(L(1)) + Z(L(2)))**2)

SECTION 3000

Flow is calculated using the equation.
QI = SIGN(D(3)*(SQRT(1.4D(4)*ABS(CDIFF))~1), CDIFF)
This flow 18 used to calculate pressures Pl and P2.

§ P(L(1)) = C(L(1))-Z(L(1))*QL

a

P(L(2)) = C(L(2)) + QI*Z(L(2))
6.41.4 Approximations
None
6.41.5 Limitations
Subroutine is limited to fixed two way restrictors having the same

discharge coefficient for flow in either direction.

6.41.6 Variable Names I

NAME DESCRIPTION - DIMENSIONS
CDIFF Characteristic Difference Psy
D(1) Orifice Diameter IN
D(2) Orifice Discharge Coefficient -
0(3) :} Orifice Equation Consgtants -
D(4)
Q1L Flow C1s

N 5.41-4
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6.41.7 Subroutine Listing

SUBROUTINE RESTA4Y (D, DT,eh, L)
C *** REVISED ADGUST 55,1975 **+
DOU3LE PRECISION DO
DIAENSION D(4),0T(1),nD(1) fL(2)
COMui0N NTELPL,NTOLPL,IPT, IPOINT ¢ PTS, INLL, XNEL,NTOPL, §LPLT(61, 3),
1 ®0LEG(99,12),LCS5(90, 1), ILLG(1400) Dﬂ(90) NN(90)
COMuON/aU@/PAxL(150 9), PM(lSﬂO),”u(]qnﬁ) BP(300),0(300),C(3069)
1,2(300), RIO(20) ,820RHED(20) ,VISC(29),BUL%(20), Tan(ZO),?VR?(?G)
.,ATPRLQ,-,DLLT TVINAL,DLTDLu,“I,TITLE(20),LEGH,ICOH
3, TEHP(I9) , LSTART(150) ,KLP2(150), LY PLE(92) ,NC(99) ,INY, 117
¢ INV, ISTEP,NLINDE, NtL, IND, ILNTR,INLINL,lNLL,JHLLH,u‘uDUL,u PLOT
,AJLP 3,103
IF(ISNTR) 19209,20999,35990
1309 CONTINUL
IT (IMNEL.MUL0O) G2 0O 1500
D{(1)=D(1)**2*%D>1/4,
D(3)=RH0(KTE&D(IHD))/((D(Z)*D(l))**z*z.)
RL IR

OO0

STeADY STATL SECPING
1590 CONTIAUL
POLEG(INEL, R)=D(3)+POLLS(INLL, )
NI=PALLC(INEL, 1)
COLEG(IREL,11)=P LLG(INEL, 1L)=D(3) *QI**2*PALEG( INLL, 2)
ReTHRM
21090 CoOUTINIG

3(3)‘((P(l)*d(7))**?*(Z(L(1))+Z(L(°))))/IHU(\”LAP(I~9)) '
PO =2*¥ REO(LTLAP(TED) )/ (((D(1)*D(2) ) **2) % (S(L(1))+I(L(2)))**2)
RLTURN

3000 CONIINIL
CRIFF=C(L(1))=-C(L(?2))
M=2TSA(D(3)*(SIRT(L.+D(4) *AAS(CDIFT) )=1),CDIFF)
P(L(1))=C(L(1))=-3(L(1))* I
PL(2))=C(L(2))+ I*%2(L(2))

“A(L(1))=01
A(L(2))=-71
RLCIINA

LND

60 41-5



6.51 SUBROUTINE PUMP51

Subroutine PUMP51 was set up to model an F15 pump, which is basically
& simple in line piston pump, though it incorporates many mechanical
refinements and sophisticated design featurns., The model 1s intended for use
by systen designers and is primarily aimed at the study of pump system
stablility under dynamic loading conditions.

The model incorporates the effects of case drain dynamics, since the
F15 pump output pressure is referenced to case and the actuator discharges to
the case, and displaces case volume when it is moving. The treatment of
leakage and damping characteristics are rudimentary.

The dynamics of the hanger are complex. Tor the model the effects of the
dynamic forces on the actuator are included. These forces push the pump to
maximum flow, the hanger spring provides this force on start-up.

In addition the hanger offset creates a ncgative flow at the pump inlet
and outlet when the hanger is moving toward maximum flow, and this has a
destabilizing effect, when the hanger response is very fast.

Some of the hanger forces are oscillatory but no attempt has been made
to describe this effect, except that the magnitude 1s sufficient to keep the
hanger in motion, so the effectg of static frirtion is ignored. This is an
agsumptrion that helps the simulation by keeping the integration of the hanger
velocity a continuous function, between its mechanical stops.

The compensator valve dyvnamics are a significant parc of the model.

The forces on the valve are a comwbination of the outlet pressure force pushing
against the case pressure and spring forces, with dawmping and flow forces
acting in either direction.

The damping and flow forces are estimates using classical forumulae.




N

Under certain conditions, the pump compensator valve responds to the
oscillatory pressures cauvsed by the pump pulsations. While no attempt lias
been made to describe how these are generated, provisions have been added so
that their effect on the compensator can be determined.

The compensator valve on the F15 is overlapped, but under certain
conditions the pulsations can cause the valve to dither, reducing the effect
of the overlap and changing the response characteristics of the pump.

The damping and flow forces are included because of the fast response
of this particular valve.

5.51.1 Math Model

A simplified diagram of the press.re regulated variable displacement
pump is shown in Figure 6.51-1.

An equivalent circuit schematic diagram for the pump model is shown in
Vieuge 6,51-2.

Pu,n Displacement Flow

Tor the pump inlet the displacement flow is computed as follows:
QPUMP = D(DLSP)*DT(PRPM)*(DISACT)

LE DISLSAAT) <DT(DISACT) <D(DISAM)

or  QPUMP = QTN ET + QCASIN

if  PIMET- IMMIN

Actuator Pressucs

The actuater pressure is based on the contributions of the ~pring force,
case pressure, outlet pressure and pump rpm, plus the reaction force due to
velocity dawping which is generated when the hanger 1s moving. The input
data 26tablishing actuator pressure unp ocrerating conditions is modified

to give a simpler algorithm for the transient calculations.

6.531--2
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The input data gives the actuator pressure due to the spring force at
maximum flow, D(PSPRIM) and at zero flow, {(D(PSPRIZ). P(PZRPM) is input as
the pressure at zero actuator displacement and 3600 rpm. It is then modified
to give the pressuire at zero rpm by subtracting from it the slope of the
pressure versus rpm curve, which is input as D(PSLRFM).

Using tha F-15 pump experimental data and the actuator pressure predic-
tions generated by the USFR program, a formula was derived which related
actuator pressurc to the output pressure/bulk modulus ratie.

The test data collected at different fluid temperatures showed a need
for temperature correction whdch was obtained via the bulk modulus. A
correction factor DT(BULKC)/DT(POUILT) is used where

DT(BULKO) = BULK(KTEMP(1ND))*D(DPVOA) /223000

D(DPVOA) is the reference pressure and 223000 is the reference bulk
modulus of MIL-H-5606B at 3000 psi and 130°¥.

The refcrence actuator pressure for this Hime step is then computed as

PACTUR = D(PSPRIZ)+PDISA*D(PSRLi) — VOLDAD(INERT)

4+ PDISAX(D(PACCPY*DT (PRPM) **2 + D(PDISAC))
+ DT(PCASE) + (D(PZRPM) + D(PSLRPM)*DT(PRPM))
#DT (BULKO) /DT (POUTLT)
where
PDISA = PREDTCTED ACTUATOR POS1ITION BASED ON THE PREV1IOUS POSITION AND
VELOCITY
(=DT (DISACT)+DT (VELACT)*DELT)
VOLD = ACTUATOR VELOCITY (IN/SEC)
D(PACCP) = D{PACCP)/(D(DISA )*3600%*2)
D(PACCP) 1S5 INPUT AS THE PRESSURE DUE TO PI!STON ACCELERAT10ON

AT 3600 RPM AND MAXIMUM STROKE

6.51-5
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D(PSPRIM)

(D{PSPRIM)-D(PSPRIZ))/D(DISAM)
D(PSPRIM) IS INPUT AS ACTUATOR PRESSURE DUE TO SPRING FORCE

AT MAXIMUM PUMP DISPLACEMENT

D(PDISAC) = (D(PDISAC)-D(PZRPM))/D(DISAM)
D(PDISAC) IS INPUT AS ACTUATOR PRESSURE AT 3600 RPM AND
MAXIMUM PUMP DISPLACEMENT
D(PZRPM) = D(PSRPM)-D(PSLRPM)*3600
D(PZRPM) IS INPUT AS ACTUATOR PRESSURE AT 3600 RPM AND
ZERO PUMP DiSPLACEMENT
The actuator pressuvre and damping characteristics are dmportant variables
since they govern how fast the pump goes from zero to full flow. No easy
way exists to obtain these values accurately from purely dimensional data.
The HSFR program is able to get within 30% of the measured actuator pressure
and gives reasonable predictions of the variations with temperature and rpm.
Measurements of actuator pressure and damping characteristics require a
complex set of instrumentation and analysis of the data, to extract the variables
would require inspired judgement. Therefore a reasonable initizl actuator
pressure D(PZRPM) which includes estimated wvalues for the contributions of
the spring is 800 psi. Other contributions to actuator pressure are input as

Zero.

4 Compensator Valve

The compensator valve position is assumed to be directly proportional
to the differential pressure between outlet and case. The lag, due to the
valve damping and hanger inertia is included in the computation of the
actuator pressure as shown in the INERT and DAMP terms of Figure 6.51-2.

The valve spring rate D(INPPSI) is input in 1bs/in and converted to

in/psi,

6.51-6




D(INPPSI) = D(ARCCM)/D(INPPSI)
The differential pressure at which the valve opemns from ocutlet to actuator
D(DPVOA) is used to determine the valve position, Two pressures POUTMX
and POUTMI are derived, POUTMX is the wmaximum outlet pressure that can be
obtained assuming zern flow from the outlet to the actuator.

POUTMX = (C2/2(L2) + QPUMP + DT (PCASE)*D(COEPLK))*ZOUT
wvhere

20U0T = Z(1L2)/(1.0 + Z(L2Y*D(COEPLK) + Z(L2)*D(VOLOUT))

QPUMP = DT(QINLET) + QCASIN + QOSIN
The ZOUT term includes the impedance of the outlet volume.

The minimum pressure, POMTMI, which is the outlet pressure when the
valve 1s just about to open is computed as:

POUTMI = D(DPVOA) + DT(PPCASE)
where DT(PPCASE) 1s the predicted case pressure for the current time step.

The actual outlet pressure lies between these limits and is obtained by
iteration. The valve orifice area 1s calculated for uany position of the
valve and the inlet port. The valve displacement for

POUTMX>POUTMI 1is

DIS = (DT(POUTLT) ~ POUTMI)*D(INPPSI)/(D(FLOFRC)* (DT (POUTLYY DT(PACTU))

+1.0)

where

D(FLOFRC) = 2*D(WIDTH)*D(INPPSI)* (D(COEVLL)**2)#* 343/D(ARCOM)

The orifice area is easily computed since the F-15 pump has square

metecring ports.
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When the valve is within the overlap region, the valve flow is set to
zero, No allowance is made for leakage dus to diametrical clearance within

the valve.

Since the F-15 pump 1s essentially a closed loop servo, a gain term was
calculated asg:

GAIN = 0,7/(1.+20.*DT(COEV1)}*D(INPPSI}*Z(L(2)))
where

DT (COEV1) = D{COEVL1)#*S20RHO(KTEMP (IND))D(WIDTH)

For the inditial guess of outlet pressure DT(POUTLT} 1is computed at
DT (ITUP) #POUTMX + DT (MITUP)*POUTMI. (DT(ITUP)=GAIN, DT(MITUP)=1.-GAIN)

This pressure is used to compute the valve posirion, srea, and flow, DT(QACTU),

into the actuator. The actuator flow is then used to recompute the pressure

TPOUT = POUTMX - DT(QACTU) *ZOUT

A check is made to see if the recomputed flow is within .05 psi of the pressure
valve and if it 4s not, the outlet pressure is updated by

DT (POUTLT) = DT(POUTLT)*DT(MITUP) + TPOUT*DT (ITUP)

i

" The choice of the DI (MITUPR)/DT{(1TUP) ratio and the initial guess ratilo

of DT(ITUP)/DT(MITUP) was made using an actual closed loop galn for the F-15
pump. For other puwps, adjustments of these ratios could reduce the number of
o iteratlone required to achieve a balance. The tolerance ot .05 psi could

also be fncreased with ILittle penalty.

L Flow Frowm Actuator Piston to Case
¥
o .
» When POUTMI>POUTMX the valve is elther closed or open from actuator to (
o case. POUTMI is changed to
g POUTM1 = D(DPVAC) + DT(PPCASE)
and if POUIM1 is still greater than POUTMX, the valve {8 open allowing flow
. out of the actuator vo that the pump flow, QPUMP Increases. The valve
G.ol-8
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displacement area and flow (DT(QACTC)) are recalc lated. Since the flow does
not affect outlet pressure, no iteration is neces.iary.
The actuator leakage te case is assumed to be laminar since the passage
is small around the actuator barrel. The uctuator leakage 1is computed as
QACTLK = COELKA*(DT(PACTU) - DT(PPCASE))
with all the actuator flows known, the actuator velocity is calculated
DT (VELACT) = - QNET/U({ARACT)

where

QNET = DT(QACTU) - DT(QACTC) -~ QACTLK - (DT(PACTU) - PACTUO)*DT(BULKA)
The difference in the new and old actuator pressures times DT(BULKA) accounts
for the compressible fluid flow in the actuator. The new actuator position
is then

DT(DISACT) = DT(DISACT) + (VOLDHDT(VELACT))*DELT/2.

A check is made to determine if the actuator is at the stroke limits.
1f it iy the actuator flow must be recalculated. 1f the actuator is at
max lmum stroke (fully retracted with the pump at full stroke) then the
actuator pressure drops to case pressure and DT(QACTC) is set to zero.

1f the actuator is at minimum stroke (with the pump outlet flow negative),
then OT(QACTU) aud DT(PACTU) have to be recalculated so that the actuator
leakage flow can be determined.

Pump Qutlet Presanre and Flow

After the actuator pressurc flows and valve outlet pressure DT(POUTLT)
are computed, pump outlet flow is ualcu ated as:

Q(L2) = -{CPUMP-QPLEAK-NT (DACTU) - (DT (POUTLT) -0POUT) *D (VOLOUT) )
Actual pump output pressure is then

P(L2) = C(L2)=-0(L2)*4(L2)

6.51-9
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Pump Case Qutlet Pressure and Flow

The case outlet flow is determined using the schematic of Figure 6.51-2
to write a second degree equation for case drain flow:

DT (COECAS) *Q(L3) *#%2+(Z (L3)+DT (BULKC) ) *Q(L3)

- (DT (PCASE)+QCASDR#DT (BULKC)-C(L3) )=0
where DT(PCASE) is the previous time step value of case pressure.

The above eguation is solved for Q(L3) and the case pressure is
computed as

DT (PCASE)=DT (PCASE)+(QCASDR+Q(L3) ) *DT (BULKC)
The outlet case pressure is then

P{L3) = C(L3)-Q(L3)*Z(L3)

6.51-10
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6.51.2 Assumpticns

The assumptions in a model of this nature are almost too many to
enumerate. By its very unature the pump is a cowplex plece of equipment with
multiple leak paths across the port plate, down the side of the piston and
out of the shoes. This whole set of leak paths have been linearized and
assumed to be constant for a constant output pressure, which is no doubt
rather hard to accept. The alternative would be go into very detailed
calculations with the leakage dependent on the piston load, hanger angle, RPM
and anything else one could add. Unfortunately this too would probably be
inaccurate so instead of an dnaccurate complex leakage model we cliovse a
simple leakage model, which could be improved when more data is available
from the verification tests. .

The forces on the hanger are not taken into account as 1t rotates
only the hanger inertia. Flow and leakage are all treated as though the pump
had a continuous output rather than the individual pumping pistons.

A model which includes the dynamics of cach individual piston would by
necesslty be considerably more complex and consume much more computer time,
but is is an alternative to what we have done here.

In all the calculations the bulk modulus is treated as a constant for
the high pressure (output) side and as a different constant for the low
pressure (inlet) side, the clastic cxpansion of the volume cavities is
included.

Friction effects have not been included primarily because of the cost
of putting them in, but In actual fact the forces on the hanger have an
oscillatory coantent which tend to keep it in motion. The pulsations of the
outlet also tend to keep the valve in motion so that frictdion ceffects would

not normally be significant.

6.51-11
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6.51.3 Computation

The pump subroutine is set up.using the HYTRAN program commons, plus
the D, DT, DD, and L arrays.
100C SECTION
;‘ In the 1000 section the constants are initialized where desirable for
" more efficient computation.
a The remaining part of Section 1000 deals with the calculations of the
steady state pump characteristics.

In order to balance the pump at some steady state condition, it is first
necessary to establish what the pump characteristics are, over the maximum
range of pump flow.

To help in rhis it was assumed that these characteristiecs could be
approximated by a straight line interpolation between the pump conditions
at maximum and wminimum flows which correspond to zero and maximun actuator
displacement respectively.

A chain of luterdependent calculations are needed to derive the maximum

and mindmum conditions. We have to establish:

DT(PACTU) = Actuator pressure

DT(QACTC) = Flow from actuator to case

DT(QACTU) = Flow from outlet to actuator through the valve
= Casc drain flow

N ACASDR

QACTLK

il

Flow into the actuator due Lo leakage

DT(DISVLV) Valve displacement

DY (POUTLT) Valve champer pressure which is the same as ou%*let pressure
The actuator pressuce is dependent on the cutlet pressure duc to the

pumning offset, and the valve flow Is dependent on the difference between

outlet pressure and actuutor pressure, !

6.51-12




The initial flows (QACTU and QACTC) are computed at the appropriate
valve positions and this information is used in the steady state portion of
the program.

1500 SECTION
Steady State Calculations

The pump which has three connections, has a node located at the inlet.

The leg which has the inlet connection receives the pump inlet pressure
from theAsteady state routine.

For the leg which has the outlet connection as its first element, a
. value of the output flow ratio is computed as

_ QGUESS-DT (QOUTLT)
DT (DISVLV) = DT (QINLET)-DT (QOUTLT)

The ratio is calculated to determine the percentage of actuator flow
that is actual leakage flow (QACTLK) into the pump case.

The output pressure is determined by the computed maximum outlet
pressure at maximum valve displacement DT(POUTM) plus the pressure drop from
case to inlet, DT(DELP13).

The outlet pressure is added to PQLEG(INEL, 5) and the output impedance
(.00001) is added to PQLPG(INEL, 6).

DT(POUTLT) is initialized to DT(POUTM) + DT{(DELP13)1

And the outlet pressure PQLEG (INEL, 11) is also increased by
DT(POUTM) + DT(DELP13).

LCS(INCL, 7) is set to 5 which means that the LEG formulae must be
recalculated for every iteration because of the variation in inlet pressure.

The call for CON #3, the case drain, first gets the value of the flow

guess for the case drain flow and then calculates the actuator leakage based
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on the outlet flow ratio.

QACTLK = DT(DISVLV)* (DT (QACTC)-DT (QACTU) )+DT (QACTU)

The pressure rise from inlet to case, DT(DELP13) is then calculated using the
sum of the leakage flows divided by the coefficient of case to inlet leakage,
D(COECIN). Since DT(DELP13) is based on a case drain flow, QCASDR/D(COECIN)
is added along with DT(DELP13) to PQLEG (INEL, 5) for the constant pressure
rise temperature,

1/D(COECIN), the case drain impedance is added to PQLEG(INEL, 6) and LCS
(INEL, 7) 1is set to 5 so that the leg must be recalled each iteration since
the leakage is dependent on theoutlet pressure and/or updat d DT(PINLET) is
required by the othex CON #2 calculation.

PQLEG (INEL, 11) is increased by DT(DELP13) and DT(PCASE) 1s initialized
to PQLEG «(1NEL, 11).

A test at the start of both the case drain and outlet calculations checks
to see if INX = 1 which can only be true if CON 2 and 3 are the first or only
elements in this leg.

The calculation method was two interdependent pressure rises in two
separate legs which is unfortunately necessary since the variables are not
easily separated.

2000 SECTION

With the completion of the steady state c: culations, where DT(PCASE),
DT{POUTLT) and DI(PINLET) are initialized and a value for DI(DISVLV) is
calculated, the puwp state varilables can be initialized, ready for the
transient simulation.

The ratio DT(DISVLY) 1is used to initialize DT(DISACT) and DI (QACTU).

Actuator velocity, DT(VELACT), valve displacement, DT(DISVLV), and DT (QACTIC)

are set to zero. DT(POUTM) 1s set equal to thepump outlet pressure, DT(POUTLT).

6.51-14
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3000 SECTION

The 3000 section starts with a computation predicting the actuator
displacement for the current time step. This-'alue is usedin the computation
of the actuator pressure.

The pump inlet pressure 1s determined from the input iwpedance, Z(Ll),
a pump inlet to case coefficient and pump flow as shown in the equivalent
gchematic diagram of the pump inlet model, Figure 6.51-2.

The next step is to determine the minimum (POUTMI) and maximum
(POUTMX) pump output pressure range. The éompensator valve displacement is
then computed using an iterative technique as explained in the math model
section. Once the valve position is known the actuator pressure and flow
is computed along with the pump outlet pressure and flow.

The position of the valve, determines whether the actuator flow is going
from the outlet to the actuator or from the actuator to case. The two
equivalent circuit schematics used in the solution process are sghown in
Figure 6.51-2.

Figure 6.51-2 also shows the schematic for computing the casce drain
output pressure and flow. QCASDR is the sum of all flows into and out of
the case:

QCASDR = QPLEAK + QACTLK + DT(QACTC) -~ D(ARACT)*DT(VELACT)

—~ QCASIN - QDSIN*®2.
DT(BULKC) is the impedance of the case. 1t is computed as the fluid bulk
modulus times DELT divided by the cann volume.

The final values of outlet and case draln pressures and flows are

passed to the appropriate P and (¢ arrays. The pump output horscpower is

computed as:
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POWER = -Q(L2)*(P(L2)-P(L1))/6600.0
and is added to the previous value in DT (PPOWER).
A case pressure 1s computed using a simple integration.
DI (PPCASE)=2*DT (PCASE)-DT(PPCASE)
where
DT (PCASE)~LATEST CASE PRESSURE
DT (PPCASE)-PREDICTED CASE PRESSURE
If the pump inlet pressure is less than thewmlnimum pump inlet pressure,

a message is printed that gives the time at which pump cavitation occurs.

6.51-16
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6.51.4 Approximations

The arproximation used in the program 1s the rather gross linearization

between maximum and mininum flows used in the steady state calculations.

The remaining calculations follow the math model which is itself a large
approximation.

6.51.5 Limitations

The current pump subroutine does not attempt to describe the true
cavitation effects that can be caused by improper filling of the pistoms.
The efifect on hanger angle and RPM vary greatly from pump to pump.

However, it is also a condition which the designer should avoid, by
improving the pump inlet supply system, to prevent the inlet pressure dropping
to the point where cavitation effects are a concern.

A current limitation, is the correct steady state prediction of pump
outlet pressure, when the system flow exceeds the pump capacity. The transient
section will l1limit the flows, but flow limitation is not included in the

steady state section.
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6.51.6 Variable Names

Name
A

ALPHA

D (ARACT)
D (ARCOM)
B,BETA

DT (BULKA)
DT (BULKC)
DT (BULKO)
C,CHI

D{COEALK)

D(COEALM)

DT (COEALS)
DT (COEALZ)

DT (COECAS)

D(COECIN)
COELKA

D(COLCSO)

D(COEPIK)
D(COEVL1)
D(COEVL2)

DT (COEV1)

Description

Leakage coefficient from actuator to case
Computation constant

Actuator area

Compensator valve area

Computation constants

“wpedance of actuator volume

.+ nedance of case volune

0. "+1lk modulus

Computation constants

Coefficient of actuator leakage at zero
pump displacement

Ccefficient of actuator leakage at maximum
pump displacement

Dummy variable
Dummy variable

Constant term use to determine case outlet
pressure drop

Coefficient of flow from case to inlet
Dunmy variable

Coefficient of outlet flow due to
actuator motion

Coefficient of pump leakage (outlet to case)

Discharge coefficient outlet to actuator
Discharge coefficient actuator to case

Constant term used to determine outlet to
actuator pressure drop

6.51-18

Dimension

PSI/CIS**2

IN**2

IN*%2

PSI/CIS

PSI/CIS

PST

CIs/PSI

CIS/PSI

PSI/CIS**2

CIS/PST

CIS/(IN/SLC)

C1s/PSI

PST/CIS**2
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Name

DT (COEV2)

CONA, CONB
cl

c2

c3
DT(DELP13)
DT (DELP23)
DIS
DT(DISACT)
D (DISAM)

D (DISAMI)

D(DISP)

DT (DISVLV)
D(BISVM)
DPDAMP

D (DPVAC)

D(DFPVOA)

DPl, DP2

D(FLOFRC)
GAIN

D (INERT)

D (INPPSI)

Description

Constant term used to determine actuator
to case pressure drop

Dummy variables

Inlet characteristic pressure
Outlet characteristic pressure
Case drain characteristic pressure
Pressure drop from case to inlet
Pressure drop from outlet to case
Dummy variable

Actuator displacement

Actuator Position at maximum pump displace-
ment

Actuator position at minimum pump displace-
ment

Theoretical maximum pump displacement
changed to IN**3/IN/RPM

Valve displacement
Maximum valve displacement
Dummy variable

Pressure at which valve is open from out-
let to actuator

Pressure at which valve starts to open from
outlet to actuator

Dummy variables

Flow force on valve spool
Closed loop pump gain
Hanper inertia

Spring rate of spool changed to IN/PSI

DT(ITUP ),DT(MITUP) TIteration constants
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PST/CIS**2

PSI
PSI
PSI
PSI

PSI

IN
IN
IN

IN*¥*3/REV

IN

IN

PSI

PSI1

LBS-SEC**2 /1IN

LB/IN
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Name

OPOUT

D (PACCP)
DT (PACTU)
PACTUO
PACTUR
DT (PCASE)
D (PDAMP)
PDISA

D (PDISAC)

DT (PINLET)
D (PINMINM)

DT (POUTLT)

POUTM, POUTML

POUTMX
POWER
DT (PPCASE)
DT (PPOVER)
DT (PRPM)
D (PSLRPM)
D (PSPEED)

D (PSPRIM)

D(PSPRIZ)

D (PZRPM)

Description

Previous value of outlet pressure

Actuator pressure due to piston accelerat.on
at 3600 rpm & maximum pump displacement

Actuator pressure

Frevious value of actuator pressure
Reference actuator pressure

Case pressure

Hanger damping

Predicted actuator displacement
Pressure at 3600 RPM and maximum pump
displacement: changed to rate of change
of pressure with actuator position
Inlet pressure

Minimum inlet pressure

Qutlet pressure

Dummy variables

Pump vutput horsepower
Predicted case pressure
Cumulative output horsepower
Pump operating speed

Slope of pressure vs RPM curve

Pump operating speed

Actuator pressure duc to spring force at max-

imum pump displacement adjusted to slope PST/IN

Actuator pressure due to spring force at
zero pump displacement

Actuator pressure inpucted at 3600 RPM
and zero pump displacement; adjusted to zero
RPM

Dimension

PSI
PSI

PST

_PSI

PSI
PSI
PSI/IN/SEC
N

PSI

PSI
PSI

PST

HP
RPM
PSI/RPM

RPM

PSI

PSI




Name

DT (QACTC)

QATTLK

DT (QACTD)

QCASDR
QCASIN

DT (QINLET)
QNET
QOSIN

DT (QOUTLT)
QPLEAK
QPIIMP
TPOUT

DT (VELACT)
D (VLVOL)

D (VOLACT)
D (VOLCAS)
VOLD

D (VOLOUT)
D(WIDTH)

Z0uT

Description

Actuator flow with valve is open from

actuator to case

Leakage flow from actuator to case

Actuator flow when valve is open from outlet

to actuator

Sum of all flows into and out of the case

Flow from case to inlet

Inlet flow

Net actuator flow

Qutlet flow due to actuator motion

Outlet flow

Pump leakage flow
Pump flow

Dummy variable
Actuator velocity
Valve overlap
Actuator volume
Case volume
Previous actuator velocity
Ouilet volume
Slot width

Outlet impedance
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Cis

CIs

CIs
CIs5
CIs
CIS
CIs

CIS

IN/SEC
IN
TH**3
IN*%3
IN/SEC
IN**3
IN

PS1/CIS




6.51.7 Subroutine Listing

SUBRIJTINL PUAPEl (D,D%,0D,L)
*kkk DIVISLED «ARCH 25, 19706 *¥x%*
X VERSION OF THE YPU«iPS4 SUBROJTINL 7 APR 75
CQLA01 WTHLPL,RTOLPL, IPT, IBCINT, NPPS, INLL, ¥el, I00NPL, NLALI(GL, 3),
1 P2LEG(90,12),L85(99,10), ITLP(1400),D”(90),ON(90)
COuiOJ/‘”ﬁ/DAKL(ISO 9), B (1500),0(1569),P(300),0(300),C(2300)
2(390),RE0(29),520RA0(20),VISC(29),B0L%(29), Th.“(’q),?VJJ(Z”)
\Tnkhu,&,JLLP TFINAL, PLTDEL, PI,TITLE(20), LEGCH, ICOW
2 KTEMP(992),LSTART(1S D),‘LPL(lSO),LTYPL(Q’),ﬁC(99),IHX,INZ
4,18V, ISTLP,ALTNE, SLL, InD, IZNTK, aNLINE, SHEL, ARLEG, (L INCDE, AN 2L
S,MNLPTS,JDS
DLUENMSION D(37),D0(43),0D(1),L(10)
THOEGER ARCOU,WIOTH,FLOFRC,COEVLl,COLVL?,ARACT,PSPRIZ,PSPQIA,
ACCP PARD.,PELRO, PDISAL, PDALIP, DISP,NPVIA, DPVAC,
DI3A ,OI:A.-,,ULALK,uuLnLI COEPLK,COLCIN,VGLCAS, 215,14,
L5?rl3 PRP..,PRONILR, FLAG, JACTU, DACTC, PACTC, PCUTLT,
ASE, PINLET,COEVY,CORV2, 30LKC, VLLACT, DISACT, DISVLY,
COE\LZ,CHLALS,DHLPI ,DRLP23,COLCAS, POUTH , BULKD, COLOSG
S NINLET, “OUTLT,DISVI,VLVOL,VOLKCT,udL\A VOLOUT, PRCASE

C n( ) ARRAY **xk*

DAIA DRYRA/LY/,IRPOST/2/ ,ARC/ 3/ I/ 4/, TLOFRC/ 5/, VLVOL/G/,
Coevyul/7/,C0LvnL2/8/ ,ARNCT/S/,P5PRIL/10/,P5P510./11/, ‘
PACCR/12/,P2RP0/13/,PDTSAC/14/, PSLRS/1S/, Pr«d’/lG/,
DIsp/17/,013A0./13/,0I5A41/12/,000AL%/2)/,C00AL.L/21/,
CORPLR/2%/,COLCT/23/,VOLCAS/24/,0T ialN/2 / P532LLD/26/,
Cords50/27/,0I5Vu/28/ ,OPYAL/29/, TALRY/ 30/ ,YOLACY/ 31/, VLLALs/32/

,-\«'1( ) ANPAY *kkkk

nATA PRRL/Y/,PROGLR/Y/,PLAG/ 3/, DACTI/ 4/, ONCTC/ N/,

OACD/T/, POITLT/ 5/, PCALL//, PISLLT/1D/,COLYY/YY/,COLY2/12/,
RILXC/13/,vLLACY/Y4/ ,DI3ACY/15/,DIsVLY/15/,%Y/17/,C0LALG/ 15/,
CORALS/1%/,COLCAS/29/,200100/21/,0LL213/22/, 200,223 /23/, 30LL/ 24/
P OTRLER/25/ , DUTLT/ 26/, 1009/27/, 01000/ 23/ ,35LIN/ 29/, BRCASL/ 10/

) 0)

DU I N

(@]
UT i W) )

2 ) B

IP(TawTR) 1009,2009,3000
C **% 1900 3RCTTHN
1700 CoHTINUL
IF (INEL.WL.N) a6 00 13960
PO 1711 1=1,20
1901 30(I)=n.0n
=TT RGP 17D)
IF(:N.LT.11) =410
N3543=YI3C POK .IL-4-73227 AT 190 F
POGER=VISC(N) /. 03043
IT(BULIC)=ROLZ( ) ¥ L LT/ D ( VOLCAS)
YT(RULIA) =D(VOLACT) /( 200 () *DLLT)
DVOTOLTY=D(VOLOLT) /( TULK (1) *DELT)
DT(COLY1)=D(COLVLI) *3 200G (“irnP(TI0) ) *D (I iH)
DT (COrY2)=0(COLVL2) *5 20015 ( ) ¥ (I
DT(COLCAS)=1.41 42135/ ( (W 02RNG2¥ IR KT uar (I iN) ) ) ** D)
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6.51.7 (Continued)

DT(COLALZ) =D(COLALK) * POwER
DT(COEALS)=D(COLALN) *POWLR
D(INERT)=D(INERL)/(DELT*D(ARACY))
IF(B(FLOFRC).NL.N.D)GQ TO 1250

DT(COEALS ) =(DT(COEALS)=DT(COLALLZ) ) /D(DI3AH)
D(INPPST)=D(ARCOx)/D(INPPST)
D(FLOFPRC)=2.*D(wISTd)*D(ISPPSI) ¥ (D(CORVLL)**2) %, 35
D(DPVAC)=D(DPVOY) =D (VLVOL) /D(INPPSI)
D(DISP)=D(DIS?)/A0./D(DI3Au)

D(P:DRIA =(D(BSPNIA)="( P3PRIZ) ) /D(DNI3AH)

D( 2ACCP)=D( PACCP) /(D(DISAA) ¥3560,%*2)
D(PDISAC)=(D( POISGAC)=D(RTRP:H) ) /D(NISAL)
D{PIRP.L)=D(PIRP.)-D( PSLEP.) *3600,

1259 DT(PRP.)=D(P5PhLD)
DT (2ULKO) =3ULL (R Tra? (I”W))*“(7°V“N)/“3°”“7

3/ (ARCO.L)

Cé*x  DUIS SLOTION CALCULATe: Tk STHEADY STATE CIARCYLRIBTICS
C OF Tl PUMR OUTPUT PeusBURE VERSTES FLOW,

S ECEPESES RS

COLTLEA=DT(I0OrLALY)
DT(POTITLT)=D(DPVOAY+2, 7
1260 DO(DACTC)Y=DT(NACTY)
1270 DD(PACT) =L ( PS5 2RI2)+0T(OISACT) * (P 2RIA)+DT(2CASL)
1 +CT(015\PW)*(0(J‘C\P)*‘P(Vh«u)**?+;(»u10;C))
2 H(D(PCZR2U)+D(PSLREL) DT PRLL) ) *IT(3ULED) /DT ( PO
Ir (IL‘T?.u.. Y)Y RLTURD
OT(DACDI)=COLLRA*TT( 2ACT)
OT(DISACT)Y=2(DIS™)
COLLRA=P(ICLALZ Y+ DT DISACTY* DD (TOLALE)
IF{DT(NACTC) ak a0, )50 4D 1269
NDT(RPSUTL)=DT(P2ITLT)

J‘J-.‘ )

DT(RTHLLT)=B(CISRY*DT(PERH) *O(SISAL) =D 2CIlo) *D(COLPLY)

1 =OT(0ACTY)

DT (2OUTLI) == (D(C0E
DT (NELP23)==DT( 0
IT(BISVLY)=.5
DT(CEL®13) =11, ,
CATN=.T7/(1. 420, *DD(COLVI)*D(TIPPEI)*5(L(2)))

T(TIUP)=CAT :
NT(OTPP)=1,-0AT
LTURY

'\J

-
'/
N

“) -~

€)) ¥ T(EOUILT) - DT MACIC)
)/( [{LET) =D (20UTLT))

Cl"

STEADY STATE CALCULATION JLCTTON
I4D=CO20NLNT &, XNEL=CO il CT TN 4, THLL=LLG
COM 41=TINLLT,CO0 E2=C070T 00, Co0 43=CAS8L ORATw
THE INLRET IS A WOSAT POTAT Ta il SYSina

15909 I7(RWLL-2)1510,1536,1520
1510 Wm(LI'LLT)=?QLtG(IJLL 11)
on MG 1400

1520 I<(14¥.43L.1) 50 10 1760
SCASEA=POLAS(INEL, V) *BOLLS( Tt L, 2)
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6.51.7 (Continued)

DT(45)=NCASDR .

CACTLY=DT(DISVLV)* (DT (DACTC)=DT(CACTI) )+DT(QACT)

ﬁC(DELPlB)—(nl(PJ”Td)*D(CULPL Y+IACTLK=NCASD®) /D(COLTTIN)
PULEG(INEL,S)=P)LLEG(INEL,5)+DT(OELRPL3)+3CASDR/D(COLCIN)

PALES( IHEL, 6) = POLEG(INLL, 5)+1.0/D(COLCIA)
LCS(INEL,7)=5
PALEG(INET,11)=POLES(ITEL, 11)+DT(DLLP13)
DT(PCASL)=PALEG(INEL, 11)
POLEG(INEL, B)Y=PALLG(INLL, R)+OT(CILECAS)
PALLG(IVLL, 11)=POLES(INLL,11)-DT(COLCAE) ¥ (DCASDRX*2)
501D 1509
1839 IF(I84.9L.1) 30 70 1700
C T DT(NIBVLV)=POLEG( IAEL, 1) *20LES( TARL, 2) =D T ( DOUTLT)
DT(DISVLV)=DT(DISVLV)/(DT(“I'LP‘)—D“(iﬁ””L“))
IV(DT(NIIVLV).LT.Y.0) TX{BIsVLY) =0,
TR(DT(2ISVLV) G0, 1.0) DT(RIsvLY) =1, 0
PALEG(INED, 5)=PILAG( I 10, 5)+D2(POUTL) + 21 (DELPL3)
PALEG(IREL, u)—nnr;r(lurn,n)+w 091
nﬁrFP(*-LL,ll)—a?Ll H(IEL, L1)+DT(PO0TL) +3T(DELPLI)
DT(POUT LY =POLLS(THLE, 11)
LCS(IILL,7)=5
1A0N0 Ra'Tie:
1700 4RITe(6,1300) InD,ILL,Ta0T
1900 2ORGAT(SY, 460 CALL HUngutiCh HRROR DETHSTRD T4 COaSdNLaAT 40
1 I3,1 4% SARIECTTAG S0 b 15,70 LeY 4D ,T13)
ARTPL(6,047)
043 FAORLAT(IANN,32UDANTRAL 3TID I S$O200TI 4k PULDRS1)

LA

ST08 AN54

COoxkx ONN 5100 TOwN

2000 CCATIARDL

NT(DTEACT) =BT (RISYLY) *D(B1EA,)
DTAACTI) =T ATSVLY)Y X (DT (AATTC) =0T NACT) )+ 2T (AT
DT(OACTC)=N, N
PELTAVLVY=N.0
DT (P OCASI) =RT(PCHIL)
CcoO 'l0 1272

T **x 200N SLC0TON
3000 CY LN
TCOLT=0
~
C CATLCILATY IRANGTI LD PospPO Ise OF 20002
C

PNLR=,D
L1=L(1)

L2=1.(2)
I.'?I=T_I( ?')
Cl=C(L1)
Cl=C!1,?)

YIS EviEn (:‘)‘( |
EST A”ﬁ f‘aifmn_:l,é. 97| 6.51-24



6.51.7

3209

3217

297

{Continued)

C3=C(L3)

VOLR=DT(VLLACT)

NPRAAP=D( PNALY)

DEDALP=D{ARACT) /(CPDAuPH+I( INLRT))

BT(OACTI)=0.0

DT(IACTC)=0,N

P’”mﬂ)-ﬁT(PKLTu)

PRISA=0T(QISACT)+ 20 (VELACT) *DLLT
PACTUR=D(PSPRIZ)+POISA*D(PSPRIM)+VOLD*D(I&ERT)
1 +PDISA*Y (O( DPACC?)*DT( DLy **¥ 24D ( POISAC) )+DT( PPCASL)
2 +(D(P5RP4)+D( 2SLRPAY*DT(PRP:A) ) *DT(I3VLD) /DT (PCUTLT)
WEIN==YILN*DH(TOLD8D)

ADGAP=DRISA*D(DISR) *DT(PRPE)+D08T A
DT(PINLET)=(C1/Z2(LL)4DT(PECASL ) *D(COLCIN)=-1210.P)
1 /(1. n/ (f1)+“‘(~Jr Ir))

IT(NT(2IILEY) JUT, D 2PINdINY ) DT(PINLLT)=D(PINIIN)

DL(NIN L[;"i‘) =(C1—D'.[‘( PIMLETYY/2(LY)
ACASIH=(DT(PPCASE) =D PTALEM) ) *D{COFCIN)

APOAP=NT (DT ILET)Y+20AST 34005
CORLEA=DT(COLALZY+EOTIHA*DT(COLALS)

EONP=2 (L) /(1.N+2(L2Y*D(ZOHOLPLYY+Z(L2Y*D(VOL20T) )

DPONT=00( 20UPLT

B=1./(NPONRP+IT(SULTAY+COLL TN

GPl=( 2 (PRPCASL ) *COLLYA+PACTIO* XU (FULYAY+PACT IR*DID)4L ) * 3
CR2=3% ( PACTIR* NN PHPACTIO* DT (SULIAY+DT(PRCASeY ¥ (COil¥i~-1./73) )
POUT.IN= (u7/7(L“)+)“U“H4D”(3P” SEY*(CCLPLEY+D(VOLOCI T * DL ouY ¥ 2007
DOUT AT=D(CRVONY+D T ( PPCASL)

IR (PO Y,LE, DUUD.;) o000 3220

SL(POUTLTY=20U00 il * ST (I d2)y+POUTHLI* (LI Te)

Nis= (Dx(’ﬁ”lLP) P("””I)*U(IU°VJI)
DIZ=0IS3/(D(PLIFRCY*(HT(POUFLT)=-0T(PACT )Y +1.0)
IF(DI3.GTD(DISVE))DIZ=(DIsV.:)

IS(POULR.LD.0.D) 30 TO 221¢
COVA=(DIS*DT(IOLV1IY)Y**2/ (2, *CCLLYN)

CONR=2 ., *A G (DT eCUTLD)=DT( PPCASE) ) *COLLEA/CONN

0T(¢FL DY =CONAX(LORT (1. 0+C310)-1,.9)

L(ﬁ OATYCCHEN,CONE , COLLYA, DT(PPCASE) , D0 (COLYY) , BT ( 200TLED)

PORGAT(3Y, °'12.,)

50 ’“ 3217

COIITINL,

A=DIS*ST(CCLVY)

NT{IRCTS)==3%A**2 /) +\/2.%*" “Fl((3*3)**‘+1*( ST (EeDITLTY-221))
DC(PACT) = 7P(°W”TLE)-(JT(“\C SAWAY RN

TRAU =D, X=NT (DACTY) * 7000

I (AL ("U”U -~ PONVLM)YLLT.D.08) 5O PO 3230

NP(EDUILTY=0D(2DUTLT) * (1IT10)+ID)Y”*“T(IPU )
ICOMIT=ICNIT+1

IF(TICOURT LN 25) 0TI Tu{5,292) ICOU4T

IF(ICOH I .M 28)uRITE(G,223)20( POILLT),TRCUT, 20U TR, POUITHI
PONGAT(1IX,41R20,.5)

TSR S CHARAEN e R e A S S

BEST AVAEMBlE oy
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6.51.7 (Continued)

IF(ICOUNT.EQ.25)G0 TO 3230
999 TFORAAT(10X,13HLXCERDED ITER,I1D)
G0 TD 3219

@

c FLOW FRO.4 ACTUATOR PISTON TO CASE
3220 PODTI=D(DPVAC)+DT{2PCASL) ;
IF( POUT«X.GE. POUTHI) GO TO 3230 i
DIS=(POULATI=-PIUTHL)*D(INPPSTI) f
DIS=DIS/((DT(PACTI)=-DT(PPCASL))*D(FLOFRC)+1.0)
IF(DIS AT, D(DISV))DIs=D(DIsVa)
3220 COWNTINIE
A=DIS*DT(CORY?)
DI(NACTC)==R*¥A**2/2 4N/ 2 *3NRT( (A*3) ¥ *24+4*DP2)
DT(PACTU)=DT(PPCASK)+(DT(DACTC)/A) **2 :
3230 IS(POWERLNELD.0) 30 'O 3250 |

Te3T PISTON DISPLACLABNT ASATNST (AXIGU STROXU ;
ANCTLE=(DT(PACTI)-DT(PPCASE) ) *COULYEA ]
DAET=DT(ACTT)=IACCLE=DT(DACTC) = (DT PACT J)=PACTIC) *DT(ZULEA)

DT (Vi LACT) ==L 1/ D ARACT) g
PL(DTSACT)=D0(BIZACT)+H(VOLAHDT(VELACY) ) /2. ¥ DELT :
CAMLL YLIaIT(DU(DISACT), DT(VLLACT), PONE R, J(DISNIT), 2(TIsAL)) :
IS(POHLER.ED,T,N) 30 TG 3329 ~ ?

TF(P2(PTILLT) L Lk, D(FILIN)) GO 2D 3249
12U P=D(DIS2) * ¢ PRP.1) *DT(DISEALT)
M3TH=0,9 :
3240 IF(POWLR.ED,=1.,0) SO T3 32060 H
Df JACTC)=n,9 :
1(PACTI) =DT( PRCH3E)
AACTLA=D.D -
G €2 3307 :
3259 OT(PACTI)=3T(PACASE) +IT(AACTN) /COLLTA :
ALCTLH=DT(DACTY)
3300 P(L1)=DT(PILet)
H(L1)=DT(OL.ILET)

APLLARS (DT (FOIITLT)=DT( #PCASL) ) ¥ B (COLPLY)
A(L2) == (2P0 P=APLLAK= 0T (PACTH) = ( DT ( POTTLT) =0POUT ) *5( VO LIUT) )
DT(DISYLY) = (N 2OUTLT) =0T ( PRCASE) =D (DEVOA) ) *O( T 12P5T)

P"(”)U’LT)=C(L7)--(L’)*”(LV)
P(L2)=D2T0(2CU0TLS)

TCASDR=NBLEATHIACTLIADL (MACTC) =S (ARBCT) ¥ T (Ve LACT) =5CAL T =205 T 4% 2,
I'.‘L(ﬁ)- SCABDR

ALPEA=DT(COLCAR)

BLTA=Z (LI)+20(2ULC)
CiiT=DT(PCASL)Y+DCASDI*DT(INLIC)~-C(L3)

ML) =(=RE PRSI (SLUAY* 244 X ALBHAYAIS (CLT) ) ) /(2 *ALER)
MLI)=SIHS(M(LI) ,-CiI)

C2(PPCASL)=DT(#CAnL)
ﬁ‘(DFA)m)-“T(PL\cL)+(WC\LDA+\(L1))*D F(3ULTEC)
D(LI)=C(LIY="(LI)*Z(L3I)

R R T T s B B v




6.51.7 (Continued)
DT({PPCASE}=2,.*DT( PCASE)=DT(PPCASE)

-
POALR==Q(L2)*(P(L2)=-P(L1))/66N0.0
DT(PPCIER)=POVER+DT( PPOWER)
IF(DT(PINLET) LA, D(PINAIN)) WRITE(6,3310) T
RETIRN ~

3310 FOR:GAT(2X,341***xkkxx DJ4p CAVITATION ONSET AT T= ,E12.5)
Eue
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6.54 SUBROUTINE PUMP54

Subroutine PUMP54 was set up to model the space shuttle (F-14) pump,
which is b-sically a simple in line pistom pump, though it incorporates many
mechanical refinements and sophisticated design features. This model 1is
intended for use by system designers and is primarily aimed at the study of
pump system stability under dynamic loading conditions.

The model incorporates the effects of case drain dynamics, since the

shuttle pump output pressure is referenced to case and the actuator discharges

to the case, and displaces case volume when it is woving. '

The treatment of leakage and damping characteristics are rudimentary.

The dynamics of the swash plate, yoke or hanger, are complex. For the
model the effects of the dynamic forces on the actuator are included. These
forces push the pump to maximum flow, the hanger spring | ovides this force
on startup.

In addition the hanger offset creates a negative flow at the pump inlet
and outlet when the hanger is moving toward maximum flow, and this has a
destabilizing effect, when the swash response is very fast.

Some of the hanger forces are oscillatory but no attempt has been made
to describe this effect, except that the magnitude is sufficient to keep the
hanger in motion, so we have ignored the effects of static friction. This
ls an assumption that helps the simulation by keeping the integration of the
hanger velocity a continucus function, between its mechanical stops.

The compensator valve flow characteristics are a significant part of the
model. The forces on the valve are a combination of the outlet pressure
forces pushing against the case pres: ire and spring forces, with damping and

flow forces acting in either direction.

P Y



The damping and flow forces are not included because of the low flow
levels of this particular valve.
6.54,1 Math Model

A simplified disgram of the pressure regulated variable displacement
pump is shown in Figure 6.54-1.

An equivalent circuit schematic diagram for the pump model is shown in
Figure 6.54-2.

Pump Displacement Flow

For the pump inlet the dispiacement flow is computed as follows:
QPUMP = D(DISP)*DT(PRPM) *DT(DISACT)

1f  D(DISAMI)< DT(DISACT)< D(DISAM)

or QPUMP = QINLET + QCASIN

iE PINLET<PINMIN

Actuator Pressure

The actuator pressure is based on the contributions of the spring force,

case pressure, outlet pressure and pump rpm, plus the reaction force due to

velocity damping which is generated when the hanger is moving. The input
data establishing actuator pressure for pump operating conditions is modified
to give a simpler algorithm for the transient calculations.

The input data glves the actuator pressure due to the spring force at
maximum flow, D(PSPRIM) and at zero flow, D(PSPRIZ)., P{(FZPRPM) is input as
the pressure at zero actuator displacement and 3600 rpm. Tt is then moditied
to give the pressure at zerH rpm by subtracting from it the slope of the
pressure versus rpm curve, which is input as D(PSIRPM).

Using the F-15 pump experimental data and the actuator pressure predic-
tions generated by the HSFR program, a formula was derived which related
actuator pressure to the output pressure/bulk modulus ratio.

‘he test data collected at different fluld temperatures showed a need
for temperature correction which was obtaimed via the bulk modulus. A
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correction factor DT(BULKO)/DT@OUTLT ) is used where

DT(BULKO) = BULK(KTEMP (IND))#*D(DPVOA) /223000

D(DPVOA) is the reference pressure and 223000 1s the reference bulk
modulus of MIL-H-5606B at 3000 psi and 130°F.

The actuator pressure is then computed as

DT(PACTU) = D(PSPRIZ)+PDISA*D(PSRIM) - VOLDA*D{(PDAMP)

+ PDISA*{D(PACCP)*DT(PRPM)**2 + D(PDLISAC))

4+ DT(PCASE) + (D(PZRPM) + D(PSLRPM)*DT(PRPM))
*DT (BULKO) /DT (POUTLT)
where

PDISA = PREDICTED ACTUATOR POSITION BASED ON THE PREVIOUS POSITION AND

VELOC1TY

(=DT(D1SACT) + DT(VELACT)*DLLT) i

VOLD = ACTUATGR VELOCITY (IN/SEC)
D{PACCP) = D(PACCP)/(D(DISAM) *3600%*2)

D(PACCP) 15 INPUT AS THE PRESSURE DUE TO PISTON ACCELERATLION

AT 3600 KPM AND MAXIMUM STROKE
D(PSPRIM) = (D(PSPRIM)-D(PSPRLZ)}/D(DISAM)

D(PSPRIM) IS INPUT AS ACTUATOR PRESSURF DUE TO SPRING FORCE

AT MAXIMUM PUMP DISPLACEMENT
D(PDISAC) = (D(PDISAC)~-U(PZRPM))/D(DISAM)

D(PDLSAC) 15 INPUT AS ACTUATOR PRESSURE AT 2600 RPM AND

MAXIMUM PUMP DISPLACEMENT

D(PZRPM) = D(I'/RI’M)-D(PSLRPM)*3600
D(PZRPM) IS INFUT AS ACTUATOR PRESSURE AT 3600 RPM AND ’ !

ZERO PUMP DISPLACEMENT

6.54-5
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The actuator pressure and damping characteristics are important variables
since they govern how fast the pump goes from zero to full flow. No easy
way exists to obtain these values accurately from purely dimensional data.
The HSFR program is able to get within 30% of the measured actuator pressure
and gives reasonable predictions cf the variations with temperature and rpm.
Measurements of actuator pressure and damping characteristics require a
complex sefr of instrumentatrion and analysis of the data to extract the
variables would require inspired judgement. Therefore a reasonable initial
actuator pressuvre D(PZRPM) which includes estimated values for the contribu-
tlons of the spring is 800 psi. Other contributjons to actuator pressure
are input as zerc.

Compensator Valve

The compensator valve position Is assumed to be directly proportional
to the differential pressure between outlet and case. 7The lag, due to the
valve damping and inertia, is very small compared to the response of the
hanger and 1s ignored.

The valve spring rate D(INPPST) is inmput in 1lbs/in and converted to
in/psi,

D(INPPS1) = D(ARCOM)/D(INPPSI)

The differential pressure at which the valve opens {rom outlet to actuator
D(DPVOA) 1is used Lo determine the valve position. Two pressures POUTMX
and POUTM1 are derived, POUTMX 1is the maximum outlet pressure that can be
obtalned assuming zero flow from the outlet to the actuator.

POUTMX = (C2/Z(L?) + QPUMP + DT(FCASE)*D(COEPLK))¥Z0UT
wheru

ZOUT = Z(1.2)/(1.0 + Z(L2)*D(CCEFLK))

QPUMP = DT(QINLET) + QCASIN + QOSIN
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The minimum pressure, POMIMI, which is the outlet pressurs when the
valve is just about to open is computed as:

POUTMI = D(DPVOA) + DT(PCASL)

The actual outlet pressure lies between thise limits and is obtained by
iteration, The valve orifice area 1s calculated using the trigonometric
formula for round port erifices. The valve displacement for

POUTMX>POUTMI 1s

DIS = (DT(POUTLT) - POUTMI)*D(INPPSI)

The orifice area is computed as

AREA « D(SRAD)*ACOS(B/D(RAD)) -~ B*SQRT(D(SRAD) - B**2)

where B = D(RAD) - DIS
D(RAD) = RADIUS OF METERING HOLE
D(SRAD) = D(RAD)*%*2

This area calculation works within the limits of the port diamecter.

For the computation, two ports diametrically opposite are assumed, When the
valve 18 within the overlap reglon, the valve flow is set to zero. No

allowance 15 mude for leakage due to diametrical clearance within the valve.

For the initial guess of outlet pressure DT(POUTLT) is computed at
J75%POUTMK + .25 POUTMI. This pressure is used to compute the valve
position, area, and flow into the actuator DT(QACTU) . The actuator flow is
then used to recompute the pressure.

TPOUT = POUTMX ~ DT (QACTU) *ZOUT
A check 1s made to see 1if the recomputed flow is within .05 psi of the

pressure valve and if it is not, the outlet pressure is updated by

DT (POUTLT) = DT(POUTLT)*.15 + TPOUT*.85
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The choice of the .15!85 ratio and the initlal guess ratio of .7%%25
was made using the actual area, displacement and load impedance data which is
applicable to its installution in the space shuttle. For other imstallations
adjustments of these ratios could reduce the number of iterations required to
achleve a balance. 'The tolerance of .05 psi could also be increased with
little penalty.

Flow From Actuator Pistoun to Case

When POUTMI>POUTMX the valve is either closed or open from actuator to
case. POUTMI 1s changed to

POUTML = D(DPVAC) + DT(PCASE)
and if POUTMI 4is still greater than POUTMX, the valve is open allowing
flow out of the actuator so that the pump flow QPUMP increases. The valve

displacement area and flow (DT(QACTC)) are recalculated. Since the flow

does not affect ovutlet pressure, no iteration is necessary.
The actuator leakage to case is assumed to be laminur since the passage
is small around the actuator barrel. The actuator leakage is computed as
QACTLK = COELKA*(DT(PACTU) ~ DT(PCASE))
with all the actuator flows known, the actuator velocity is calculated
DT(VELACT) = —-QNET/D(ARACT)
where
QNLELT = DT{QACTU)} - DT(QACTC) - QACTLK

The new actuator pusition is then

DT(LSACT) = DT(DISACT) + (VOLDHDT(VELACT))*DELT/2. ]
A check is made to deterwlne 1f the actuator Is at the stroke limits.

If it 15 the actuator flow must be recalcu.ated. 1f the actuater is at

naximum stroke (fully retracted with the pump at ful) stroke) then the

actuator pressure drops to case pressurc and DT(QACTC) is set to zero.
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If the actuator is at minimum stroke (with the pump cutlet fiow
negative), then DT(QACTU) and DT(PACTU) have to be recalculated so that the
actuator leakage flow can be determined.

Pump Qutlet Pressure and Flow

After the actuator pressure, flows and valve outlet pressure DT(POUTLT)
are computed, pump ontlet flow is calculated as:

Q(L2) = -(QPUMP) - QPLEAK - DT(QACTU))
actual pump output pressure is then

P(L2) = C(L2) - Q(L2)*z(L?)

Pump Case Qutlet Pressure and Flow

The case outlet flow is determined using the schematic of Figure 6,54-2
to write a linecar equation in flow:

QCASDR = (QCASDR*DT(BULKC)—CB+DT(PCASE))/(Z(L3)+DT(BULKC))

Q(L3) = -QCASDR
The outlet case pressure 1s

P(L3) = C(L3)+QCASDR*Z(L3)
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6.54.2 Assumptions

The assumptions in a model of this nature are almost too many to
enumerate. By 1lts very nature the pump is a complex plece of equipment with
multiple leak paths across the port plate, down the side of the piston and
out of the shoes. This whole set of leak paths have been linearized and
assumed to be constant for a constant output pressure, which is no doubt
rather hard to accept. The alternative would be go into very detailed
calculations with the leakage dependent on the pilston load, swash angle, RPM
and anything else one could add. Unfortunately this too would probably be
inaccurate so instead of an inaccurate complex leakage model we choose a
simple leakage model, which could be improved when more data is available
from the verification tests.

The forces on the swash plate are not takeu into account as it rotates.

Flow und leakage, are all treated as though the pump had a continuous output
rather than the individual pumping pistons.

A model which includes the dynamics of each individual pilston would by
necessity be considerably more complex and consume much more computer time,
but is 1s an alternative to what we have done here.

In all the calculations the bulk modulus is treated as a constant for
the high pressure (output) side and as a different constant for the low
pressure (Inlet) side, the elastic expansion of the volume cavities 1is not
included though a correction ftuctor can be included in the model by
lncreasing inputted volumes above their actual values.

Friction effects have wot been included primarily because of the cost

of putting them in, but in actual fact the forces on the swash plate have an
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oscillatory content which tend to keep it in motion. The pulsations of the
outlet also tend to keep the valve in motion so that friction efiects would

not normally be significant.




6.54.3 Computation

The pump subroutine is set up using the HYTRAN program commons, plus
the D, DI, UD, and L arrays.
1000 SECTION

In the 1000 section the constants are initialized where desirable for
more efficient computation. The variables are initialized depending on
whether the pump is in a pressurized or depressurized operating mode.

The remaining pa.t of Section 1000 deals with the calculations of the
steady state pump characteristics.

ln order to balance the pump at some steady state condition, 1t is
first necessary to establish what the pump characteristics are, over the
maximum range of pump flow,

To help in this 1t was assumed that these characteristics could be
approximated by a straight line interpolation between the pump conditions
at maximum and minimum [lows which correspond tuv zero and maximum actuator
displacement respectively.

A chalin of interdependent calculations are needed to derive the maximum
and minimum conditions., We have to establish:

bT(PACTU)

n

Actuator pressure

DT(QACIC) Flow from actuator to case

B

"

DL (QATTU) Flow from outlet to actuator through the valve
QCASDR = Case drain flow

QACTLK = Flow into the actuator due to leakage

DT(DISVLV) = Valve displacement

DT(POUTLT) = Valve chamber pressure which is the same as outlet pressure

The actuator pressure is dependent on the outlet pressure duc to the

pumping offset, and the valve flow is dependent on the difference between
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outlet pressure and actuator pressure.

The initial flows (QACTU and QACTC) are computed at the appropriate
valve positions and this information is used in the steady state portion of
the program.

1500 SECTION
Steady State Calculations

The pump which has three connections, has a node located at the inlet.

The leg which has the inlet connection receives the pump inlet pressure
from the steady state routine,

For the leg which has the outlet comnnection as its first element, a

value of the output flow ratio is computed as

. _ QGUESS-DT(QOUTLT)
DT(DISVLY) DT (QINLET) -DT (QOUTLT)

The ratio 1s calculated to determine the percentage of actuator flow
that 1s actual leakage flow (QACTIK) into the pump case.

The output pressure 1s determined by the computed maximum outlet
pressure at maxlmum valve displacewment DT(POUTM) plus the pressure drop from
case to inlet, DT(DELP13),

The outlet pressure is added to PQLEG(INEL, 5) and the output impedance
(.00001) is added to PQLPG(INEL, 6&).

DT(POUTLT) is initialized to DT(POUTM) + DT(DELP13).

And the outlet pressure PQLEG (INEL, 11) is also increased by
DT (POUTM) + DT(DELP13).

LCS(INCL, 7) is set to 5 which means that the LEG formulae must be
recalculated for every iteration because of the variation in inlet pressure.

The call for CON #3, the case drain, first gets the value of the flow

guess ior the case draln flow and then calculates the actuator leakage based
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on the outlet flow ratio.

QACTLK = DT (DTSVLV) *(DT(QACTC)-DT (QACTU) )+DT (QACTU)
The pressure rise from inlet to case, DT{DELP1l3) 1s then calculated using the
sum of the leakage flows divided by the coefficient of case to inlet leakage,
B(COECIN). Since DT(DELP13) is based on a case drain flow, QCASDR/D(COECIN)
is added along with DT(DELP13) to PQLEG(INEL, 5) for tbe constant pressure

rise temperature.

1/D(COECIN), the case drain impedance is added to PQLEG(INEL, 6) and LCS
(INEL, 7) is set to 5 so that the leg must be recalled each iteration since
the leakage is dependent on the outlet pressure and/or updated DT(PINLET) is
required by the other CON #2 calculation.

PQLEG (INEL, 11) is increased by DT(DELP1l3) and DT(PCASE) is initialized
to PQLEG (INEL, 11).

A test at the start of both the case drain and outlet calculations checks
to see 1f INX = 1 which can only be true if CON 2 and 3 are the first or only
elements in this leg.

The calculation method was two interdependent pressure rises in two
separate legs which is unfortunately necessary since the variables are not
easily separated.

2000 SECTION

With the completion of the steady state calculations, where DT(PCASE),
DT(POUTLT) and DT(PINLET) are initialized and a value for DT(DISVLV) is
calculateld, the pump state variables can be initialized, ready for the
trangient simulation,

The ratio DT(DISVLV) 1is used to initialize DT(DISACT) and DT(QACTU).
Actuator velocity, DT(VELACT), valve displacement, DT(DISVLV), and DT(QACTC)

are set to zero, DT(POUTM) is set equal to the pump outlet pressure, DT(POUTLT).
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3000 SECTION E

The 3000 section starts with a computation predicting the actuator
displacement for the current time step. This value is used in the computation
of the actuator pressure.

The pump inlet pressure is determined from the input impedance, Z(L1),

a pump inlet to case coefficient and pump flow as shown in the equivalent
schematic diagram of the pump inlet model, Figure 6,54-2.

The next step 1s to determine the minimum (POUTMI) and maximum

k]
i
v
b
1
i

(POUTMX) pump output pressure range. The compensator valve displacement is
B then computed using an iterative technique as explained in the math model
section. Once the valve position is known the actuator pressure and flow
is computéd along with the pump outlet pressure and flow,

The position of the valve, determines whetheyr the actuator flow is going
from the outlet to the actuator or from the actuator to case. The two
equ'valent circult schematics used in the solution process are shown in
Figure 6,54-2,

Figure 6.54~2 also shows the schematic for computing the case drain
output pressure and flow. QCASDR is the sum of all flows into and ocut of
the case:

QCASDR = QPLEAK + QACTLK + DT(QACTC) - D(ARACT)*DT(VELACT)

] - QCASIN - QOSIN*2,
DT(BULKC) is the impedance of the cése. It is computed as the fluid bulk
modulus times DELT divided by the case volume.

The firnal values of ocutlet and case drain pressures and flows are

passed to the appropriate P and Q arrays. The pump output horsepower is

cumputed as:




POWER = ~ Q(L2)*(P(L2)-P(L1))/6600.0
and is added to the previous value in DT(PPOWER).
Should the pump be depressurized at this time step the above calcula-
tions are bypassed and the pump output pressure is set to 800 + DT(PCASE)
and the appropriate outlet and case drain pressures and flows are computed.
If the punp inlet pressure is less than the minimum pump inlet pressure,

a message 1s printed that gives the time at which pump cavitation occurs.
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6.54.4 Approximations

The approximations used in the program, are the formula used to generate
the compensator valve flow areas, and the rather gross linearization between
maximum and minimum flows used in the steady state calculations.

The remaining caleulations follow the math model which is itself a large
approximation.

6.54.5 Limitations

The current pump subroutine does not attempt to describe the true
cavitation effects that can be caused by improper filling of the pistonms,
The effect on swash angle and RPM vary greatly from pump to pump.

Howevex, it is also a condition which the designer should avoid, by
lmproving the pump inlet supply system, to prevent the inlet pressure dropping
to the point where cavitation cffects are a concern.

A current limitation, 1s the correct steady state prediction of pump
outlet pressure, when the system £low exceeds the pump capacity. The transient
gection will limit the flows, but flow limitation is not included in the

steady state section.
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6.54.6 Variable Nameg

Name
D (ARACT)
D (ARCOM)
AREA
BULK

DT (BULKC)
DT (BULKO)
c

D (COEALK)

D (COEALM)

DT (COEAL S)
DT (COEALZ)
D(COECIN)
COELKA

D (COE0SO)

D (COEPLK)
D (COEVL1)
D (COEVL2)

DT (COEV1)

DT (COEV2)

CONA,CONB
cl

c2

Deacription

Actuator area

Compeusator valve area

Valve opening area

Impedance of actuator volume
Impedance of case volume

011 bulk modulus

Dummy variable

Coefficient of actuator leakage at
zerce pump displacement

Coefficient of actuator leakage at
maximum pump 2!srtlacement

Dummy variable
Dummy variable
Coefficient of flow from case to inlet
Dummy variable

Coefficient of outlet flow due to actuator
motion

Coefficient of pump leakage (outlet to case)
Discharge coefficient outlet to actuator
Discharge coefficient actuator to case

Constant term used to determine outlet to
actuator pressure drop

Constant term used to determine actuator
to case pressure drop

Dummy variables
Inlet characteristic pressure

Outlet characteristic pressure
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Dimension
IN**2
INk*2
IN**2
PS1/CIS
PSI/C1S

PSI

CIS/PSI

CIS/pPsI

CIS/PSI

CIS/ (IN/SEC)

CIs/pPsI

PSI/CIS**2

PSI

PSI

.
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Name
3

DT (DELP13)
DT (DELP23)
DIS

DT (DISACT)

D (D1SAM)

D(DISAMI)

D(DISP)

DT(DISVLY)
D(DISVM)
DPDAMP

D (DPVAC)

D(DPVOA)

D(INPPS1)
DT (ISYS)
D(KTIME)

D(PACCD)

DT (PACTU)
DT (PCASE)

D (PDAMP)

PDISA

Description

Case drain characteristic pressure
Pressure drop from case to inlet
Pressure drop from outlet to case
Dummy variable

Actuator displacemcnt

Actuator position at maximum pump
displacement

Actuator position at winiwum pump
displacement

Theoretical maximum pump displacement changed
to IN#*3/IN/RPM

Valve displacement
Maximum valve displacewent
Dummy variable

Pressure at which valve is open from
outlet to actuator

Pressure at which valve starts to open
from outlet to actuator

Spring rate of spool changed to IN/PSI
System number
Pressurization/depressurization time

Actuator pressure due to piston acceleration
at 3600 RPM and maximum pump displacement

Actuator pressure
Case pressure
Hanger damping

Predicted actuator displacement
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Dimension

PSI

IN

iN

IN

IN**3/REV

IN

IN

PSI

PS1

LB/IN

SEC

PS1

PSI
PSI/IN/SEC

IN




Name

D(PDISAC)

DT (PINLET)
D (PINMIM)

DT (POUTLT)

POUTM, POUTM1
POUTMX, POUTZ

POWER

DT (PPOWER)
DT (PRM)

D (PSLRPM)
D (PSPEED)

D (PSPRIM)

D(PSPRIZ)

D(PZRPM)

DT (QACTC)

QACTLK

DT (QACTU)

QCASDR
QCASIN
DT(QINLET)

QNET

Description
Pressure at 3600 RPM and maximum pump
displacement: changed to rate of change
of pressure with actuator ponsition
Inlet pressure
Minimum inlct pressure

Outlet pressure

Dumny variables

Pump output horsepower

Cumulative output horsepower

Pump operating speed

Slope of pressure vs RPM curve

Pump operating speed

Actuator pressure due to spring force
at maximum pump displacement adjusted

to slope PSI/IN

Actuator pressure due to spring force at
zero pump displicement

Actuator pressuce lnputted at 3600 RPM
and zero pump displacement; adjusted to zero
RPM

Actuator flow with valve is open from
actuator to case

Leakage flow from actuator to casc

Actuator {low when valve is open from
outlet to actuator

Sum of all flows iuto and out of the case
Flow from cuse to Inlet
Tnlet flow

Net actuator flow
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Dimension

PSI

PSI

rsl

HP

HP

RPM
PST/RPM

RPM

PSI

C1$s

CT1S
CIs
CIS

C1s




Name
QOSIN

DT (QOUTLT)
QPLEAK
QPUMP

D (RAD)

D (SRAD)
TPOUT

DT (VELACT)
D (VLVOL)

D (VOLACT)
D (VOLCAS)
VOLD

ZouT

Description

Outlet flow due to actuator motion
Qutlet flow

Pump leakage flow

Pump flow

Radius of valve port
Initial radius squared
Dummy variible

Actuator velocity

Valve overlap

Actuator volume

Case voluwne

Previous actuator velocity

OQutlet impedance

6.54~21

Dimension

C1s

C1S

IN/SEC
IN
INA%]
IN**3
IN/S¥EC

PS1/CIs




6.54.7 Subroutine Lis ting

SUBRONTINE PUOMPS4 (D,Dr,DD,L)
T **k* REVISED JUNE 25, 1976 **k%
PIALASION D(37),DT(43),00(1), L(l'))
COxiON NTELPL,NTOLPL, IPL, IPOINT,NDPD5, TREL, KNLL, NTOPL,HWLPLT(5],3),
1 PJLeG(90,12),LCS(99,10), ILLa(1400) PN(90),00N(50)
VOGIOV/bHB/P\nl(ISQ 2),Pa(1500),24(1500),8(300),2(320),C(202)
2(300),RBC(20),32040(29),° IT5C (29),30L(20), TL;D(70),DV\P(70)
2 ATPRLS, T, DELT, TPINAL, PLTNLL, P1, TITLE(29D), LEGH, ICOM
3,KTLJP(99) LSTART(150) ,MLPT(150),LTYPs(39),0C(99), TN, 19
4,13V, I3TLP,9LINE, NEL, TND, IEJL\,u“LIVh,u“LL'ﬂdLLG,J WODE, APLOY
5, 4JLPTS, DS
INTLGER ARCSIT, RAD, SRAD,COLVL1,COEVL2,ARACT, P5PRIZ, P5PR1,
PACCPR, PLRP, PRLRPA, PRISAC, POAR,DISP, NDV&\,PBJW"
DISAN,DISANT, CLL\L",COLﬁux,vULPLE,CJE”Iﬂ VOLCAS, PTIGTT,
PRIPELED, PR2:, PPOHER, QACYI, QACTC, PACTY, EOUTLT,
PCASLE, PINLET,COVVY,COEV?2, SULRC, VLELACT, DISACT, DISVLY,
CULAL,, uuhLb,JLuPI3 D)‘Th,POUTn,3ULKO,COLOSD
y QTNLED, JOUTLT, VLV2L

TY Y e W) D

C D( ) ATIRAY **k kX
DATA DPYOAN/1/, INPDS I/’/.ﬂ‘ﬂc:/3/.?m3/1/.~Pw“/ 3/ VLVRL/8/,
1l COLVL1/7/,20eNL2/2/ ,ARAC/O/,P302RI%/10/,P5P01./11/,
2 PACCY®/12/,PrPn/13/,PRINBAC/14/,P5L0v,/15/,R0A0P/18/,
3 DIS ’/17/,.‘1"“\ 1/13/,‘11 )lan/lq/ COL ALY/ )/, SCLAL 1/71/'
4 COLPLE/22/,C0LCIA/2Y/ ,VILCAS/ 24/, PTNilIn/25/,P8Pid/ 26/,
5 COLNS8S/27/,08BYNC/29/, %L/ 29/
c GT( ) DREAY *hkkxk
DATA PR24/1/, PPOnr/ 2/, MCTI/A/,ACTC/S/
1 pAZTH/7/,2C0%T0LE/8/,PCA50/9/, PINLET/10/,COLv1/11/,C0LV2/12/,
2 BULRC/13/,VLLACT/14/,D18ACR/15/,015VLY/15/,60/17/,COEALE/13/,
3 COLALS/19/,pourz/20/, D)".“ /21/,0LL217%/22/,50LK0G/23/
4 ,NINLET/24/,000TLT/25/,13Y8/4/
<
o
IP(I:70K) 1708,2000,23095
C ***% 1101 SECTINA

1790 CoPINUL

IF (INLL.9RG0) §0 77 1390
“"‘(‘)I‘JOH'R)-” )
= 'PT D(Tﬂl‘)
v J..u.].l) N=0+11

C LN2423=VIRC OF IL=-4=55763 A1 120 T
D'\'l-‘—'7ISC(')/ N4
DT(2ULZC)=2U0LL () *DLLE/ D(VOLCASR)
DT(SOFVL) =2, 0% D (COLVLL) * 320U (WL o( I 1n))
N COLY2Y=2,0*D(COLVL2)Y *320R5ND(4)
DT(COUALZ )= (COLALY) * LN
DT{COLALS ) =D(COLAL,) *POsLY
PT(COLALS )= (D0 (COLALS )-' T(COLALZ))/D{RT5A0)
DI(6Y=0,9
IF(D(ARAD) LAl NG D) 30 0D 1254

0
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6.54.7 (Continued)

00O

1020
1239

1235
1040

1279

D(SRAND)=D(N

WAD) **2

D(INPPSI)=D(ARCGH)/D(INPPSI)
D(DPYAC)=D(DPVOA)=D( VLVOL) /D(INPPST)
D(DISP)=D(DISP)/60./D(DISAI)
D(PSPRI:N)=(D(PSPKIA)~D(PSPRIZ))/D(DISAA)
D(PACCP)=D(PACCP)/(D(DISAI) *3600,%*2)
D(PDISAC)~D(PZRP) )/D(DISA)

D{PNISAC)=(
C{PZRPu)=D(
D'T( PRP:!) =D

PZRPH)=D(PSL
PSPLED)

D“)* on

D¢(°UL'O)-3HLK(VT1IP(I\L))*3(DPVOA)/223000.
HIS SLECTION CALCULATES

DT (POUTLY) =

IT(D(KTIsE) .

IF(INV) 192
IF(L(ISYS).
GO 0o 1335
IF(L(IZY3)

D(DPVOR)+55,9
£9.0.9) D(XT
9,1946,1030

THE STEACY 5TATE CHARCTHRIZUICS

Tubk)= 10001.

RE.-INV) GO 0 1040

JEDLINV) CC PO

D(#I ik )==D(RTL::E)

IF(D(XT I‘u)
L(ISY3)=

LT.0.9)27T( 0

1749

UTLT)=800,

Il(D(V”I,F) LT.9.9) L{IsY5)=2
DT(PAUT) =2T(DPOUTLT)
P‘ﬂ(\]}.r\(“ll‘)_'\l‘l Dr‘U"‘l)*"(\,-LDL'\)

DT(NTALET) =D
DT (DOUILT) ==
DT(QACTC) =0
nr(qACTU) 0

OT(NIZVLY)=

(DISP)*OT(2RP:
or (VL LACT)
o0

o7

.S

h“(l‘\. Asn)=0,0

NT(DELPL3)=
IF(C(HTINL).

coarTIIgY

19,0

D) RD(DTIBAL) =DT(VELACT)

LT.N.0) RLOey
NT(NIZACT)=0,N
CORL”A=DT(COLALY)

ST(PACTU) =21 2CASL)+2( 25PRIZ)+DT(DISACT) *D( 215 27 T0)
1 +DT(DISACT) *(2( 2% C“D)*“"(PF )**°+‘(”313Au))

2 +(D(PIRY.)

+O( POLARY )*UL(PRPI)

IF(InETR.E0.0) RLPUI_

DT(A\CT) =

DL(PACT ) *COLL

TA(DT(QACTC) oL N D) 30
BT (DACTC)=DT(NACTY)

DT(OIZACT)=

D(NIsAL)

ST(SULRS) /NPT RO

LY

o129t

COELUA=DT(COLALZ) + L (LTIIAC) *NT(COLALS)

59 i 1270
BT(ATILLT)

=YE(DINLET) =D PACTU)

DT(AGUTLT)=DT(NOUTLT)="T(MNCLC)

n L«T’JP’

STEADY STATE CALTILA
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6.54.7 (Continued)

C IND=COuPOILNT ¥, XNLL=CONRECTION ¥, TALL=LLC F
c COM 41=TJALLT,CNN #2=0UTLET,CCH 43=CASK ONAIY
C THL INLE'T T5 A NODAL 20IN8Y IN THE 3Y5Tia
C

1590 IF(XILL=-2)1519,1539,1521
151'] T( PINLLT —Q)LL .V(I'\ILL,II)
GO O 1400
1520 I9(INZ.NL, 1) GO T9 1790
QCALDR=POLEG(INEL, 1) *POLEeS( INEL, 2)
NACTLE=0T(DISVLVY*(DT(NACTC)=DT({DACT)) Y+ 22 (DACTL)
DT(NELPI3)}=(DT(VLLACT)+JACTLK=2CAS D")/O(LOLCIH)
PLEG(INLL,5)=POLuG(IJEL,S)Y+ 5T (OLLPI3)Y+D CASAL/D(COLCIW)
POLLS(INLL, r) OALLG(INEL,5)+1,0/D(l0OECTN)
LCs(IALL,7)=
’WLF"(IMLL,ll) POLEG(IANLL, 11Y+DT(DLLPL3)
DT(RPCASL)=PLLG( I kL, 11)
30 T 1460
1337 IP(INKake1) SO 00 17890
WL(PI'VLM) CALGE(INEL, D) *PRLES( 060, 2)=20( 20UTLT)
DT(NTISVLV)=DT(DISVLY) /(OT(NINLET)=DT(OITLT))
IR (T(DISYLV)LLY.0.03) DM(DIavLy)=0,D
TR CISVLY) ST 1.0) JT()IQVIJ)-I n
DWLEG(INEL,3)=2 LS (THEl, 8) 407 ( 32UT0) +20(D1.LPL D)
POLLA(INEL, ) =POILLS(INEL, 3)+. 00001
PALLC(INEL, L) =2 L G(TSiL, 1) 4DT(DRUT) 420 (DELPLI)
Do(PCURLY)=DOLEG(INLL, 1)
LCS(InNL]:,7)=5
15960 ELTINY
1729 ARITH(H,19039) IND, %YL, TNVLL
1900 FPORGAT(5¥, 46 CALL SuYIRICH LRGN RLPECIRS T Coa2Qqbk D 1)
1 15,141 CowmpCrI 39,158,765 LLS A8 ,15)
SRITL(A,999)
299 “J'.\m(lﬁ',33]°deﬂan SN T ETEIQUTINL DL RPSYE
2002 AN54
C o*kkx 3900 SnCLITu
29019 CONTLiI

DPAISACT)=DT(CISVLV) *D(DIsAN)
OT(VLLACTY=0,0
DT(AACT) =D (NTEVLVY (DT DACTCY =D (ACTU) )+ (2ACTY)
ST(AACTC)Y=N.0
l)P(”ISVL”)=0.0
T DDUT.L) =T ( ROTTLT)
:’) T™ 1279
C

O *xx 3INGHN SLCTICS
INNY CoNTINUL

-
C CALCIOLATE TRANOILIIDY RLLIPOWSL DF 20,0
~ ,

POVWLIP=0,0

A B X 4
..-a' -, ,11-\;\ N ":q-‘; f{"l‘::{}‘ E\: e } 6-56-24
; R {
T PREYSIR P WY

R Y

2



6.54.7

3200

3214

3215

32148
3217

(Continued)

L1=L(1) B[.ST 4!//4/

L2=L(2)

C1=C({Ll) “
C2=C(L2)

C3=C(L3)

VOLI=DT( VELACT)

BT(AACTC)=0,0

DI 2ACTC)=0,0

D(ETIAL)=D( KT Tl ) +DLLT*L(I5YS)

IF(T.GT.D(XTIsL)) 50 T 4900
PRISA=RT(DISACT)+DT(VELACT) *DLLT

DP(PACTU)=D( PSPRIZ)+DPDISAXD( PSPRI) =VOLD*D( PDAL(P)

1 +PDISA*(O(PACCP) *DI(PR2:4) *¥*24D( POIGAC) ) +DT( PCASLE)

2 +(D(PZRRI)+D( PSLRE) *VT( PR2.1) ) *DT(RILZNY /DT ( PAUTLT)
WS IN=-VALN*D( COEOS0)
OPUAP=DRISA*D(ATSP) *DT( PP DY) +DISIA
DT(PIVLET)=(C1/2 (L)L) +DT(PCASL) *D(COLTIN) ~NPUiP)

1 /(1.0/2(L1)+D(COLCIN))
IP(PT(FINLLT) o LT D(PI6IN)) DT(PIALLT)=D(PIHIIN)
DT(NINLET)=(Cl=DT(2INLIT))/2(L1)

ACASTH=( D7 PCASY ) =D PINLET) ) *D(COLCIA)

AP P=NT(DTALET) +0CAS T+ WIS T
COELPA=DT( COLALT) +POISA*DT(COLALS)
ZONT=Z(L2)/(1.0+Z(L2)*D(CCEPLYE))

PO =(C2/%(L2)+52UaP+DT( PCASE) *D(CIHPLK) ) * 2007
PGUTAI=N(IPVON)+DT( PCASL)

17 (22U ¥, LT, BOTLAT) S0 TH 3229
DT(POUTLT) =POUT .X*, 75+ D00 I%, 25
DIS=(DT(POUTLT)=POGTAT) *D(TNPPST)

3=C(’\D)-DI3

I7(3.L0.=D(RAD))IGO ©¢ 3214

AREA=D(SEAD) *ACOS(3/T{RAD) ) =2*30RT(B(SRAN) =H* *2)
30 ™0 3215

ARE}=N(3RAT) *PT

IF(POYLR,ED.0.7) 3C T 2216

CONA=(AREAXNT(SOLV1) ) **2/( 2. *COLLKA)

CONA=2*AII (DT POUTLT) =2 ( PCASL) ) *CCLLRA/CONN
DT(ANCTN) =COdAY (SOFT( 1. 04C5 1) =1,0)

O o 3MN7

ST(OACT N =0T (COLVL) *ARLA*S ML (D0 POULLT) =DT( PAST:S) )

TOONT=DPOYT = ( NACTI) 2007 '
IF(ARS(TPONT=DT( 2OUTLT)) L LT.0.03) I35 T 3230
DT (PONTLL) =D ( PONTLT) *. 13+ TPOUT, 85
50 D 3210

FLOw FRCE ACTIATOR PIZSTON 0D CASE
EAUTHI=2(D2PVAC) +2'0( PCASL)
IF(P00UTAX.CL, PONTHT) SO T 3230
DIS=(POYTUI=POUTH) *N(TPPET)

6.54=25

L3=L(3) Mgff [OPY



6.“.7

»Xy

(»]
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3225

3226
3230

3240

1101

(Continued)

3=D(RAD) -

=-DIS

IF(3.LE.=D(RAD)) GO TC 3225
AREA=D( SRAD) *ACOS(3/D(RAD) ) =3*30RT(D(IRAD) ~B* #2)

GO 00 322
AREA=D(SR

6
AD)*PI

OT(QACTC)=DT(COLV?2) *AREA*SORARS ( DT( PACTI) -0 ( PCASLL) )
IF(POWER.NE.0.0) 3C 70 3259

TS PISTON

NISPLACEAENT AGAINST ARl

NACTLK=(DT(PACTI)=NT( PCASL) ) *COLLEA
MET=DT( JACTH) =NACTLR=DT( JACTC)
DT(VELACT)==NaET/T( ARACT)
DT(OISACT)=DT(NISACT)+(VCLD+DT(VLLACT) )/ 2.
CALL YLIaIP(DI(DISACT),DT(VELACT), POVER, D( BISAGT) s B DL

IF(POWELR,
IF(DT(PIN

20517=9,0

NT(MACTC) =
'J"(D.X ‘HJ)
ot\‘(“Ll —']

cooT2 339

A0(PACIN=0T(PC

MACTLX=2T

'-i

«.0.3) GO TN 33909

LLL dLELD(PINGIN)) GO TD 3249
MPUAP=N(DISP) *¥*DT( PRPL) *IT(RISACT)

.1
DT(PCASE)
2
n

(2ACTT)

GH TO 329C

ASL)+IT(7ACTU) /TOLLKA

APLEAN=(DT(RPOITLT)-DNU(PCASR) ) *D(LOEPLY)
ML2)y==(QPUARP=T2PLEAY=DT(CACTI))

DT(NISVLY

)=31I3

ACAS D= APLEAR+ AL TLU4DD(2ACC) - D(ARMCT)*T
NCASTR=( NCASDR* P (MILRC) - C3+D (PCASL) ) /{(Z(L2)+DT7(RULKCY)

CT(8)=AREA
P(L1)=DT(

PTILET)

M L1)=2T(2I9LET)
DT(PDITLY)=C(L2)-2(L2)*3(L2)

P(L2)=DT(
N(L3)=-2C

POUTLT)
CASDR

ﬁT(‘Cﬂbu)-C(L3)+“”‘¥P\*u(L?)

P(L3)=nT(

PCASL)

POLER==2(L2)*(2(L2)=-E(L1))/n500,.1
2T(PPOWER)= PO!L“+3 (PPDED)
ET) s LELD{PLHATN)) EITE(H,3310)

P(')I‘(PII.
PETI

L PR AR § AR 4

DEPRESSHPIZED CALTULATIONG
APNAP=N(DISP) *D(DISAN) * DT PrP)

ACASDR=ANN*FD(COLPLX)=-(NT(PCASL)

0T ( Df)U LT
If(C2,:57

)=DT( PCASE)+300,

o IT(POUTLT))

"”(°OULLT) =C?2

Q(L?)=(C2-QT(POUTLT))/a(L?)

-tk ;"‘t’.é'}a f’

/-0*‘ !

1

\a\/‘

6. 54-26
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6.54.7 (Continued)

IF(Q(L2) . L7.=02U:5P) D(L2)==0PU4P
DT(QINLET)=0CASDR-N(L2)
DT(PINLET)=C1~-DT(QINLET)*2(L1)
D'P(DISACT)=D(DISAi) *(S0N, *D(COLPLY)~0(1L2) ) /OPULiP
DT(PACTU)=0.0
DT(VELACT)=0,0
GO TN 3400

3310 FORGAT(2X, 3Gi***kkx*x%x piIyp CAVITATION ONSET AT = ,£12.5)

E®D

ST AVAILABLE COPY
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6.61 SUBROUTINE RSVR61

RSVR6L is a simulation of a hypothetical constant pressurc reservolr

that can be used In test simulation work. The input pressure is maintained

without fluctuation while the flow(s) are adjusted to the line requirements.

A maximam of four connections can be used.

Connection No. 1 l\l Connection No. 2

O‘ Flow O

FIGURE 6.61-1
TYPE NO. 61 CONSTANT PRESSURE RESERVOIR




6.61.1 Math Model

SECTICN 3000

Flow at each active connection based upon the Input constant pressure,
PRES, is calculated using the algebraic equation
- QN) = (C(W)-D(L))/Z(N). .
6.61.2 Asgumptions

) The reservoir is assumed to have aa inrinitely large gas volume

80 that pressure remains unchanged.

6.61.3 Computation Methods

SECTTON_ 1000

® Counter, L(%), and steady state flow variable, D(2), are set to

zero. Variable, INV is stored in L(§).

SECTION 1500
Section 1500 sums flows into and/or out of the reservoir as the entry

5

is called for each active connection. Counter, L(5), is incremented

1
by 1 each rime the entry is mades until the counter is equal to the number

AT

of active conmections, L(6) The counter is then reset to zero. Each

entry determines 1f the flow is into or out of the reservoir and makes any

— r—

necessary adjustments in the flow sign. The flow is added to the old net

'f‘ flow |
- 1600 D(2) = D(2) + QR |
¥ once the total net‘fiow has been determined, QN(N) 1s calculated
f QN(N) = D(1)*20. - D(2)

Net flow {s then reset to zero.
‘ ‘ D(2) = 0.0
(5? 6.61-2
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SECTION 3000

Flow at each active connection is calculated using a DO loop. The flow

5 is calculated for each connection and stored in the Q array. Input prussure,
D(1), 13 stored in the P array.

Q(N) = (C(N)-D (1))/Z(N)

P(N) = D(L)

? 6.61.4 Approximations

i Not applicable.
6.61.5 Limitatiocny

No applicable.

I

j

l 6.61.6 Variable Nuomes
:

VARIABLE BESCRIPTION UNLTS

D(1) Reservolr Pressure PSIA

i 1 Counter -—
1 N Dunmy Variable _—

l NCI Dummy Variable -
A QA Dummy Variable -
QR Steady State Flow Cls

Qs Dummy Variable -

( 6.61-3




! SECTION 1500

- ' DETERMINE WHETHER RESERVOIR
o NODE IS UPSTREAM OR DOWN-
STREAM FOR THIS FLOW AND
ADD FLOW TO OLD NET FLOW

NO

IS THIS LAST ACTIVE CONNECTION?

YES

. CALCULATE CVERBGARD FLOW,
: QN(N). SET D(2) = 0.0 RETURN
L(5) =0 EQUAL TO ZERO J

SECTION 3000

I=0
|

I = I+l

|

= CALCULATE FLOW FOR
CONNECTION I

|

STORE FLOW AND PRESSURE
FOR CONNECTION {1

|

= ° 1S 1 EQUAI. TO MAX. NO.
w OF ACTIVE CONNECTIONS, [I=NO —
. NC(IND)?

YES

RETURN

STEADY STATE AND 3000 SECTION CALCULATIONS
FIGURE 6.61-2




6.61.7 Subroutine Listing

SOLBROVTINL RSVERGL (D, D7,00, L)
T **% DEVISED) AfMEET 5,1@7r * k%
nOUBLE PRECISION On .
COa0 'TLLPL,ITOLDL IPD,IRPOINT,Prs, LKL, RALL, STOPL, NLOLT(6]1,3),
1 20Les(929,1 2)'rhg(gq 10),I00:5(1400),PH(90),20(90),PLE(99)
COGIGN/30/PARS(150,2) , Ba( 1590) , 24(1590), B(300),2( 369) ,C(300)
1,7(3A0) , kI3( 20) , S 2000 ( 22) , VISC(20) , 2ULK(20) , THHE( 20) , PYAD( 20
2,AIPRLS, Ty DELT, THFINAL, 2L 0L, PRI, PITLE(20) , LEGH, ICOH -
3,KThuP(Q?),LC:§RT(150),WLPT(lSG) LTY®L(99),RC(¢ 9),Ii;r;nzw .
4, 1oV, ISTER, NET I, "L, TAD, TENTR, atNLINL, AL L, N LS, e RNCDE , AN LOT
5', LD, “j.,
CLAESSION (1) ,20(1),20(1),L(1)
IT(IaNTRY 172073,2000,3000
1ann s..)roa.I‘lL’
IF(IHELLHLLDYGN TN 15900
2)=n.3

2
1500 C
LO11)=n(11)+1
L3S ( 1 :A"'L'Y.l’ 7 ) =5
DMA=DALIA(T LG, 1)
ML=ELOLA (T LT, 2)
Ap=25 %)
d=LCH(IALL,?)
TR(I¥.,1) SO 0 1506
M==0
NELCE( TR, 2)
1409 2(2)=7( 2)+9R
IF(L(ll).!L.L(l“))V STIRA
(1) =5(1) 420, 23(2)

NTI,

PLE(1) =250
ﬁ( 2):(‘-. 8]
L(11)=0
LR A P

2007 CMirT v
R OR

3000 oML

ACI=HC(IND)

oy 31945 I=1,0C1T

Ad=0(1)

2(4)=(S(1) =2 (1)) /3 ()
3100 »()=D2(1)

2L

O ED)
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6.62 SUBROUTINE RSVR62

RSVR62 subroutine is a simulation of a hootstrap reservoir, The sub-
routine can accommodate up to 4 low pressure lines along with the high
pressure (bootstrap) line. The high pressure source does not have to be

part of the low pressure system and can be completely independent.

Low Press Piston Area-—

Connection No. 2—

High Press Piston
Area

Connection No. 3

» Connection No. 4

Connection No. § -~

— Volume 2

Zero — Low Press Piston
Stioke Volume 1 Area Exposed to Atrnosphere

GBIt 0108 14

TYPE NO, 62 BOOTSTRAP RESERVOIR

FIGURE 6.62-1

6.62-1
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6.62.1 Math Model
Section 1500

The steady state high and low reservoir pressures are determined as
follows.

A sign convention is established such that flow into the low pressure
end 1s positive. A pseudo leg (see Figure 6.62-2) that terminates at low
pressure node N is established. The pressure at the external end of this leg
is set as the average of the pressure at node N PN(N) and pressure calculated
for node N using the piston area ratio times pressure at node M, PMN where!

PMN & PN(M)*DT(NAREAR)+DT(EXPRES)

Any difference in PMN and PN(N) will produce flow in the pseudo leg and huonce
an unbalanced system. As LEGCAL balances the flows at all system nodes, the
pseudo leg flow is forced to zero which in turn forces PMN and PN(N) pressures

to be equal.
(PMN + PN(N))/2

j
PSEUDO LEG — RSVR LOW PRESSURE NODE (N)
!
\|
|
i RSVR HIGH PRESSURE
} NODE (M)
|
!
CON #2 i
CON #3 —— N\, L4
CON #4& PN(N) PN(M, - — CON #1
CON #5
DT (QNET) DT(QNET)* (D(AREA 2)/D(AREA 1))

Figure 6.62-2

KSVRA2 STEADY STATE ORGANIZATION




sremprmarie § .

Section 3000

=

The high pressure line impedance may be expressed in terms of the low

R

pressure impedances through aan easily derived expression.

DT(NZ1)=Z{L(1))*DT(NAREAR) **2
Therefore the total impedance of the reservolr volume ls simply the sum of
DT(NZ1) and the impedances of the lines comnected to the low pressure side.
The high pressure characteristic is also modified to a low pressure
characteristic,

CL1=C(L1)*DT (NAREAR)+DT (EXPRES}

Since there ig no flow between the high and low pressure areas, volume
and pressure 1s;

DT(P2)=CN/DT(NGZ)
where:

CN=CL1/DT(Nz1)+C(L(3))/2(L(1))

The net flow inro or out of the reservolr is then:

Ql=(DT(r2)~CL1) /DT(NZ])

The flow out the high pressure side is simply;

f o e o trinns

Q(L1)=-Q1*DT (NAREAR)
and the pressuve ist
P(L1)=C(L1) -Q(L1)*Z(L1) I
f.‘ The net change in flow volume into or out of volume 1 is computed and a test
iy made to deterwine it the piston is at o limit condition.
The flow at each active connection iy then calculated using the

algebraic equation:

6.62-3




Q(LI)=(C(LI)-P(LI))/Z(LI)
vhere
QL) = fluid flow
P(LL) w fluid pressure
C(LI) a characteristic

Z2(Ll) o characteristic impedance ’

LI connection number

6.62.2 Assumptions

The seal friction 1is zero,

6.02.3 Computation Methods

Variables DT{1QV), DT(MINIQV), DT(MAXIQV), DT(QNET) are initialized.
The pistor force penerated by atmospheric pressure is calculated using:

DT (EXPRES)=ATPRES* (D(AREAZ) -D (AREAL) ) /D (AREAZ)
Section 1500

This section sums the flows into and/or out of the low pressure chamber
as the uentry is called for cach active connection. 1t also determines uvver-
board flow at the high pressure node (M) and low pressure node (N).
Section_ 2000

DT(QNET) is inicialized and the volume 1 {mpedance 1s computed.




1500 SECTION

YES

IS5 CONNECTION NO.

LEQUAL TO ONE?

NO

X

DETERMINE WHETHER
H1GH PRESSURLE NODE
IS UPSTREAM OR
DOWNSTHEAM. ASSIGN
DUMMY VARIABLE 10
NObE NO,

DETERMINE WHETHER

LOW PRESSURE RSVR
NODE 1S UPSTREAM

OR DOWNSTREAM.

ASSIGN DUMMY VARIABLE
TO NOLE NO.

5UM FLOWS TO ARRIVE
AT NET RSVR LLOW

2

st

15 THLS LAST ACTIVE
CONNECTION?

-NOI

YES

v

DETERMINE

NODES .

NE OVERBOARD FLOWYS
HIGH AND LOW PRESSURE
SET DT(QNET) =0

RETURN

KSVR6Z STEADY STATE FLOW UIAGRAM

Figure 6.62-3
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Section 3000

The characteristics are then calculated and subsequently used to calcgla;er
the flows.

CL1=CL1/DT(NZ1)+C(LCI)) /Z(LCL))

Ql=(DT(P2)~-CL1) /DT(NZ1)

Note: These equations are used to calculate high pressure flow.

Next, the flow is summed using the new flows.

Tests are then performed to determine piston position and direction of
travel, 1If the piston is on a stop and the motion 1s in the direction of the
stop, veloclity is set to zero.

Computations are then performed to determine the appropriate pressures
and flows. The net flow, DT(ONET) is then updated for the next time step.

6.,62.4 Approximatlons

The elasticity of the reservolr walls and the resulting change in
volume for any plston movemeat is ignored as well as the compressibility
effects of the oil.

6.62.5 Limitations
1. RSVR62 is limited to four low pressure connection and one high

pressure conuection.

6.62-6




6.62.6 Variable Names

Variable Duscription Dimension
D(AREAL) Low Pressure Piston Area IN®42
D(AREA2) High Pressure Piston Area TN®*2
CLl High Pressure Characteristic PST

CN Characteristic of Low Pressure Coonection PSl

DT (EXPRES) Atmospheric Pressure Contribution to PS1

Piston
DT(1QV) Integral of Flow in Volume 1 Cc1s
DT (MAX1QV) lntegral of Flow in Volume 1 at Maximun 1S

Piston Stroke

DT (MINIQU) Integral of Flow in Volume 1 at Minimum C1§

Piston Stroke

DT (NAREAR) Piston Arca Ratio -=
NC1 Number of Connections -
DT(NGZ) Conductance oif Volume 1 C18/P8T
DT(NZ1) kquivalent Volume 1 lmpedance of the rS1

\ Cls

High Pressure Volumu !

DT (QNET) Net ¥low in Volume 1 CIs

) D(STROKE) Maximum Piston Stroke 1N
D(VOLL) Reservoir 011 Volume IN**3
D(VOL2) Bootstrap 0L1 Volume IN®*3

6.62-7




6.62.7 Subroutine Listing

SUBRCHTIAL R8VERG2 (0,DT,DD,L)
Ckxx*x REVISED JANUARY 24, 1976 **&«*

DOUBLE PRECISINY R

COM0N NTELPL,NTOLPL,IPT,IPOIﬂT,NPTS,INbL,KHLL,QTOPL,HLPLT(61,3)r
1 »2QLEG(99,12),LCs(20,19),ILEG(1400),PN(90),NN(90),PEX(99)
COuliNN/3U3/PARH(150,9),P1(1507),24(1500),2(300),0(300),C(352)
1,2(300),RU0(20),320RHC(20),VISC(20),3ULK(20),Te«P(20),°VAP(20)
2,ATPRES, T, 2LLT,TFINAL, PLTDEL, PI,TITLE(20) , LiGn, ICOY
3,K0E49(99) , LaTARD(15N) MNLPT(150),LIYPE(99),0C(22),I0¥%,INE
A, TNV, ISTER,WLINE, NEL, I9D, IRNTR, dANLINE, sNEL, ANLEG, SN OLL , 4l 2L0T
S, &aWLPTS, s

DIAGHSION D(6),DC(10),D2(1),L(7)

INTEGLE AREAYL,ARLA2,VOL1,VOL2,5TRURE, MNLT,LEPRES, P2, Dlu

DATA ARVAY/1/,AREA2/2/,V0L1/3/,V0L2/4/,5TR0ONE/S/,INeO5/46/
1,256 T/1/,LXPRES/2/,41310v/3/
2 ,GARION/4/,IW/5/,NARCAR/ G/, 821/7/ ,NC3/R/ .22/ /,Dii/10/
IF(IuNTR)Y 1000,2000,3000

1700 CONTINDL

IM(INEL,IL.N)CC TO 1500 ,
DT({INM)=(D(IN?I5)*N{ARLAZ2)+D(VOL2))*2,V/DELT

AT (INIAVYI=T(VIL2)*2,0/DeLY

DT(GAYT V) =D(STROYEY *DI(AREAY X2, D /DELT+2T(AINIDVY)

L(7)=9 :

P MeT)=0.0

DT(IAREAZ)=YARLALY/D(ARLAD)
DO(LYPREG)=ATORLS* (D(AREA2) =D (ARFAL) ) /D(AREAY)

ELTURA
ral
‘.
ChA***IPUADY STATL SLCTINTHA k&
C

1509 CCRITNUL

~
C O IA CDMHE ROSTETAR NONE, N IR T LW FALssTRL f0Dw
L(7)=L(7)+1
LC3(INEL,7)=%
DA=PALLC(INLL, 1)
re=20LeS5(IIEL, 2)
IF(FHLL.NEL]) SO TC 1530
a=LCE( T, 3)
IF(INY.8b.1) 5D TO 1190
L;=TJCS( IH*‘,L; ?.)
=0 00 1800
1690 2=04A%15
A=LCu(INLL, 3)
IP(TIOX.MELL) S0 T2 1700
MR==I
M=LCS(I/LL,?2)
1700 DT(ANLT)=DT(MLT)+R
1300 IS(L(7).NELAC(IND)) RETUNRN
IF(M.£N.a) WRITE(6,1990)

J

6.62-8

R T R A I D SO BT T D il Sl Lo tnhe Geel




6.62.7 (Continued)

L(7)=0 \
DT(W21)=DT(QNET)
IE(PN(U) EQ.0.0) DPH(.)=3000.
IF(PH(H) EQ.0,0) PN(§)=DK(r)*DT(NAREAR)+DT(EXDRES)
HN=2N (1) *DT(NAREAR) +DT(EXPRLS)
ON(N)=( (PiN+PN(H))*20,) /2., -DT(DNET)
() =DT(QNET) *DT(NAREAR)
DT(P2)=Di(u)
TJLV(}\]) ‘7(}
DT(QHET)=0,0
1200 FORMAT(S5X,45dRSVRE2 ReUIRES TJO tODES FOR 300TSTRA
RETUEN
COTINUE
DI(ALT) =0T (¥21)
DT(NZ1)=2(L(1))*DT(iIARLAR) **2
DI(IG2)=1.0/DT(R21)
GCI=NC(IND)
DG 2100 I=2,xCI
2100 DT(NGZ)=DD(NGZ)+1.3/2(L(1))
RLTIRA
3000 CONPT UL
ACI=NC( IND)
L1=L(1) .
CL1=C(L1) *DT(#AREAR)+DT(LXPRES)
C=CL1L/D0{821)
20 3190 I=2,NCI
3100 CH=C+C(L(1))/Z(L(1))
DT(P2)=C/DNT(I52)
MN=(NP(22)=-CL1)/DT(Wal)
N L1)==21*DT( JARLAR)
D(Ll)—b(Ll)-ﬁ(Ll)* (L1)
DT(IQV)=DT(IWV)+DT(NILT)+)1
CKLL NLIaTT(AT(IO V),“l,.* DP(INIAV), DT (GARINV) )
Ik(b..hq NeBeANDOLLEL LD, 0) 30 1) 3500
Cl=1,0
21i=0.0
27 3470 1=2,uCT
LI=L(1I)
29=5%4+1.0/%(L1)
Ci=Cu+Z(LI)/2(LI)
DT(P2)=Ci/2
2(Ll)=C(L1)
O(51)=0.9
3500 COMTIANUL
DY 3500 T=2,5CI
LI=L(I)
P(LI)=DT(>2)
AMLT)=(C(LI)-2(LI))/2(LI)
DT(INLL) =91
DT D) =DT(IOV) *DELT/ 2,

TIRN
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€.71 SUBROUTINE ACUM71

Subroutine ACUM71l models a simple gas charged piston type accumvlotor that
can be used as a system accumulator or as a source of supply for transient sim-
ulations.

When used as a system accumulator, the initial volume of oil in the
accumulator is determined by the steady state pressure,

When used as a source of supply a constant pressure node must be used
to determine the initial volume of oil in the accumulator,

Two connections are provided, both of which are assumed to be at the
game pressure. When a single connection is used, the other 1s blanked off
automatically.

Since it is basically a passive device, its response 1s entirely
dependent on line flow and pressure changes.

No attempt has been made to inclhde the true gas dynamics which
involve not only a varying gas constant, but also the heat transfer zharac-~

teristics between the gas and accumulator walls., Figure 6.71-1 shows a

typical accumulator layout.

Connection No. 2

Connection No. 1

FIGURE 6.71-1
TYPE NO. 71 FREE PiSTON ACCUMULATOR

GPr4aariat
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6.71 Math Model

The ACUM71 model calculates transient pressures and flows based on
three different conditions within the accumulator,

The calculation of transient pressures and flows in the ACUM71 model
depends upon whether the accumulator is empty, full or within the working
range.

Conductances are calculated for the lines connected to the accumulator
and volume of o0il in the accumulator.

Gline = 1/Z(L1) + 1/4(L2)

Gyol = VOLO/ (BULK*DELT)
where,

Giine is the conductance of the lines to the accumulator,

Gyo1 is the conductance of the accumulator oil volume,

Z is the impedance of the line,

BULK is the bulk modulus of the oil,

VOLO is the volume of the oil,

DELT 1is the calculation time step.

If the accumulator 1s empty the pressure of the oll Iin the accumulator
is given by:

PO = (Q1 + Q2)/(G1qne)
where ,

PO is the pressure of the oil in the accumulator,

Ql and Q2 are the flows into connections 1 and 2 respectively.

6.71-2
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ane

1f the accumulator 1s full the pressure of the oil in the accumulator
is given by:

PO = (QI+Q24P0A/Gy41) (G14ne +ovol)
wherce,

POA 18 equal to the currenl pressure of the oil in the accumulator,

1 the accumulator is within {ts working range the change in the gas
pressure 1s,

DPG = (PCH(y14+Q2) / (MAVOLG-TVOLO + M1VOLO)
where,

PPG 1s the rate of change of the gas presgsure,

PG 1s the gas presgsure,

MAVOLG is the max imum gas volume,

TVOLO 18 the curecnt olit volume,

MLVOLO iy the wlaimum oll volume,

The pressure of the pas is gilven by

PG = PGH (DPGSHIPC) *DELT/ 2
where,

DIGS 1s the rate vi chaage ol the gas pressure calculated in the
previous time step. the tlows snd pregsures at the conneccions are then
caleulated using PO,

P(Ll) = pro

Q(L1) = (C~-pr0)/7
where,

P is the pressare at the comeetion,

Q is the flow at the counection,

¢ is the characteristic ine pressure,

Z tx the characteristic line iwmpedance.
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6.71.,2 Assumptiong

The true gas dynamics and the frictional and inertial effects of the
piston have been ignored in this gimulation to avoid complicating what is
essentially a simple component model. Entry and exit pressure drops have also
been ignored.
6.71.3 Computation
SECTI1ON 1000

The precharge pressure, iuputed for 100°F, is corrected for the working
pressure of the tluid using the ideal gas formula.

DT (PRESPS) = D(PRESP)* (TEMP (KTEMP (IND))+460.)/520
SLCTION 1500

The pressure of the oll 1un the accumulacvor, DT(PQ), is set equal to
thie upstream pressure of the leg.

DT (r0)= PQLEG(INEL, 11)
SECTION 2000

The conductance of the two lines is calculated.

DT(NZ) = 1.0/Z(L(1))+L,0(Z2(L(2))

The steady state volume of oil In the accumulator is then calculated.

DT (1VOLO) = D(MLVOLO)4+(L(MAVOLG)— (DT (PRESPS)*D (MAVOLG) ) /DT (PG)

1f the steady state oil pressure is less than the precharge pressure, then
the steady state volume 1y set equal to the minimum oil volume and the gas
pressare, DT(PG), is sct equal to the precharge pressure.

The fmpedance of the waximum oil volume is then calculated and, after

conversion to a conductance, is summed with the line conductances.

LF (DT (PRESPS) .LT.DT(PG))GO TO 2100
DT(1VOLO) = D(MiVOLO)
pr(Pu) = DT(PRESPS)
2100 DT(KBULK) = BULK(KTEMP (IND))#*DT(NDELY)/D{(MAVOLO)
DT (NVZ) = DT(NZ)+1.9/DT (KBULK)
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SECTION 3000

The net flow into the accumulator is calculated using the oil pressure
calculated in the previous time step. The volume of oil in the accumulator
is then calculated,

Q(L1) = (C(LL)-DT(P0))/Z(LL)

Q(L2) = (C(L2)-DT(P0)}/Z(L2)

TQV = Q(L1)+Q(L2)

TVOLO = DT (IVOLO)+(DT(IQV)+TQV)*DT (NDELT)

A test 1s made to determine if the volume of o1l in the accumulator is

less than the minimum 0il volume, D(MIVOLO), greater than the maximum oil

volume, D(MAVOLO), or within the working range of the accumulator.

1f the volume 1s less than the minimum oil volume the volume is set
equal to D(MIVOLO), the change in the gas pressure and the net oil flow are E
set to zero and the pressure of the oil is calculated.

TVOLO = D{(M1VOLO)

TDPG = 0.0

TV = 0.0
DT(PO) = (C(LL)/ZLL)+C(L2))/DTNZ)

1f the volume of o0il is greater than the maximum 0il volume the volume
is set equal to D(MAVOLO), the change in oil pressure and volume are set to
zero, and the oil pressure is calculated.

DT (PO)
DT (PO)

C(L1)/Z(L1)+C(L2) /7 (L2)+DT(PO) /DT (KBULK)
DT (PO)/DT(NVZ)

If the volume of o0il is within the working rnage of the accumulator the
change In gas pressure due to the change in oil volume is calculated, a new
gas pressure 1s calculated and the oll pressure 1s set equal to the gas
pressure,

TDPG = DT (PG)*TQV/ (D(MAVOLG)-TVOLO+D (M1VOLO))

DT (PG) DT (?G)+ (DT (DPG)+TDPG) *DT (NDELT)
3250 DT(PO) DT (PC)

i}
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The pressure and flows at the accumulator connectious are then calculated
using the oll pressure calculated above.

6.71.4 Approximations

Leaving out static fricilou from the simulstion gives poor low amplitude
results but helps the simulavion by avoiding the nonlinear eifects. Leaving
out the inertial effects of the piston may reduce the accuracy of the results
at very high frequencies but reduces the cost of using the accumulator sub-
routine.

5.71.5 Limitations

The current model can be used for rapid small amplitude discharge
transients where heat transfer is not a probleu.

For very small amplitudes where frictional effects become significant,
or very high frequenciles where inertia effects may become significanrt this

model should not be used.

6.71-6
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6.71.6 Variable Namcs

Name Description Dimensions
DT(DPG) Rate of change of gas pressure P51l/scc
DT (DPQ) Rate ol change of 0il pressure PSl/sec
DT (1QV) Rate of change of oil volume Cls
DT {1VOLO) Volume vf oil in accumulator in3
DT (KBULK) Conductance of oll volume CL8/1s1
L1 Dummy variable -

! L2 Dummy variable -
D{MAVOLG) Maximum gas volume in’
D (MAVOLY) Maximum oil volume in3
D{MIVOLG) Minfmum gas volume in
DT (NDELT) Calculation time step s
DT (NVZ) Sum oi line and volume conductance C1s5/1s1
LT (NZ) Sum ol line conductances Cl5/vs
DY (PC) Gas pressure Sl
DT (P0) 0Ll pressure psl
D(PRESD) Precharge pias pressure sl
DT (PRESPS) Correctoed precharge gas pressure rsl
THPG Temparary rate of clanpe of pas presgaure P51/ sec
TV Towmporary valfue for rate of change of Ciu

0ll volume
TVOLO Toemporary volume of oil n3
0,717




6.71.7 Subroutine Listing

SUBROUTINE ACUM71 (P,DT,0D,L)
Ckxkx REVISED OLCLIABLR 5, 1975 **x*

C A S5TePLI. ACCUAMULATOR dODEL wdICH NLEGSLECTS 2ISTON FPRICTINH
C PISTON ¢iA3S, AND THE TRUL GAS DYHUASICS '

DOURLE PRECISINN DD

COWID! WPELPL,NTOLPL, IPY, IPOIAT, 8PL5, THEL, KNEL, ¥TOPL,ALPLT (61, 3),

1 POLEG(9N,12),LC5(30,19),ILEG(1400),PH(90),03(810)
COnAQH/SUB/PARJ(150,9),Pm(lSOO),Qm(lSOQ),P(300),Q(300),C(300)
"(3“°) RHO(20) ,520R109(20),VISC(20),20LK(20),TLaP(20),PVAP(2D0)
2, \TPRES, T, DLLY, TPTAAL, PLTOEL, I, TITLL(20) , LLGH, ICOH
3, V”txP(“'), L3TARD(150),NLPI(L50) , LTYRPE(S9) ,NC(99) ,I4¥,IN2
4,INV,ISTLP,AuI\L,\Lu,Ilu,IL”Tﬁ,JhLIQb,nJLu,uaL‘“ A O“L,JA?LGT
5, UILPTS, unS
DTGB TN “n(l) L(2),D(3),00(10)
THPLSER PRESP, PRLSPS, 325, PO, D5, BS
DATA HIUOL”/I/,N\VJLY/”/,1I7“LP/?/,?“‘~F/ /Y
1 PRLSES/Y/,500L0T/2/,000/3/,00/4/,085/5/,95/6/,
2 IDV/T/,IVILD/G/ N85/, KaLE /lO/,aV”/ll/
IN(TotR) 10a09,26500,3000
1909 CoATINUE
IF(TiNL.NELA)O0 2o 1500
ISEAT, GAS RELATIONSHIL T3 USLDE IO ADIUST PRECHALSE DPRuins
ST PREGPS )= OReSP) * (TeaP(RTLLP(INE))+460,.) /529,
RETJiew
1500 TF{YilrL.iuTe2)30 0 1500
“T(I“”)“”Lt"(I LWL, 1LY *POLES(INLEL, 2)
DT(DP3)=DP3LLG(INEL,11)
TLtsn
1500 DT(DRL)=23LAG(T45LL, 11)
KET TR
2001 CHITINNL
Do(NZ)=1.0/2(L(1))+1.0/2(L(2))
IF(HC(INn) it 1) Cuonr 2250

(@]

t s
DIPO)=(2T(R2)Y+2T(020)) /2.0
2050 S(NP3)=0.9
CT(De)=,°
IT(UNLLT)=0.5*20L Y
np(R3)=n7(20)
SAVOLG) = (AAYILO) =D (L IVOLO) +3( L IVOLG)
TECINOLO)Y=D(AIVOLD) +(D(AAVILI) = (DT PUaes2S) X o, LE) )/ PO))
I=(OD(PRLER5) JLT N (23)) 3D 0 2100

O(IVALO)Y =R IVOLD)
?T(PG)=ﬁT(°RLSPE)
2109 YOTROLA) =HULE (TP IND) ) *¥ DT (1L LT) /D (LikVIOLD)
7”('\Z)=DT(x3)+1.n/dT(x®uLx)
BLIRN
3800 CONITT D
Ll=L(1)

L2=|'_.( 2)
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6.71.7 (Continued)

2(L1)=(C(L1)=-D
D(L2)=(C(L2)~iY(
foV=(L1)+2(L2)

TVOLO=DT(IVOLO)+(DT(IZV)+TQV) *DT(NDLLT)

IF(TY2LD.GT. O(1IVOLD) JANE. D7 (P0) LG DT(DG)) 35 10 3190

T(PD))/%(
T(PD)) /2!

O

T ACCUNILATOR I3 L1pPry
TVOLI=D( 4IVOLQ)
THP3=2.Nn
TVv=0,0
DT(PO)=(I(L1Y/2(LLY+C(LYY/2(L2))Y /oD (re
IT(DT(PD) LLELDT(P23)) G 1D 3300
IVOLD=D(HIVOLM+, 061
GO ‘T 3259

3100 IF(TVOLC.LT. DGEAYILDY) S0 70 3204

c
c 'THE ACCULULATGR T FULL
TYNLO=N (- N TOT,O)
TNV=9,0
THhpS=9,10
DT(PN)=C(L1)/2(LL)+C (LY /2 (L2)+D0(20) /D0 K3ULY)
n:(90)=nw(pﬂ)/*“(1v )
IT(ED(P0)LCT.OMNP3)) a0 1D 3300
TYILO=2T(43VRLD)) -, 001
30D 3230
C
C Tl ASCOEULATON I35 wIleld IT 'S ~ORRING R®AHSCL
3209 TDPC=3;(P3)*”"V/(P(‘\J L3)=TVOLO+ TS STVILG))
AT(PS) =D A3)+ (DI R23)4+0023) * DT (S NRTT
3230 D0(PR)=R1(20)
2309 P(L1)=i(20)
ML1Y=(3(LL)=2D2(P2))/2(L1)
ML2)=(C(L2)=D2(B50))/7(L7)
PLL) =0T 20)
DT(SA0) =M L1)+3(L2)
DIV =0
DT(IVCLD)Y=TYSLY
NT(NRE)=aes
RLTIRNN
R
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6.81 SUBROUTINE FILT8)

FILT81 is a simulaticu of an inline, non=bypass filter with no

/ Connection No, 2

moving parts, using standard cleanable elements,

/— Connection No 1

Inlet Volunw
{laciudes Infet
Passage of Component}
bxit Volume
(Includes Element
Volumu)

Clement —

OPrauI?an

FIGURE 6.81-1
TYPE NO. 81 F-4 TYPE IN-LINE FiLTER

PRL P[—il__

G3 D(VOLINJ G4 %D(\/‘OL. = %)

G! Kl k2 G2

Cl o ANt AN = Ve 2

21 D(CONSEL) D(CONE?2) PE Z2

FICGURE 6.81-2
FLTH1L DIAGRAM
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h.81l.1 Math Model

Subroutine FILT81 uscs a simple model to deseribe the pressure and
tlow characteristics ot a filter under transient conditions. FILT81
Diapram, figure 6.81.2, schematcically describes the model where PB and PE,
the bowl and clement pressures, ave to be determined. Th: past Talues
of the bowl and ¢lement pressures, PBL and PEL, arce shown at the ends
of pscudo passapes alouy with their conductunces respectively,

The conductunces Gl aund G2 arve calculated using the equation

Gyol = VOL/(BULK*DELT)

where
Gyol = counductance
BULK = tluid bulk modulus
VoL = volume of o0il in bowl or element section
DELT = time step of program

The conductances ol the Tines comnected to the {{lter is simply
the reciprocal of the Tine iwpedance
Citne = 1/7‘linu
where
Ziine = Twpedance of the Tiae.
With all the conductinces caleulated, {lows are summed about PB and PE

result ing in the tollowing cquatious.

(CT-PRYAGTI+H(PBL-PBY*CY - QE = 0 6.81.1

QE + (VPEL-PEY*G4 - (PE-C2Y*G2 = 0 6.81.2

where Cl & G2 the line characteristie pregsure
QK the flow across the eloment

6.81-2




The pressure drop between PB and PE iy
PB - PE = QEAK2 + QUAKL

where K1 is the liacar pressure drop cocificient

P K2 1s the Q2 pressure drop coefficient
This equation is solvel tor QL in terms of PB and PE using the quadratic

formula. The result iy substituted iuto equatious 6.81.1 and 6.81.2, The

substitution tor QE results in a set of two equations and two unknowns,
PB and PE. The equatioans are solved simultancously to give PB and PE.

The inlet and outlet tlows, Q1 and Q2, are then calculated.

Q1 (C1 - rp)/z21
Q2 = (C2 - PE)/Z2
6.81.2 Assumptions - Not applicable.

6.81.3 Computat ional Methods

SECTION 1000
Pseudo conductances for the bowl and element sections are calceulated

and the fllter element constant, D(CONSEL), 1s adjusted for tluid other

than MIL=-H-5606 and/or temperature other than 100°V,

D(VOLIN) = D(VOLIN)/DELT/BULK(LL)
1D (VOLEX) D(VOLEX) /DELT/BULK (1)
D(CONSEL) = VI1SC(L1)*RUO(L1)/(.028%8, 211~ 5)*D (CONSEL)

U

SECTION 1500

The lep constants for O and Q2 are updated and the outlet pressure
is calculated and stored. The bowl and ¢lement pressures, DT(PBL) and
DT (PEL), are Initiallzed.

SECTTON 2000

seudo conductances DT(CINY, DU(GOUT) and DT(GTOT) arc

caleculated for use in the transient calculation section.

6.81-3
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DT(GIM) = 1.0/Z(L(1)) + D(VOLIN)

DT (GOUT) = 1.0/2(L(2)) + D(VOLEX)

DT(GTOT) = (DT(GIN)+DT(GOUT)/(DT/GIN)*DT (GOUT))
DT (GTOT) = DT(GTOT) + D(CONSEL)

N SECTION 3000
The values of DT(PBL) and DT(PEL) are calculated.

DPIN = (C(L1)/2(L1) + D(VOLIN)*DT(PBL))/DT (GIN)
DPOUT = (C(L2)/Z(L2) + D(VOLEX)*DT (PEL))/DT(GOUT)
Qk = SQRT(DT(GTOT)**2,+4.*D(CONE2)*A3S (DPIN-DPOUT)
QE = ((QE-DT(GTOT))/(2.*D(CONE2)),DPIN-DPOUT)

DT (PBL) = DPIN - QE/DT(GIN)

DT(PEZ) = DPOUT + QE/DT(GOUT)

using DT (PBL) and DT (PEL)

Q(L1) = (C(L1) - DT(PBLY)/Z(L1)
P(L1) = DT (PRBL)

Q(L2) = (C(L2) - DT(PEL)/Z(L2)
P{L2) = DT(PEL)

6.81.4 Approximations

] to the Q2 turm.
6.81.5 Limitations - Not applicable.

6.81.6 Variable Names

X Variable Description

D(CONE2) Q2 element coefficient
D(CONSEL) Q element coefficient
DPIN Intermediate calculation
DPOUT Intermediate calculation
DT(GIN) Sum of lnlet Conductances
DT (GOUT) Sum of Qutlet Conductances

: DT(GTOT) Intermediate Calculation

[ L1 Dummy Variable

! 6.81-4

|

The pressures and flows at cach of the conmections are then calculated
P

Non-lincar pressurc drop effects are assumed to be proportional

Units

[pe

PSI/CIS

PSI/CIS

C1s/psI

CIS/PSI

ﬂ




L2
DT (PBL)
DI (PEL)
QE
D(VOLEX)

D(VOLIN)

Dummy Variable
Bowl Pressure
Element Pressure
Flow Across Element
Exit Volume

Inlet Volume

6.81-5
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6.81.7 Subroutine Listing

SURAOLTINL FILTSY (0,D7,00,L)
-
\

CREER RLVISED (NY L, 1974 kEki

1 POLEG(9N,12),LTS(99,1%) ,ILEG(1400),P:(980),2:4(80)

COhuOJ/SUﬁ/?AKJ(lSU,Q) ?A(lSﬂO),QJ(lSOO) »(309),

CQua0Y GTLLPL \P?L’L IPT,IPOINT,IPTS, IHLL,TJHL,HTOPL,NLELT(

51,3),

(390),C(30%)

1,%(309),R15(20),520R45(20), VISC(ZO),BUL?(20),TEuP(20),PVA?(29)

Z,KT?RES,T,,LLL,LFIMXL PLTDLL, PT, TITLE(20), LEGH, ICO%H
3,876 2(99), LEIART(150) ,KLPT(150), LTYPL(99) ,HC(90), TV, IND

A, TV, T3 TLP, ILINL, WEL, THD, IENTR, S3LIMNL, .. 'FL,u<uLu,aﬁ”JJb'u;?rgT

.".. \LO J' 1-70

DI(]L“'-)I’ 4 D(l),’).r(l)'i)’)(l)'[‘(l)

TATECER VOLINR,VOLLY,Z0NSeL, ?3L, PLL,&TOT, 6T, 5207,

Crx**x N ARANY VARIADILAS *kex
DNTA VﬂLT“/l/,V”L; 2/,COonsLL/3/,C0nu2/4/
CH¥*k DT AIRAY VARIADDLs *Akk
DA™ PL/Y/,PLL/ 2/ .00/, SIN/A 2T/ R/
I"(I ASR)Y 1799,2050,3009)

£CTION 15007 LJC SLISHING SO ANTS 03 gsL I POTIRD

P

12960 Ct:TIJUL
I¥ (Isul.,0) G0 g 130D
C ST SOn PANTYS TOR TNTRGRATTIN OF 2RES3UKLS
L1=%T0 p( 149) |
-‘(\"TI DN=(VOLIN) /LTS 2ILY( L)
TN qu#)—“(C”Lr')/bLUT/JGE?(L‘)
SIS TaRirE D h‘xdkﬂ]LJ FOR FPLOIS 2TAEnRr THAL
'”;lru\ APURLE OTTE R TARY 1NG DLGF
TUCMISLLY=VISC(LIY*RAO(LI) /(. 023%2, 2L=0R) ¥ (CO:
I’(”(CQJSEL).LL.Q.ﬂ) Z(ConELL)=,9001
LT
].'-"‘l"' -,{J»J.LIA':IJL
IF(&:LL=-2)1519,1510,1519
1510 ~h=2 L3 (I4EL, 1)
NW=PALRG(T T, D)
DAL 1(1\.41_:' ))—D‘\LLJ(I wiil
SRLRG(INeL, ) =27LeG( 1NN,
DT EIL) =L I, 11)
> ';L)=UT( TLY=DAF MR (D(CONZLL)FTR*T(COMRD))
EWLeG(TdmL,11)y=21(2L7%)

Y]

"))+)( \) Q,_T_,)
)+ S0

1410

21009 ST

) )+R(VILIH)

0))+\(73,L.
FIT(GIUTY Y/ (UT(GIN) *IT(394T) )

+“(luluuu)

)
r\rﬂ(cf“'l*
AT ey

el et il
B S SY Y

l"\\N
'j Gi N~
\;HAL“

r"\
Vv",—‘

RIS

SLCT 3000 CALCUTA Joi 2D 2T0ues Tire iDL ALD
NID PLOWS
3NN CHYNTTHTL
Li=L(1)

O
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6.31.7 (Continued)

L2=L(2)

DDI&=(C(L1)/Z(L1)+U(V0btﬂ)*DT(°BL))/ﬁT(uId)
POUT=(C(L2)/2 (L2)*3(V0th)*ﬁT(PLL))/D"(COUP)

nl SORD(OT(STOT) €42, +4,%*D(COMNL2) *ABS (DPI 4=-2P0UT) )

AL=3ICN((DAL-DT(STID) /(2. *D(CONLZ)),UPIA-“kCU‘)

DT(PSL)=DOPIN=-0L/DT(GTIN)

DT(PLL)=D220T+ 2L/ DI ( GOUT)

ML)=((L1)=DT(P3L))/2(L1)

LY)=DT(PSL)

ML2)=(C(L2)~ Dx(“lL))/ (L2)

P(L2)=DT(PLL)

RLTIRK

LD
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6.82  SUBROUTINE F1L182

FLIT8? Ls a stmulation of o three clement tilter wanlfald incorporationg

4 orelict valve between the sapply asd veturn Pilters, tnlet and outlet

conncetiony ore speeitied and s ineorrect installation will cousce a4 messape

to L prioted.

CASL DIIAIN OUTLET-

RETURN OUTLLT--
L] CONN NO. 4

CONKN NO. 2

- SUPPLY INLLY
CONNY WO b

CASL ORAIN INLET -

B - CONN NO. 3

RETURN INLLY - AN

CONN MO, | ’/ SUVELY OUTLLT

« CNM NoO. o

B-LXIT VoL uaL

R (NCLUDE S (LUMLNT
 YOLUML)

g TV

INLET VOL UL - -
(INCLUDL S Nt T
PALSAGL VOLUMLE)
™R

FILTER PMAANIEOLD

FlQuikt .82 |
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6.82.1 Math Model

" The F1LT82 mudel calculates the transient pressure and flow demands cf a
three clement filter manifold incorporating a relief valve, Figure 6.82.2

5 schematically describes the filter wanifold where the bowl and element

pressures ol each filter, PB and PE, are to be determ’ned. The past valves

of the bowl and element pressures, PBS and PES, are shown at the ends of

pseudo passages along with thedir conductances, G. The conductance of the

pseudo puassape is calculated using the equation: .

(3 = DL
( Vol VOL/ (BULK*DELT)

where

GVol = conductance of the volume, CLS/PSI,

VOL == volume, 1N3,

BULK = {luid bulk modulus, PSI,

DELT = calculation time interval, SEG.

The conductances of the lines connected to the filter manifold is

simply the reciprocal of the line iwmpedance, Z.

Glinu = l/le.ne

whoere
Gline = conductance of the line, CIS/PSI,
“1 e impedance of the line, PSI/CIS,

Initially, the relief valve is assumed to be closed and a solution
teclnique similar to that used in FILT81 is used tou solve for the bowl and
element pressures ol each filter.

After all the line and volume conductances have been calculated, the

tlows are summed about PB and PE resulting in the following equations.
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PBS(IY PES(R)

VOLIN®Y $ G7 G(8) 2 VOLEX(2)

Z() R R2 2(2)
) ——ANW— = ———ANN——— C(2)

G() PB(D QE () PE(2) G(2)

: Z(%) PB(3) R3 R4 PE(4 EWA)
C(3) — VY — N G NV )

G(3) _c<(2) G(4)

GUO0) 2 VOLEX (4

VOLIN({3) G{9)

;
;
!

PBS(3) PES(4)

2(5) PB(S) R5 PE(E) Z2(6) z
NN ¢ AN~ —ANN— C(B) |
Q5 . QE.(3) Ge&e? ‘

C(s5)

VOLIN(S) $ GUD G(12) & VOLEX(6)

PBS(5) PES(6)

FILTR2 DIAGRAM
FIGLRE 6.82-2
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(C(1)=-PB)*G(1)+{PBS-PB)*G(3) -QE=0 6.82.1

QE+ (PES-PE)*G (4) - (PE~C(2))*G(2)=0 6.82.2
where

C = the line charactervistic pressures

QE = the flow across the element.

The pressure drop between PB and PE is

PB-PE=QEZ¥R2+QE*R1 6.82.3
where

Rl = linear pressure drop coefficient

R2 = Q2 pressure drop coefficient.

Equation 6.82.3 is solved for QE in terms of PB and PE using the
quadratic formula. The result is substituted into equations 6,82.1 and
6.82,2., The substitution for QE results in a set of two equations and two
unknowns, PB and PE. The equations are golved simultaneously to give PB and
PE.

After the bowl and element pressures for each filter have been calculated
a test is made to determine if the relief valve 1s open. If PE(6)-PB(1) i
less than the relief pressure, the ralief valve 1Is closed and the pressures
znd flows at the connections to the filters may be immediately calculated.

QN)=(C(N)~PB(N))/Z(N)

P (N)=PB(N)

Q)= (C(M)-PE(M))/Z(M)

P (M)=PEM)

where

6.82-4
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1t PECO)-UB(1) is greater than the reile! pressure the reliet valve is
open und the bowl and element pressures tor the supply and return {{lters are
recalculated.,

An equivalent conductance, GEQ, 1is calculated for the flow across the
filter elements of the supply and return filters,

GEQ(1) = QE(L)/(rB(L)-rL(l))

GEQ(2) = QEQ)/ (PB(B)-PE(6))

With the reliet valve open there s o flow from PE(E) to PB(1). The
fiow through the reliet valve plus all other flows are sumned about PBR{1),
PL(2), PB(S) and PE(6) tu give the following equations.

ECO-PBANACLI+HE@ES (L) =PBIL)) AN+ PE(L)~IB{L) ) *CGREL

= (LB(LY~PE(2))*CLEQ(L)=~0

(PEB(L)=rE(2))*GEQ (1) (PES (2) -PE(2))*6(8) - (P1 (23 -C(2))*G(2)=V

(COY-PBONRCOI+FBS ) -PRG))*CAL) =-(PBG)-PEL) Y*CEQ(2)=0

(PBS) ~PE(AYI*GEQ(2)+ (PES () ~PE(6))SG (12)-(PE6) =P (1) ) *GREL

~(PE(6)~C(O))*G(6)=0

This results in a set of four vouatlons with four unkonowns, PH(1),
PLE(2), PB(S) and UE(b). These equations are solved simultancously to glve
the bowl aud element pregsures in the supply and return {ilters with the
relicf valve opuen,

The bowl and element pressures for the supply and return filters are
used to caleulate the flows and pressures at the connections to the filters.

QU= ()~rB(L))/4(1)

P()=PL(l)

Q(2)=(C(2)-PE(2))/7.(2)

P(2)=PL(2)

6.82-5




Q(5)=(C(5)~rB(5))/7%(5)

P(5)=1'B(5)

Qo) = (C(o)-PE(6))/7(6)
0.82.2 Assumptions

IL is assumed thot o tincarized equivalent conductance may be used to
calculate the pressure drop across the element when the voliet valve is open.
The reliet valve 1s agsvmed o open invtantancously,

6.82.3 Compulational Methods

SECTION 1000

a DO loup is us:d to calculate pseude conductances fov the bowl and
3 clement volumes {or each tilter., The {ilter element constant for cach
filter, D(CONSELFF), is adjusted for tluids other thm MIL-H-5606 and/or
temper atures othier vhan 100°r.

DO 1300 oL, 3

b (R0 ) %4

H= (-1 )%

X DVOLINFF)=D (VOLIN+F) / (BULK (K1) *OELT)

UAVOLEX+E) =D (VOLEX+E) / (BULK(KL)*DELT)

: D (CONSELHE)=VISC(KI)*RHO(K{)/ (,028K8 , 75-5) %D ( CONSELAF) é
1200 CONTINUE g
SECTLON 1500 .‘
A test Ls wmade ro insure the filter is propecly eonnected. F a 3
i <onvection i3 found to be in ervor a messape is printed and the rue
PG contluues, Only calls to connection 1, 3 and 5 are allowed.
ﬁ” For each filter the f iter element constants D(CONSEL+IF) and
‘ D(CONEZ4F) arce added to the Q aad Q2 steady state flow coefficlents,
‘
- h.R2~6
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respectively., The pressuxe drop acvross the filter is subtracted from
the upstream pressure for the leg.
SEGTION 2000

A do loop is vyed Lo caleuiate the tollowiag constants for wach
filrer. Pseado conductavces nre caccalated for use in the transient
calculation sention.

Do 2020 11, 3

e e e e a—— o e ——— e

. ¥
%{ MR-
b, Me L

o

/s L1=L (M)
s

,)/'./) L:}."’L (N)

%

R oty ‘
s Fre {L~1) %y

p

e He (1~1)%8

DT(GINH)=1.0.2 (L.1) HD (VOLTN4F)
DT{GOUTHU) =1 .0/ 7 (L2)+D (VOLEXFF)
DLCGTOTHH) = (0T (GINHLD DT (GOUT+HH) )/ (D'T/ GIN+H) *DT (GOUTHI) )

DT (CTOT+H) =0.5% (DT/GTOTHI) +D (COMSENL4T) ) /D (COMLZ+F)

SECTION 3000

?. The walues of DT(PRL+H) and DT(PEL+H) are calculated tor each filter
/' uging a do loop.
i DO 32060 1=1, 3
. M2 K]
f; N=MtL
-;* L1-+1 ()
L2=(L(N)
F= (1-1)%&

H= (1-1)*8

6.82-7
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DPIN=(C(L1)/Z(L1)+D (VOLIM+F)*DT(PRESSB+H) ) /DT (GIN+H)

DPOUT=(C(L2)/Z(2)+D(VOLEX+F)*DT(PRESSE+H) ) /DT (GOUT+H)

DT (QE+H) = SQRT (DT (GTOT+H) **2 ,+ABS (DPIN-DPCUT) /D (CONEZ+F) )

DT (QE+H)=SIGN (DT (QE+A) -DT (GTOT+H) , DPIN-DPOUT)

DT (P BL+H)=DPIN--DT (QE+H) /DT (GIN+H)

DT (PEL+H) =DPOUTHDT (QE+H) /DT (GOUT-+H)

The pressures and flows at the connections are then calculated and
post values of DT(PBL+H) and DT(PEL+H) are saved.

Q(L1)=(C(LL)-DT (PBL+H) )/Z(L1)

P (L1)=DT (PBL+H)

Q(L2)=(C(L2)-DT(PEL+H))/Z (L2)

P (L2)=DT (PEL+H)

DT (PRESSB+H)=DT (PBL+H)

DT (PRESSE+H)=DT (PEL+H)

The difference between the supply element pressure, DT(PEL+16),
and the return bowl pressure, DT(PBL), is then compared with the relief
pressure, PREL. 1f the difference 1s less than the relief pressure the
subroutine returns execution to the calling program. If the difference
is greater than PREL the bowl and element pressures for the supply and
return tilters are recomputed.

The conductances of the lines are computed.

Gl=1./Z(L1)

G2=1./2(L2)

G7=1./Z(L6)

G9=1./Z(L6)

The A array is zeroed. The A and B arrays are then loaded for the

matrix solution using SIMULT.

6.82-8




i A(1,1)=G1+D (VOLIM)+GREL+GEQL

A(1,2)=-GEQL

A(l,4)=-GREL

A(2,1)=-GEQL

A(2,2)=GEQL+D (VOLEX)+4G3

A(3,3)=G7+D (VOLIN+8)+GEQ2

A(3, 4)=-GEQ2

A(4,1)=-GREL

A(4,3)=-GEQ2

A(4,4)=GEQ2+D (VOLEX+8)+GREL+G9
B(1)=C(L1)*G1+DT (PBL)*DT (VOLIN) ~PREL*GREL
B(2)=DT (PEL) *D (VOLEX)+C (L.2) *G3
B(3)=C(L5)*G)+DT (PBL+16) *D (VOLIN+8)
B(4)=DT (PEL+16) *D (VOLEX+8 ) +PREL*GRELAC (L6 ) *G9
CALL SIMULT (A, B, 4, J)

The bowl and element pressures are returned through B and are

saved. The flows and pressures at the connections to the supply and

return filters are then recalculated using the newly computed bowl and

element pressures.
DT (PRESSB)=B(1) !
DT(PRESSE)=B(2) {
DT (PRESSB+16)=B(3) ¥
DT (PRESSE+16)=B(4) {
Q(LL)=(C(L1)=B (1)) /2 (L1)
Q(L2)=(C(1.2)~B(2))/2(L2) !
Q(L5)=(C(L5)-B(3))/2(L5)

Q(L6)=(C(L6)-B(4))/Z(Lb)
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P(L1)=B(1)
P(L2)=B(2)
P(L5)=B(3)

P{L6)=B(4)

6.82.4 Approximations

Nonlinear pressure drop effects are assumed to be proportional to the

2
Q temm,

6,82,5 Limitations

The pressure and flow calculations with the relief wvalve open are

approximitions the accuracy of which will decrease as the duration of the

relief valve opening increases.

6.82.6 Variable Names

Variable

D (CONE2)

D (CONSELAF

DPIN
DPCOUT

¥

CEQL

GEQ2

DT (GIN+1)
DT (GOUT+H)
GREL
DT{GTOT)
Gl

G3

G/

Description
Nonlinear Element Constant
) Linear Element Consgtant
Intermediate Calculation
Intermediate Calculation

Ircrement

Return Filter Equivalent Conductance

Supply Filter Equivalent Conductance

Sum of Inlet Conducrances
Sum of Outlet Conductances
Relief Valve Conductance
Intermediate Calculation
Line Conductance

Line Counductance

Line Conductance

6.82-10

Unitas
PSI/CISl/2

PSI/CIS

CIS/PSI
CIS/PSI
CIS/PST
CIS/PST

CIS/PSL

CIS/PSI
C1s/pPSl

CIs/PSI




P

L3

L4

L5

L6

M

N

DT (PBL+H)

DT (PEL+H)
PREL

DT (PRESS B-H)
DT (PRESSE+)
DT (QE=H)

DT (VOLEX+F)

DT (VOLIN+F)

Line Conductance
Increment

Counter

Counter

Counter

Counter

Counter

Dummy Variable

Dummy Variable

Dummy Variable

Dummy Variable

Dummy Variable

Dummy Variable

Dummy Variable

Dummy Variable

Filter Bowl Pressure
Filter Element Pressure
Relief Pressure

Filter Bowl Pressure
Filter Element Pressure
Flow Across Filter Element
Exit Volume

Tnlet Volume

6.82-11
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PSL

PST

PSI

PSI

IN

IN




6.82.7 Subroutine Listing

SIMRNYDINE FILIS2 (D, 07,ND,L)
Chxr* REVISLD FLI 5, 1975 *hkkx

COGmON NTLLPL, N MILAL, IR, IPOLD, Nors, I, KNEL, NT0PL, NLPLT( 51, 3),
1 “WLl“(Qn 12),LC3(90,17), ILIC(1400),“d(90) Qr((90)

SO /oNJ/DNRd(150 ), Pa{1509),2i(1500),P(300},0(399),C(399)
1,3(1wn) RiO(ZO),u_GnJJ(ZJ) VIbC(’O),3UTK(70),TL19(70):?V*“(’U)
E,ITPRMS,T,DLLE,Trlth PLUOLL, PI,TITLR(29),LEGH, ICCH
3, XTE4P(29) ,LSTART(159) ,WNLPT(150) , LIYee(99),nC(992),1.0%,140
A, INV, ISTEP, MLINE, AL, THD, TEADT?, HLINL, aHEL, WILEG, i INDDE , L 2 LUT
5,0MLPTE, W03

DIOENSION 3(24),99(12),0)(1), L(P),A(4,4),H(4)

INPEGLR VOLTY, VOLLY,CONSEL, COML2,GT S, 307, STOT
1R ES53, PRESSL, P,

C *kkxk D“ARRRY VARI\ELLE *kkok ok kK
DATA VOLIW/1/,90LeX/2/,CONseL/3/,C0%02/8/
C * %k k X P \pn\v V\I’I\.‘rl" *xkkkkk

DATA GIN/1/,G000/2/,8RusSY/3/,PuE3u/4/,5000/5/,P5L/8/ ,¢isi/T/
1,7/9/

1"(1#'*3) i603,2609,30090

C SLCTICH 1930 D5 TAILISHLS COdLINITS PO UL I FUTHEL CALCOLA MILHS
1820 CoONTINDIL
3O I (INEL,L.D) S0 ) 13500

o ~ T ~
? u,PLL'“bf

C o'l FLLIBE VALVLE PRESZSIRL
oNLL=340589,
C >eT RLLIER VALYVE ADLTTMNIC.
TRUL=.6
XI=KTL2(Iua0)
noy 1200 #=1,13
P=(ra]) %4
dz(v-1)*a
< S COMS INNTS FOR INZ2e0RATION DT PRESGIIRLS
HVEILINGT ) = D(VPLI ) /(RILV(KT) *TLLT)
D(EILEN+R)=T( VGLEX+2) /(UL (\I)*“‘L )
C ADTOED TAawrlinn O3 IAdTs FOK FLUTS THeit ToAyd S IL=8=5600 AR§3/050
Z Whail L-’JT.H\L OTHLr 2any 130 ')L(? ¥
MEOSLRLET)=VIIC(IY ¥ (TI) /(.23 %Q _ 21.=5)
A*D(COMISLTL+T)
IF(S(TOILLLAT) L. 0, 0) L(Cluonl+R)=,1021
1209 COnTINiL
LIRS
Jann r=n
A0 TO(153%9,1300,1500,1700,1510,1700) , il
1510 F‘=P+d
1829 F=F+1
1550 ZoerTTann

M=CALEGS(TINLL, 1)
N=PLEG(INEL, 2)
PALEG(INLL, A)=P LG (I4LL, C)+D(IRCLL+T)
?TLL’(I‘LL,R)'°ﬁLIP(I?tL,\)+‘(h0~t2+?)
?}L[:(IN“L,II)=??LLG(IQhL'11)-QA*QS*D(COMSLL+P)-
1 As* A * %2 *3{(C0IL 2+27)
RLTTRNY

1399 CoONTT: ML

JEST AVAILABLE COPY  vora




6.82.7 (Continued)

WRITE(6,1301) IaD,INEL,KNLL

1901 PORAAT(2K, 7i1C0:4P 20,I14,313 CALLED INCONRLE
1 I4,74 CON HD,14)
RETURN

TLY TR

-

LY D

A
C SECT 200D DETCRGIAES VALIDITY OF COaPOHENT COMWECTIONS Kl
C DIRLCTION OF PFLOY. INITIAL PRAZSURES IN ELLEEHT 243 IN BGuL Ar
C WELL AS IAITIAL FLY ACROSS ELbwUNT ARE CALCULATED A«D STORLS
2300 CONTPIMUL
RO 2920 1=1,3
BERLECS]
N=i+l
Li=L()
L2=L(N)
F=(I-1)*4 ‘
d=(I-1)*3 /
C SET DULAY VARIASLL |
C STORL N0wL PRLUS, LLLGLWT PRe35 AND FLOW, AN PASSASL 2LLTA P'o ‘
C '(C“VSLL+")‘1 /D CORBLL+E)
T(PREBL3I+MN)=P(L1)
IT(PREISL+1)=P(L2)
*P(CIJ+J) 1.0/2(L1)+2(VOLIN+)
DT (SO0T+3) =1, G/Z(L?)+B(VULLA+T)
DT(SPOT+HA) = (DT 2T S4+H) + 3T (SOIU+6) ) /(DTG Ie+l)*7T(2 10 +H) ) :
AT HE) =0, 3R (DD (URTHL) FT(ZONGELET) ) /D CONL 24F) i
DT(93L+W)=DT(°RLks‘+~) §
I PLL4T) =0T ( PRESSL+E) %
NT(NL+71)=0,9 {
21020 CONTINOYL i
RL TR !
C
c SECT 3097 CALSULATRS AND 3TO8Ls INTLRIAL 340 COMGECTION PRpsI's
c AL FLOWS
310199 COSNINOL
NG 3049 1=1,3
S=d*kT=-]
A=+l
L1=L( -.l)
L2=1,(11)
F=(I-1)*4
H=(I-1)*2
INS2 CORNTINNL
NOTN=(C(L1)/Z(LL)+D(VOLIN+F) *D -(:n1333+"))/£:(614+j)
NOQIIe=(Z(L2)Y/2(L2)Y+0(VOLE X+ ) ¥ DP(RPRESSL+ ) ) /ot (SO +4)
nT("t+4)—b“nr(“"(~LJ;+H)**” +\‘“(“PTJ-D?CJ;)/U(:GML2+?))

0T ( Nb+ii N(DT(AL4T) =0T FWOTHE) 02T
DT(?2L+3)=D?I —TP(SE+A)/DT(CI4)
DT(OLL+5)=DPOUT+ T (AL+1) /B C(GOUT+i!)
“(Ll)‘(v(Ll)—Dl(J“L+]))/“IL])
D(L1)=mi(23L+i1)

AL2)=(S(L2) =D (PUL+1) ) /5(L2)
P(L2)=0T(2PLL+H)
DP(BRLESS+i!) =DT( DIL+i1)

-27207)
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6.82.7 (Continued)

060

3152

19

an

oo !ﬂﬂ 1. U

DI(PRESSE+H)=DT( PLL+)
CONTIRUL
IT(DT(PLI+16)=-DT(P3L) LT,
L]=L( l)

L2=L(2)

L3=L(3)

Ld:L( d)

L5=L(5%)

La=L(6)

GEQL=DT(OR) /(DT PRL)=-DT(PET))
SEN2=0T(2L+1R)/(DT{P3IL+146)=-DT(PLL+13))
Cl=1./2(L1)

51=1./2(L2)

G7=1. /Z2(LR)

no 23 I1=1,4

o0 19 J1=1,4

A(J1,I1)=0.0

3(I1)=0,92
CONTINOL
A(l,1)==C

PREL)GGC TG 32190

—D(VOLIN)=GREL=ALAO]

\(—) )—"\.114'_'1 ?(‘JJIJ‘Y)""3

A(3, ’ ==5T7=-2(VALIN+2)-GLN?2

A(3,4)=CLT2

A4, 1)=0RL0L

ANA,3)=5u02

‘(1,4) ~GE22=D (V0L X+9)=3PLL=-G"
(1)—-C(L1)*U1-)F(73L)*W (VOLIN) +BPRLL*CLLT

==DT(PLL)*D(VOLEX)~C(L2)*53

=C(LS)*37-DT(PIL+15)*O(VIL1i+R)
3;(PLu+1))*"(VO’EX+§)-PREL*GREL-C(Lﬁ)*ﬂq

CSTAULD (A, 3,4,T)
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6.83 SURROUTINE VFILT83

FILT83 is a simdarion of an inline, bypass type, multiconnection

f{lter. Oune iunlet and two outlet conmeetions are used,

FLOW =7

INLLET voLUuME —
(NCLUDES INLET
VOLLUME)

G

— CONKNECTION NO.|

— BYPASC VALVE

~CONNECTION NO. 2

CONNLCTION NO. 3

— EXIT VOLUME
GNCLUDES ELEMENT
VOLUME)

Figure 6,871
TYPE NO. 83 INLINE FLLTER

CiLI) =D

GyolL

GREeL
REL
GrL'MENT
. .
i‘a com EL
I\/OUN VOL E X
PBL i

Fiypnre 6.873-2
FILTHY CIReanry DTAGRAM

[P PR R VY




6.83.1 Math Model

F1LT83 calculates the bowl and element pressures under transient
conditions. TILT83 DIAGRAM, Figure 6.83-2, schematically describes the
model where PB and PE, the bowl and element pressures, are to be determined.
The past values of the bowl and element pressures, PBL and PEL, are shown
at the ends of pseudo passages along with their conductances, D(VOLIN)

and D(VOLEX), respectively, These conductances are calculated using the

. equation:
= ( *DELT)
Gyol VOL/ (BULK*DELT)
O where Gyol = Conductance of the volume
BULK = fluid bulk modulus
VOL = volume of 0il in bowl or element section
DELT = time step of program

The conductance of the element 1s the reciprocal of the input elament
constant.
: ‘ Gple = 1./D(CONSEL)

The conductance of the relief wvalve is the reciprocal of the input reliefl

valve constant

Gpel = Lo/D(REL)

The conductances of tihe three lines comnected to the filter 15 simply
the reciprocal of the individual line tmpedances.

Gline = 1./Zitac

With 211 the conductances calceulated, 1ows are sunwed aboot PR oand

)
PE resulting in the Tfoallowing cquat tons. ;
o \
B CH{PB=CLLIY) + Gy in(PB-PBLY + Gope (PB-PE) + Gpel(PB-PE) = 0 |
1
Grol (PE=PRY+C 10 (PE-1B) + Gyglox (PE-PEL)HC2(PE-1.(1L.2)) + C3(PE-ULI)) = O
H. 842

ke



If the difference between the previously calculated values of PB

\ and PE 1s less than the cracking pressure of the reliel valve, fpe1 is
A set equal to zero, The above equations are then solved to yield the

pressures PB and PE. The values ol PB and PE are then set equai to PBL

and PEL respectively. The inlet and outlet flows are then calculated

j QLYY = (C(Ll) - vBY/Z2(LY)

¥ Q(L2) = (C(L2) - PE)/Z(L2)

Q(L3) = (C(L3) - PEY/Z(L3)

1
|
|
|
|

cx
by 6.83.2 Assumptions
The pressure losses at the inlet and outlet are assumed to be
$ﬁ; negligible and are, therefore, not included in the simulation. The .
"ﬂ' relief valve is assumed to open and close instantaneously. '
2.

6.83.,3 Computational Methods

SEECTLION 1000
BT E LD LA ,

Pseudo impedances for the bowl and clement scctions are calculated

} using
i D(VOLIN) = BULK(KTEM'(IND))/D(VOLIN)*LELT
= BULK(KTEMP (IND) ) /D(VOLEX)*DELT

o D (VOLEX)

is adjusted for {luid other than MIL-1-5006

The filter elcwment constant

and/or temperature other than 100°F.

: SECTLON 1560
- R
iy The leg constant for  is updated and the outlet pressurce {s calealated

and storad, The bowl and clement pressures are indtializoed,

SECTION 2000

The lmpedances are converted to conductances

H.81-13
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D(VOLEX) = 1./D(VOLEX)
D(VOLIN) = 1./D(VOLIN)
D(CONSEL) = 1./D(CONSEL)
D(REL) = 1./D(REL)

The constauts DT(Gl), DT(G2), DT(G3) are evaluated

DT(Gl) = 1./Z2(L1) + D(VOLIN, + D(CONSEL)

DT (G2) = -D(CONSEL)
DT(G3) = -D(CONSEL) + D(VOLEX) + 1./Z(L2) + 1./Z(L3)
SECTION 3000

The difference betweer the previous values of the bowl and element
pressure, DT(PBL) and DT(PEL), is compared to the relief pressure.
If the relicf pressure is exceeded DRELY, the relilef valve conductance, 1s
set equal to the input value for the relief valve conductance, D(REL). 1f

the relief pressure is not cxceeded DRELF (s set to 0.0,

DRELF = 0.0
IF(DT(PBL) - DT(PEL).GT.D{RELPR))DRELF=D(REL)

The bowl and clement pressures, DT(PBL) and DT(PEL) are then calculated

and stored

DGL = DT(G1l) + DREL¥
DG2 = DT(G2) - DRELF
DG3 = DT(G3) + DRELF

R1 = DT(PB2}*D (VOLIN)+C{(LL)/Z (L1)+D(RELPR)*DRELF
R2 = DT(PEL)*D(VOLEX)+C(L2) /2 (L2)}+C(%3) /2 (L3)~D (RELVR) *DRELY
DT (PEL) = (R2*DG1-R1*DG2) / (DC3*DG1-DC2*%42,)
DT (PBL)=(R1*DG3~R2*DGL) / (DGL*DG3-DG2%% 2, )
The pressures and flows at each of the connections are then caleulated
and stored.
6.83.4 Approximations

The relationship between pressure drop and flow across the filter

Is assumed to be 1linear.

6.83~4
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6.83.5 Limitations

The accuracy ¢f the model will decrense at flew rates

of the pressure losses of inlet and outlet passages bhecome

6.83.6 Varlabie Names

Variable
D{CONSEL)
nel

DC2

DG3
DT(GL)
DT (G2)
IT(G3)
L1

L2

L3

DT {PBL)
1T (PEL)
K1

R2
D(REL)
D(RELPR)
D (VOLEX)

D(VOL1N)

Description
Flement Constaunt
Dumny Variabie
Dummy Variable
Dunmy Variable
Sum of Inlet Conductances

Flement Constant

Sum of Outlet Conductances

Dummy Variable

Dummy Variable

bummy Variable

Bowl Pressure

Erement Pressure
Tatermediate Calculation
Intermediate Calculation
Relief Valve Constant
Reliel Pressure

Exit Volume

Inlet Volume

6.87%--%

where the effects

significant.

Units

PS1/CIS

CIs/rs)

PSI/C1S

CIs/rsi

PS1

rSi

]
q
A
3
i
i
L}
i

FYRY



6.83.7 Subroutine Listing

SUBROUTINE FILTA3 (D,DT,HO,L)

CHa*x REVISED NAY 1, 1976 *#w#

COMAON NTLLPL,N'TOLPL, IPT, IPOINT,NPTS, IHLL, ¥NLL, ¥P0PL,ILPLT(61,3),

1 POLEG(90,12),LCS(99,10),ILEG(1400),PH(90),0%(29)

CO.1:iON/313/PARA( 150, 9), 8:i(1500) ,0:( 1500) , B( 390),D(300) ,C(370)

1,7(320),RHO(20),520R0A( 20) , VISC{29),BULK(20), TE4R(29) , BVAP(26)

2, ATPRES, T, DLLT, TFINAL, PLTALL, P1, TITLL( 20) , LEGH, ICON

3, XThsP(992), LSTART(150) ,NLPT(150) , LTYPL(99),8C(29) ,I9¥, 142

4, TNV, IT5TED, NLIAL, NEL, InD, TeNTR, sHLINE, XL, #HLEG, «1H0RE, SiPLIT

5, iiNLPTS, AD3

STALRSTINT D(1),7™e(1),00(1),L(1)

INTEGLR VOLIN, VOLEY,COds8EL, P3L, PEL,G1,G2,G3, %LL, BLLPR
CHe*EX D ARRAY VARIAGLED **xk

DATA VOLIN/1/,V0LEX/2/,CON3EL/3/,REL/4/ , RLLPR/5/
CHaek DD YARAY VARTAILLY *kxx

nATA PaL/1/,BEL/2/,G1/3/,52/4/.G3/5/

IF(IENTR) 1019,2000,3000
c SLCTION 1000 LSTARLIGHES COJSTARTS FOR U8t 10 FUTCEL CALCULATINS

1909 COTTAUL
IF (I8ELL.NL.O) 3C T2 1309

c SLT COMSTANDTS FOR INTHGRATION OF 2RLBSURES
WVOLTN)=30LK(RTLap(IND) ) /D(VOLIN) *¥2ELT
I VCLLX)=3ULY(KTEAP(INR) ) /D(VCLEX)*DLLT
c ADJUST INPUTTED CON3TANTS FOR FLOTS CTRLR THAL LIL-iE=56905 2 ao/0n
C TELAPERATIRLS OTHLR THAN 100 JLG F

CONBSLL)=VIEC PTEaR(TAN) ) A RNGRTLAR(IIN) ) /(. 022%2, 21 -5) *2 (T35 L)
IF(D(CT3EL) o LN D) D(TO0HEEEL)=.2001
RLTURN

1360 COPTINIE
IF(REETL=-2)1513,1410,1410

1510 MA=22LLC(ISEL, 1)
NEEPALLG(INKL, )
PALEG(INDL,A)=PoLe3(IILL, 8)+2(COHNELL)
NT(e3L)=PALLG(IILL,11)
OALES(I4kT, 1) =PALES( THLL, 11) =DA% 3% D(CONSEL)
NY(PEL)=P G (T iLL,11)

1410 BLTORN

2000 COMTIHNL
D(VOLEX)=1,/H(VCLEX)
MVALI D=1, /C(VILIV)
NCRA3EL)=1,./D(C3xSLL)
2(RLL)=1./%(RuL)
DT(31)=1./2(L{ 1))+ (VOLI~)+2(C0%5nL)
MT(52)==-N(COxNE=L)
NT(G3)=0(CONISEL)+3(VOLEN)+1./3(L(2))+1./2(L(3))

WLTORN

SEOT 3990 CALCULATES AMD $020ES THTERAAL ALY COnAnCTION Pilnnte
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6.83-7 (Continued)

Ll1=L(1)
L2=L(?2)

L3I=0L(3)

NRLLF=0,9

IF(NO(PRL)=DT(PLL) .GT.D(RELPR)) DRLLF=D(ELL)
NG1=DT(G1) +DRELR

DG2=DT(G2)-NRELF

NR3I=DT(G3)+DRELF

RL=DT(PBL) *D(VOLIV)+C( LY} /2(L1)+D(RLLPK) *DRLLF
Q2=DT(PEL)*D(VOLLYY+C( L2} /A (L2)+C(L3) /Z2(L3)~( ReLPR) ¥Ry LR
DT(PLL)=(R2*DG1I=R1I*DCY) /(DII*DGL=-DG2%*2,)
CT(P3L)=(R1*D3I=-22*%DG2) /(D31*¥2G3-2GR**2,)
ALL)=(S(LLY=DT(EBL) ) /2( L)

P(L1)=DT(?5L)

ML2)=(C(L2)=-CT(PLL))/2(L2)

B(L2)=0T(PLL)

ML3)=(C(L3)-I(PLL))/2(L3)

D(L3)=NT(PLL)

RETURHN

Lathy

6.83-7
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6.32 SUBROUTINE CAD92

Subroutine CAD92 is a dummy input subroutine which can be used in the

place of a guldance and control subroutine, to input position commands to the

elevon actuator subroutine.

The data is inputted in a tabular form, and accessed via a first order
table lookup routlne. The data input, described in Volume I, contains the
elevon actuator component number (L(1)), the number of data points in the
tables (inputted as L(11l) and stored as L(5)).

The table of time values, starts in D(9) and can occupy 8 or more
spaces in groups of 8, this table is followed by the table of input commands
whilch is also stored in groups cf 8.

The first 8 spaces in D( ) are reserved for hinge moment data, which

will be added later.

I

{. 6.92-1 i
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6.92.1 Subroutine Listing

SUBROUTINE CAD92 (D,DT,DD,L)
C *** REVISED SEPTEMBER 1975 ***

DOUBLE PRECISION DD

INTEGER TLUD

COrIMON NTELPL,NTOLPL, IPT,IPOINT,NPTS, INEL,KNEL,NTOPL,NLPLT(61,3),
1 POLEG(90,12),LCS(90,10),ILEG(1400),PN(90),0N(90),VSTORE(6150)

DIMAENSION D(24),DT(1),0D(1),L(5)

COiiON/3UB/PARM(150,9) ,Psi(1500),QM(1500),P(300),2(300),C(300)
1,2(300),RHO(20),S20RHO(20),VISC(20),BULK(20),TE{P(20),PVAP(20)
2,ATPRES,T,DELT,TFINAL, PLTDEL, PI,TITLE(20),LEGN,ICOH
3,XTEMP(99), LSTART(150) ,NLPT{150),LTYPE(99),NC(99),INX,INZ
4,INV,ISTEP,NLINE,NEL, IND, IENTR, YNLINE,MNEL, MNLEG, MNNODE, MNPLOT
5,MNLPTS,MDS '

COMHMON /COMPD/ XD(4500),LX(1500),LEX(99,4)

DATA TLUD/Y/

IF (IENTR) 1000,2000,3000

1000 CONTINUE

DT(TLUD)=0.0

L(3)=9

L(4)=9+(L(11)+7)/8*8

L(5)=L(11)

NCOAP=L(1)

L(2)=LEX(NCOHP, 2)

IF(NCOMP,GT.IND) 30 TO 1500

XD(LEX(NCOMP,2))=D(L(4))

50 TO 3300

1500 CONTINUE
WRITE(6,1600) NCOMP,IND
1600 FORMAT(2X,14H COMPONENT NO,IS,
1 42H SHOULD HAVE A LOWER NO THAN COMPONENT NO,I5)
RETURN
2000 CONTINUE
GO TO 3100
3000 CONTINUE
IF(T=-DT(TLUD).LT.0.040) GO TO 3400
DT(TLUD)=T
3190 CALL INTERP (T,D(L(3)),D(L(4)),10,L(5),VALY,IOD)
NCO#P=L(1)
XD(L(2))=VALY
3300 XD(L(2)+3)=D(1)
XD(L(2)+4)=D(2)
3400 RETURN
END

6.92-2



6.93 SUBROUTINE CADS3

Subroutine CAD93 is a dunmy input subroutine which can be used in the
place of a pump subroutine, to input torque loads to the APU subroutine.

The data is inpurted in a tabular form, and accessed via a first
order table lookup routine. The data input, described in Volume I,
contains the number of data points in the tables (inputted as L(11) and
stored as L(5)).

The table of time values, starts in D(9) and can occupy 8 or more
spaces in groups of 8, this table is followed by the table of torque data

which 1s also stored in groups of 8.

The first 8 spaces in D( ) are reserved for oscillatory torque data,

whlch will be added later.

B

Q2%iIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII:;::;:IIIIIIIIIIIIIIIIIIIIIIIIIllllllllllllllll-liﬁigg



6.93.1 Subroutine Listing

SUBROUTINE CAD93 (D,DT,DD,L)

C *** REVISED SEPTEMBER 1975 #*#*x*

1000

2000

3000

DOUBLE PRECISION DD
DIMENSION D(1),DT(1),DD(1),L(1)

COMHON NTELPL,NTOLPL, IPT,IPOINT,WPTS, INEL, KNEL, NTOPL,NLPLT(61,3),
1 PQLEG(90,12),LCS(90,10),ILEG(1400),PN(90),0N(90),VSTORE(6150)
COM:10N/SUB/PARM( 150,9), Pit(1500) ,QM( 1500) ,P(300),0(300),C(300)
1,2(300),RHO(20),S20RHO( 20),VISC(20),BULK(20),TEH4P(20), PVAP(20)

2,ATPRES, T, DELT, TFINAL, PLTDEL, PI, TITLE( 20) , LEGN, ICON
3,KTEHNP(99),LSTART(150),NLPT(150),LTYPE(99) ,NC(99), INX, INZ
4,INV,ISTEP,NLINE,NEL, IND, IENTR, MNLINE, NEL, MNLEG, #HNODE , {NPLOT
5,dNLPTS, 4DS

COMiHON /COMPD/ XD(4500),LX(1500),LEX(99,4)

IF (IENTR) 1000,2000,3009

CONTINUE

L(3)=9

L(4)=9+(L(11)+7)/8*3

L(5)=L(11) »

DT(1)=D(3)

RETURN

CONTINUE

RETURN

CONTINUE

CALL INTERP (T,D(L(3)),D(L(4)),10,L(5),VALY,IOD)
DT(2)=VALY+DT(1)*D(2)+D(1)

RETURN

END

6.93-2




6.95 SUBROUTINE APU95

The APUS5 subroutine is a generalized subroutine set up to model
the auriliary power units of the space shuttle. The function of the model
is to return values of RPM to the pump subroutine. The value of RPM is
determined by burning the liquid fuel and locking at the loads of the
gear box, hydraulic pump and fuel pump.
6.95.1 Math Model

The bleck diagram of the APU analytical model is shown in Figure
6.95-1. An ON-OFF fucl controller is used to maintain the speed of the
turbine between an upper speed - RPMH and a lower speed — RPML. The
liquid tuel is converted to gascous state in the hydrazing gas generator
to drive the turbine. In each cycle, after fuel cut off, the turtine
speed reduces rapidly due to the loads reflected by the gear box, hydraulic
puap, and fucl pump. At sea level the APU system cycles off and ou approx-
imately 1 cps with zero flow from the hydraulic pump, but cycling increases
to approximately 3 cps with maximum flow from the pump. 7The functions
and the nomenclature of the APU model are in Table 6.95-1.

Fuel Pump Calculations of Flow Rate, Change in Pressure and Horsepower

ficp = 3.0267 X 1076 Ny (V3{SH)

BPp = Fg = Py * 105,28 mpp (400 < P, < 80)
) -3

HPpp = 7.0042 x 1077 iy 3P

6.95-1
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!
VARTABLE DESCRIPTION DIMENSIONS
NAME
CO - Gas Spouting Velocity ft/sec
HAD -~ Adiabatic Head Btu/lbm
HP - Horsepower HP
m - Mass Flowrate 1b/sec
Ny - Turbine Efficiency -
N -~ Rotating Speed RoOM
P - Pressure psia
p - Density lbm/ft3
Re - Reynolds Numbet
Re* - Machine Reynolds Number
T - Temperature OR
T - Torque in-1b
u ~ Tip Velocity ft/sec :
\Y — Control Valve Area Factor %
|
SUBSCRIPT DESCRIPTION SUBSCRIPT DESCRIPTION
NAME NAME
I d Disk U Ullage
ir Fuel Pump 0 Total
g Gas Generator 1 Inlet
GB Gearbox 2 Outlet
hp Hydraulic Pump
‘ S Static
TABLE 6.95-1
FUNCTIONS AND NOMENCLATURE OF THE
APU ANALYTICAL MODEL
= 6.95-3
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Controller
If (NT >RPMH) SW = 0.0
If (NT <RPML) SW = 1.0
Control Valve Position
”~
y=11- —_;%t$7UTUTT (Opening Transient)
A
Vo= 1.0 (Closing Transient)
o
Gas Generator
Subsonic Flow: 1> pTZS > .56
G
(0.78431) | ¢ (0.21569
5. 0.006513 , Prag . I] [Fras )
G {'—-‘TG G PG FG
P
Sonic Flow: ";:—S < 58
. P
m. = 0.01012
v G
ar .\ o
Eﬁ?) = 117.903 T, (mg,, - M) Tg = 2160°R

dPG

- L a

" ol e res o o

)

- . A o etk o S i Y.
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Exhaust Duct

Space: . (0.49938) c 2,0 1(0.48268)

Sea Level:

14,7 + 2,2086 x 1073 (ing) (Trzo)(0'79309)

Pras

+

Y (1.0257)
0.0142 ()" (Typp)
20,000 FT:

6.75 + 4.5162 x 107° (i) (TT20)1-78O9

Pras
0.78269

-+

0.16848 (i:) (Typq)

Turbine

an ‘
T 2.9033 x 10 - e D .
dhmn = (}.3432 s Hap np = HPep = HPgg = Dp HPHP)

o {0.21569).
T2S
- G

/ b (0.21569)_ \

T e a
[
188,375 \/TC |1 e J

0,023998 Ny

(wi
(o]
[}

c
n

o EFF
ny . f(U/CO, PG) Efficiency Data From vs U/Co Curves
p (0.21569)

125

Tron = Tg (V= np) +0p T T

-7

D. = B8.3900 x 10”7 ¢. U%

F D

A QR- K




¢ - 1541.89

D Red
_ 2,134
b (Red)
C 0.20017 Maximum Value
o (Red)
c. = 0058832

D (Red)l/sa
REta 79.94 NTp

Re = 0.89236 R:*

HPGB = f (NT' HPHP) Gearbox Loss Data from Input Data Curve

6.95-6




6.95.2 Assumptions

TEBD

: 6.95.3 Computations

1000 Sectien

In the 1000 section the steady state APU characteristics are stored

A

in the temporary variable array(DT). The controller for the fuel pump is
initially turned off and the valve area factor (V) is set to 1.
{ 2000 Se«tion

In the 2000 section variables are calculated for uce in the transient

section in order to decrease running time.
3000 Sectiovn
This section of the APU95 subroutine computes the output RPM of
the APU through a gearbox and feeds this value to the appropriate pump
in the simulated hydraulic system.
On transfer to the 3000 section the previous pump RPM in the DT array
is divided by the gearbox ratio to obtain an APU RPM. The fuel pump controll-x
is set to maintain the speed of the turbine between the upper DT(RPMH)
and lower DT(RPML) RPM values. The fuel pump horsepower is computed from

the given RPM and controller position as follows:

EMDOFP = 3.0267E-6% RPM*V
DELPFT = DT(PG)-DT(PU)+105.28*EMDOFP
HPFP = 7.0042E~3*EMDOFP*DFLPFP

The torque of the pump is also computed externally and returned
' to the APU95 subroutine. The APU subroutine converts the torque to net
' horsepower and uses this value along with the APU RPM to obtain the

horsepower loss through the gearbox.

o 6.95-7
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The next step in the computations is to determine the flow characteristics
in the gas generator, and then calculate the flow rate, gas inlet pressure
and change in gas inlet pressure,

Knowing the gas inlet pressure and computing the U/Co value, the APU
efficiency is obtained from a table lookup. The APU efficiency vs U/CO
curves were input with the APU data.

After determining the exhaust duct conditions the differential change
in RPM (DRPM) is calculated. The actual value of APU RPM is determined
as follows:

RPM = RPM + DELT*(DRPM+DT (DRPMO))/2.0

where

RPM - The initial entry RPM

DELT - Transient time step

DRPM - Couwputed differential change in RPM for this time step
DRPMO - Previous differential change in RPM

The new value of RPM is multiplied by the gearbox ratio and the
value 1s returned to the calling subroutine.

6.95.4 Approximations- TBD

6.95.5 Limitations - TBD

6.95.6 Variable Names

Variable Description Dimensions

CDh Maximum value of variables

CDO Array of temporary variables

CED Array of input constants

ofo) Gas spouting velocity ft/sec

cv Delay variable of value position

DELPFP Pressure drop across fuel pump psi
6.95-8



Variable

* DF
DPG
DPGO

- DPGSAV

DRPM

e )

DRPMO

DT

DTC

o ", SRS T E

EFF

EMDOTG
EMDOFP
GBR
HPFP
HPGB

! HPHP

S ISW

NAGB
NEXTR

PEXO

R AR I

PG

PGO

PGSAV

4 ST P Y

Fioo
T
s T

Description

Temporary Variable

Rate of Change of Gas pressure
Previous value of DPG
Previous value of DPGO

Rate of change of RPM
Previous value of DRFM

Delta time step

Delay time

Efficiency of APU

Mass flow rate - gas generator
Mass Elow rate - fuel pump
Gear bex ratio

Fuel pump H.P.

Gear box HP loss

Horsepower hydraulic pump

A diabatic head

Temporary integer vari: le

Integer variable

Controller Indicator 1 = on - opening
transient
off -~ closing
transient

2

Constants for gear box data
Temporary variable

External pressure

Gas pressure

Initial value of PG

Previous value of PG

6.95-9

Dimensions

sec

sec

1b/sec

1b/sec

btu/1lbs mass

psi
psi
psi

psi

.



POPTPG

PTPG

PT2S

PT2S0

PU

PUO

RED

RES

RESTAR

RHO

RPMH

RPML

RPMO

RTRED

TCVO
TFAFU

- TG
TGO
TGPOW
TT20
u

' uco

ZEM

Description

Temporary Variable
Temporary variable

Turbine exhaust pressure
Previous value of PT2§
Fuel tank pressure

Initial fuel tank pressure
Temp variable

Temp variable

Temp variable

Temp varilable

Turbine RPM

RPM high limit for valve closing
RPM low limit for valve opening
Initial RPM

SQRT or RFD

Time

Time at Valve closure
Time to fail APU

Gas temperature

Initial gas temp
Temperature

Outlet gas temp

Tip velocity

U divided by CO

Control valve area factor

Temporary Variable

6.95~10

Dimension

psi

psi

psi

rpm
rpm
rpm

rpm

secC

secC

OR

fr/sec
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6.95.7 Subroutine Listing

SUBROUTINE APU95(D,DT,DD,L)

REVISED 21 AUG '75

AUXILIARY POWER UNIT (APU)

aO000n

INTEGER PT2S0,PGO, TGO, PUO, RPHH, RPML,
+ CED1,CED2,CED3,CED4,TFAPU,GBR,

+ PT2S, PG,TLUD,DPGO, DRPMO, DPG, DPGSAV, TCVO, PGSAV
COMiON/SUB/PARM(150,9),Pil(1500),08(1500),P(390),2(300),C(300)
1,2(300),RH0(20),S20RHO(20),VISC(20),BULK(20),TEMP(20),PVAP(20)

2,ATPRES,T,DELT,TFINAL, PLTDEL,PI,TITLE( 20} ,LEGN, ICON
3,KTENMP(99),LSTART(150) ,NLPT(150) ,LTYPE(99),NC(99),INX,INZ
4,INV,ISTEP,NLINE,NEL, IND, IENTR,INLINE, MNEL, MNLEG, MNNODE, HNPLOT
5,MNLPTS, MDS

COuMON /COMPD/DARRAY(4500),LT(1500),LE(99,4)

DIAENSION D(112),DT(15),DR(1),L(7)

DIMENSION NAGB(2),XGB(8),YGB(15),XA(2),CDO(4)

DIMENSION TABX(4), TABY(é)

DATA NAG3/5,3/,
+ XGB/20.,40.,60.,80,,130,,60000.,72009.,80000./,

+ ¥G8/2.37,2.62,2.85,3.11,4.43,3.35, 3 63,3.91,4.19,5.68, §
+ 4.17,4.46,4.77,6.08,6, 72/ i
DAT2 PTZSO/l/ PGO/2/ TGO/3/,PUO/4/,RP:AH/S5/,RPNL/6/,
+ CEDl/7/,CED2/8/,CED3/9/,CED4/10/,TFAPU/11/,GBR/12/,

+ PT28/1/,p%/2/,TLUD/3/,DPGO/4/,DRP:IO/5/,DPG/6/,
+ DPGSAvV/7/,PGSAvV/8/,TCV0/9/ -
DATA TA3X/-20.,60,,90.,140./,TA3Y/3.,7.6,10.8,20.3/ b
IF(IZNTR)1000,2000,3000
1000 CONTINUE
DT(10)=0.
Di(11)=0.
DT(12)=0.
DT(13)=2
DT(14)=1
DT(15)=7200.

INITIALIZATION

s NeXe]

ISW=7

ITER=0
IF(D(TFAPU).EQ.0.)D(TFAPU)=10ES
DT(PT2S)=D(PT2S0)

DT(PG) = D(PGO)

DT(TLUD)=0.0

TG=ND(TGO)

PlI=D( PUO)

ADELT=DELT*1.0

vV =1.0

L{(ISw) = 2 _ i

b
Bretarrogmy oo st a e
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6.95.7 (Continued)

C  meme—-
DT(DPGO) = 0.0
DT(DRPMO) = 0.0
DT(TCVO) = -1,0
RETURN

2000 CONTINUE
RETURN

3000 CONTINUE
ITER=ITER+1
IF(T.EQ.0.0.0R.T.EQ.TFINAL)GO TO 201
IF( (T-DT(TLUD)).LT.ADELT*,99)RETURN
201 DT(TLUD)=T
. L5=L(2)+L(3)+17
N2=LE(L(1),2)
N2 - LOCATION OF FIRST DT VARIABLE IN PUMP
RPA=DARRAY(N2)/D(GRBR)
c OUTPUT HORSEPOWER IS IN POSITION NW2+1 OF DT
CHP=ITER
ITER=0
X=DARRAY(NZ+1)/CHP
CALL INTERP(X,TABX,TABY,10,4,Y,IERR)

@]

HPHP=X+Y
C
C *** CONTROLLER
C
C L(ISW) = 1 CONTROLLER ON-  (OPENING TRANSIENT)
C L(ISW) = 2 CONTROLLER OFF  (CLOSING TRANSIENT)
C
C
' —— TE3ST FOR FAILURL OF FUEL PUAP
C

IF(T.LT.D(TFAPU)) GO TO 55

DT(TCVO) = T

V= 0.0

GO TO 130

55 CONTINUE

LISW=L(ISW)

30 TO(60,70),LISW
C
C  m—=-- CONTROLLER ON
c

60 CONTINUE

IF(RPo.LT.D(RP:H)) GO TO 90

L(ISW) = 2

GO TO 80
C
o CONTROLLER OFF
c

70 CONTINUE
IF(RPr.GE.D(RPiL)) GO TO 90

6.95-12



6.95.7 (Continued)

aOnNn

OO0 anon oNeXe

OO0

80
90

% % %

110

120
130

* k&

* k&

* k%

L(ISW) =1
CONTINUE
DT(TCVO)
CONTINUE
DTC = T-DT(TCVO)

Cv = 1.0/EXP(DTC/0.01)

T

CONTROL VALVE

LISW=L(IsW)

GO TO(1190,120),LISW
CONTINUE

GO TO 130

CONTINUE

vV = CV

CONTINUE

FUEL PU:P
EiDOF? 3.0267E-6*RPI*V

DELPFP OT(PG)-PU+105. 28*EMDOFP
HPFP? = 7.0042E-3*ExiDOFP*DELPFP

GEAR BOX

XA(1l) HPHP
CALL LOUCUP(3,NAGB,XGB,YG3,XA,HPG3,IE,NEXTR)

GAS GENERATOR

PTPG = DT(PT2S)/DT(PG)
POPTPG = (PTPG)**(0.21569
ZEil = DT(PG)/SORT(TG)
IF(PTPG.LT.0.55) GO TO 150

----- SUBSONIC FLOW

EXDOTG = 0,046513*ZE4*3NRT(1.0-POPTPG) *(PTPG**(0.73431)
GO TO 160
CONTINUE

..... SONIC FLOW

EMDOTG = 0.01012*ZEn
CONTINUE -

DT(DPG) = 117.903*TG* ( EiiDOF P~EMDOTG)
DT(DPGSAV) = DT(DPGO)

DT(PGSAV) =DT(PG)
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Continuéd)

DT(PG) = DT(PG)+ADELT*(DT(DPG)+DT(RPGO))/2.0
DT(DPGO)=DT(DPG)

TURBINE

TGPOW = TG*(1.0~-POPTPG)

HAD = 0.70856*TGPOv

CO = 188,375*SQRT(TGPOW)

U = 0.023998*RPii

uco = u/co
IF(DT(PG).LE.DT(PT25)) UCO=0,325
IF(CO.LE.0.0) UCO=0.325
IF(UCO.GT.0,.325) UCO=0,325

>
e

[
]

uco
= DT(PG)
CALL LUCUP(3,L(2),D(17),D(L5),XA,EFF,IE,NEXTR)

>

>

(8]
l

----- EXHAUST DUCT CONDITIONS - PRESSURE AND TEMPERATURE

TT20 = TG*(1,0-EFF)+EFF*TG*POPTPG

DT(PT2S) = D(CED1)*EMDOTG*(TT20**D(CED2))+D(CED3) *EsDOTG*EHDOTG
1 *(TT20**D(CED4) )+ATPRES

IF(DT(PG).GE.DT(PT2S)) GO TO 180

DT(DPGO) = (DT(PT2S)-DT(PGSAV))*2,0/ADELT-DT(DPGSAV)
DT(DPGO)=(DT(PT2S)-DT(PGSAV))/ADELT

DT(PG) = DT(PT2S)+.5

CONTINUE

DENS = 1.21165*DT(PT25)/TT20

RESTAR = 791.94*RPH*DENS

RED = 0.,89236*RESTAR

CDO(1) 1541.89/RED

RTRED = SORT(RED)

CDO(2) = 2.,1341/RTRED

CDO(3) = 0.20017/5SQRT(RTRED)
CDO(4) = 0.058832/(REND**0,20)
CD = CNO(1)

DO 200 1I=2,4

IF(CDO(I).GT.CD) CD=CDO(I)

CONTINUE

DF = 8.3900E-7*CD*U*U*U*DENS

DRPil = 2,9033bE7*(1,3432*EmDOTG*HAD*EFF-HPFP-HPGB3-DF-{PHP)/RPx
RPM = RPJI+ADELT* (DRP.A+DT(DRP}D))/2.0
DT(DRP#O) = DRPi

DT(10)=HPFP

DT(11)=HPGR

DT(12)=HPHP

DT(13)=LI3w

DT(14)=V

AR
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6.95.7 (Continued)

DT(15)=RPM/10.
DARRAY(N2)=RPi*D(GBR)
DARRAY(N2+1)=0.0
RETURN :

END




le

6.98 SUBROUTINE CAD98

Subroutine CAD98 1s a dummy input subroutine which can be used in the
place of a guidance and control subroutine, to input position commands to
the SSME engine control (E.C.) actuators. Subroutine CAD98 will supply
commands to up to nine actuators. The number of actuators to be used is
input in L(10).

The data is inputted in a tabular form, and accessed via a first order
table lookup routine. The data input, described in Volume I, contains the
E.C. actuator component numbers (L(1) through L(9)), the number of data
points in the tables (inputted as 1,(11} and stored as L(12)}), and the number
of actuators to be command (L(10)).

The tablz of time values, starts in D(1) and can occupy 8 or more
spaces in groups of 8, this table is followed by the table of input
commands which is also stored in groups of 8.

6.96.1 MATH MODEL

Not applicable.
6.98.2 ASSUMPTIONS

Not applicable.

6.98.3 COMPUTATLON METHOD

SECTION 1000
The number of data points to be used by the 3000 section is computed.
The initial command is calculated.
SECTTION 1500
None.
SECTION 2000

None.

6.98-1
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g SECTION 3000

Commands to be supplied to the actuators are calculated.

6.98.4 APPROXIMATIONS

Not applicable.
6.98.5 LIMITATION
No load data is supplied to the actuators.

6.98.6 VARIABLES

Variable Degcription Dimensions
NCOMP Component Number of Actuator to be Commanded -
DT (TLUD) Calculation Interval SEC

.
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6.98.7 Subroutine Listing

SUBROUDINE CADY98 (D,D7,DD,L)
C ***x REVISED DECEHUBER 1975 **%*
DOUBLE PRECISION DD
INTEGER TLUD v
C0O:1.40N NTELPL,NTOLPL,IPT,IPOINT,NPI5, INEL,KNEL, NTOPL,NLPLT(61,3),
1 PQLEG(90,12),LCS(90,10),ILEG(1400),PR(90),0N(90),VSTORE(6150)
CIMENSION D(1),DT(1),DD(1),L(1)
CO.iON/SDB/PARM(150,9),Pi4(1500),Q:(1500),P(300),0(300),C(300)
1,2(300),RHD(20),520RHD(20),VISC(20),BULK(20),TEHP(20),PVAR(20)
2,ATPRES,T,DLLT,TFINAL, PLTDEL, PI,TITLE(20) ,LEGH, ICON '
3,%0LsP(99), LSTART(150) ,NL2T(150) ,LTYPE(99),NC(99),INX,INZ
4,INV,ISTEP,NLINE,NEL, IND, IENTR, iNLINL , MNEL, ANLEG, WNNODE, HNPLOT
5,4NLPTS, DS .
COw.10N /CCriPD/ XD(4500),LX(1500),LEX(99,4)
DATA TLUD/Y/
IF (ILNTR) 1000,2000,3000
1700 CONTINUL
DT(TLUNY=0.N
NO=L(19)
L{(12)=1 .
L(13)=1 '
DO 1200 J=1,MN0
NCCiiP=L(T)
L(12)=L(12)+(L(11)+7)/8*3
IF(ICOMP.GT.IND) 30 TO 15090
1200 XD(LEY.(MCO.i2,2))=D(L{(12))
RUTURD
1560 CONTINOE
ARITE(5,1000) NCCLP,IND
1600 FORAAT(2X,148 COHPOIENT 20,15,
1 423 SHOULD HAVE A LOwikid 90 THA CJuPOLUENT NO,IS)
RETURN :
2009 CONTINUE
RLTTORN
30199 CONTIAUE
J=L(19)
IT({(T-DT(TLUD) ) LT.0.020) 0 TO 3390
T=L(12)
DT(TLOD)=T
3190 L(12)=1
nd 3200 1=1,43
LI =L{12)+(L(11)+7)/83*3
CALL INTLR? (T,™ML(12)),M(L(12)),10,L{11),VALY,IGN)
HMCOHP=L(1)
3290 XC(LeX(rICONP,2))=VALY
33N9 RETURNE
LMD
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6.99 SUBROUTINE CAD99

CAD99 is a special type of component subroutine whose purpose is to
provide the necessary interface between HYTRAN and the six-degree-of-freedom
{ SDF) programs. There are two interface routines. CAD99D is used with
the SDF descent program and CAD99A 1s used with the SDF asceant program,

6.99.1 Math Model

Not applicable.
6.99.2 Assumptions
Not applicable.

6.99.3 Computation Method

1000 Section

The units conversions are input in this section and the beginning
address of each actuator in the XD array is computed. The S)DF program
is called and the HYTRAN actuator commands are initialized to the required
trim positions. Hinge moment slopes are initialized to zero and hinge
moment intercepts are initialized to the hinge moments computed by the
SDF program. No hinge moment data is available from the spir ascent
program.

2000 Section

Not applicable.

This section transfers actuator and surface positiors from HYTRAN
to the DI program and it transfers actuator commands from ShF to
the HYTRAN program. 1In addition hinpe moment slopes and Intercepts
are computed [rom “nD¥F decent data and tyansferred to HYTRAN. Data is

transferred at flight control computation intervals (DTFCS).
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5.99.4 Approximations

Not applicable.
6.99.5 Limitaticns
Not applicable.

6.99.6 Variable Names

Variable Description Dimensions
XD (BF) Body Flap Rate Command
XD (BF+1) Body Flap Position deg
XD (BF+3) Body Flap Hinge Moment Interceot in-1b
XD (BF+4) Body Flap Hinge Moment Slope 1b
DBI Inboard Elevon Degree Bias deg
DBO Outboard Elevon Degree Bias deg
DTFCS Flight Control Computation Interval sec
DTVEIL Inboard Elevon Conversion Factor v/deg
DTVEO Outboard Elevon Conversion Factor v/deg
DTVBF Body Flap Conversion Factor v/deg
DTVR Rudder Couversicn Factor v/deg
DTVSB Speedbrake Conversion Factor v/deg
DRESET 1 = reset, 0 = not reset
L(1) Left Outboard Elevon Component Number -
L(2) Left Inboard Elevon Component Number -
L(3) Right Outboard Elevon Component Number -
L(4) Right Inboard Elevon Component Number -
L(5) Rudder/Speedbrake Component Number -
L{6) Body Flap Component Number -
L{(7) Fngine 1 Pitch TVC Component Number -
6.99-2




Variable
L(8)

L(9)

L(10)
L(11)
L(12)
XD(LIBE)
XD(L1BE+3)
XD (L1BE+4)
XD (LTBE+37)
X¥D{(LOBE)
XD (LORE+3)
XD (LOBE+4)
XD (LOBE+37)
XD (N1P)

XD (NYP+37)
KD (NIY)

: XD (NIY+37)
| XD (N2P)

XD (N2P+37)
XD (N2Y)

XD (N2Y+37)
XD (N3P)
XD(N3P+37)
XD(N3Y)

XD (N3Y+37)

¥

Description

Engine 1 Yaw TVC Compoaent Number

Engline 2 Pitch TVC Component Number

Engine 2 Yaw TVC Component Number

Engine 3 Pitch TVC Component Number

Engine 3 Yaw TVC Component Number

Left

Left

Left

Left

Left

Left

Left

Left

Inboard Elevon Command

Inboard Elevon Hinge Moment Intercept
Inboard Elevon Hinge Moment Slope
Inbeoard Elevon Position

Outboard Elevon Command

Qutbuvard Elevon Hinge Moment Intercept
Outboard Elevon Hinge Moment Slope

Qutboard Elevon Position

Engine 1 TVC Pitch Command

Engine 1 TVC Pitch Position

Engine 1 TVC Yaw Command

Engine 1 TVC Yaw Position

Engine 2 TVC Pitch Command

Engine 2 TVC Piteh Position

Engine 2 TVC Yaw Coumand

Engine 2 TVC Yaw Position

Engine 3 TVC Pitch Command

Engine 3 TVC Pitch Position

Engine 3 TV Yaw Command

Engine 3 TVC Yaw Position

6.99-3

Dimensions

in-1b
1b

deg

in-1b
1b

deg
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Variable
XD (R1BE)
XD (R1BE+3)
XD (RLBE+4)
XD (RIBE+37)
RITDET
RITDEO
RITDT
RITVP
RITVY

XD (ROBE)
%D (ROBE+3)
XD (ROBE+4)
XD (ROBE+37)
XD (RSB)

XD (RSB+1)
XD (RSB+3)
XD (RSB+4)
XD (RSB+5)
XD (RSB+6)
XD{RSB+7)
XD (RSB+8)
RTD

TFT

VBI

VBO

Description

Right Inboard Elevor Command

Right Inboard Elevon Hinge Moment Intercept
Right Inboard Elevon Hinge Moment Slope
Right Inboard Elevon Position

Inboard Elevon Conversion Factor

Outboard Elevon Conversion Factor

TVC Actuator Conversion Factor

TVC Actuator Conversion Factor (Pitch)

TVC Actuator Coanversion Factor (Yaw)

Right Outboard Elevon Command

Right Outboard Elevon Hinge Moment Intercept
Right Outboard Elevon Hinge Moment Slope .
Right Outboard Elevon Position

Rudder Command

Speedbrake Command

Left Rudder Panel Hinge Moment Intercept
Left Rudder Panel Hinge Moment Slope

Right Rudder Panel Hinge Moment Intercept
Right Rudder Panel Hinge Moment Slope

Left Rudder Panel Position

Right Rudder Panel Position

Radian to Degree Conversion

Time in Flight at Beginning of Run

Inboard Elevon Bias

Gutboard Elevon Bias

6.99-4

Dimension

v
in-1b
1b

deg
deg/in
deg/in
deg/in
v/in

v/4in

in-1b
1b

deg

in-1b
1b
in-1b
1b

deg

deg
deg/rad
sec

v
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7 Subroutine Listing

SUBROUTINE CAD99 (D,DT,DD,L)

HYDRAULIC SYSTEM TRANSIENT ANALYSIS (HYTRAN) PROGRA: AND
SIX DEGREE OF FREEDOi ASCENT (SDFASC) PROGRAi
COMMUNICATION ROUTINE

INTEGER ROBE,RIRBE,RSB,BF

DECLARATIVE STATEMENTS ASSOCIATED WITH HYTRAN

DOUSLE PRECISION DD

DIMENSION D(1),DT(1),DD(1),L(1)
COMMCN/SUB/PARM(150,9),Pri(1500),0Q4(1500),P(300),0(300),C(300)
1,2(300),R10(20),S20RHO(20),VI3C(20),BULK(20),TEHP(20),PVAP(29)
2,ATPRES,T,DELT, TFINAL, PLTDEL, PI,TITLE(20) ,LEGN, ICOM
3,XTE4P(99),LSTART(150) ,NLPT(150),LTYPE(99),NC(99),INX,INZ
4,INV,ISTEP,NLINE,NEL, IND, IENTR,«NLINE, MNEL, MNLEG, ANNODE, ANPLOT
5,MNLPTS, MDS

COM“ON /COvPD/ XD(4500),L¥(1500),LEX(99,4)

DECLARATIVE STATEAENTS ASSOCIATED WITH SDFASC

COAMON /FARRAY/ FC(200)

EQUIVALENCE

. (DTFCS ,FC( 2)),(IRESET ,FC( 6)),(RTD ,FC(7))
« +(TFT fFC(1))

IF(IENTR) 1900,2000,3000
1000 CONTINUE
IRESET =1
TPAST = T
DTVEO=1.173/6.7246
V30=7,61*1.173/6.7246
V3I=7,538*,683/3,92
DBO==-7,561
DBI=-~7.538
RITDT=%.499/4.413
RITVY=4.59/4,.413
RITVP=4.59/5,449
DTVEI=.683/3,92
RITDEO=6.7246
RITDEI=3.92
***DETERMINE THAL LOCATION OF THE ACTUATOR DT ARRAYS
IN THE XD ARRAY.
L(I)=COMPONKENT NUs3ER OF THE ACTUATOR
LOBE=LEX(L(1),2)
LI3E=LEX(L(2),2)
ROBE=LEX(L(3),2)
RIBE=LEX(L(4),2)
RSB=LEX(L(5),2)
BF=LEX(L(6),2)
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6.99.7 (Continued)

N1P=LEX(L(7),2)
N1Y=LEX(L(8),2)
N2P=LEX{L(9),2)
N2Y=LEX(L(10),2)
N3P=LEX(L(1l1),2)
N3Y=LEX(L(12),2)

CALL SDFASC

TFO=TFT

CALL FDUMP(FC,1,290)
XD(LOBE)=FC(148)*DTVEO+V30
XD(LIBE)=FC(146)*DTVEI+VBI
XD(ROBE)=FC(149)*DTVEO+VBO
XD(RIZE)=FC(147)*DTVEI+VBI
XD(N1P)=FC(166) *RITVP/RITDT
XD(N2P)=FC(167) *RITVP/RITDY
XD(N3P)=FC(168)*RITVP/RITDT
XD(NlY)=FC(17l)*RITVY/RITDT
KD(N2Y)=FC(172)*RITVY/RITDT
KD(N3Y)=FC(173)*RITVY/RITDT
DT(1)=FC(186)
DT(2)=FC(185)
DT(3)=RITNDT*FC(191)
DT(4)=RITDT*FC(192)
DT(5)=RITDT*FC(193)
DT(6)=RITDT*FC(196)
DT(7)=RILDT*FC(197)
DT(8)=RITDT*FC(198)
DT(9)=FC(148)
DT(10)=FC(146)
DT(11)=FC(149)
DT(12)=FC(147)
DT(13)=FC(166)
DT(14)=FC(167)"

- DT(15)=FC(153)
DT(16)=FC(171)
DT(17)=FC(172)
DT(18)=FC(173)
DT(19)=FC(71)*RTD
DT(20)=FC(72)*RTD
DT(21)=FC(79)*RTD
PDT(22)=FC(80)*RTD
DT(23)=FC(81)*RTD
DT(24)=FC(181)
DT(25)=FC(132)

RETURN
2000 CONTINUE

RETURN
3000 CONTINUE

IRESET = 0

C***INTERFACE PARAMETERS TO BE TRANSFERRED TO SDFASC
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6.99.7 (Continued)

C***TYC POSITIONS
FC(166)=XD(N1P+37)*RITDT
FC(167)=X3(N2P+37)*RITDT
FC(168)=XD(N3P+37)*RITDT
FC(171)=XD(N1Y+37)*RITDT
FC(172)=XD(N2Y+37)*RITDT
FC(173)=XD(N3Y+37)*RITDT

C***ELEVON POSITIOHNS
FC(148)=XD(LOBE+37)*RITDEO+DBO
FC(146)=XD(LIBE+37)*RITDEI+DBI
FC(149)=XD(RO3E+37)*RITDEO+DBO
FC(147)=XD(RIBE+37)*RITDEI+DBI
IF((T-TPAST).LT.DTFCS)G0 TO 3200
TPAST=T ,
TFT=T+TFO
CALL SDFASC

C***INTERFACE PARAMETERS TO BE TRANSFERRED TO HYTRAN

C***TYC COritANDS
XD(N1P)=FC(191)*RITVP
XND(N2P)=FC(192)*RITVP
AD(N3P)=FC(193)*RITVP
XD(N1Y)=FC(196) *RITVY
XD(N2Y)=FC(197) *RITVY
XD(N3Y)=FC(198)*RITVY

C***ELEVON COMHANDS /
XD(LOBE)=FC(186)*DTVLO+V30
XD(LIBE)=FC(185)*NTVEI+V3I
XD(ROBE)=FC(186)*NTVEO+V3O
XD(RIBE)=FC(185)*DTVEI+V3I

C***RS3 & 3F CimDS.

XD(RSR)=0.0
XD(RS3+1)=0.0
AD(BF)=0.0

C***ELFV, OUT3OARD CIiDS.
DT(1)=FC(186)

C***ELEV, INBOARD CiD3.
DT(2)=FC(185)

Cx**TyC PITCH CeiD5.
DT(3)=RITDT*FC(191)
DT(4)=RITDT*FC(192)
DT(5)=RITDT*FC(193)

C***TYC YAW CHMDS.
DT(6)=RITDT*FC(196)
DT(7)=RITDT*FC(197)
DT(8)=RITDT*FC(198)

CALL FDUWP(FC,1,200)
3200 CONTINUE

C***ELEV. POS. LO,LI,RC,RI

DT(9)=FC(148)




6.99.7 (Continued)

DT(10)=FC(146)
DT(11)=FC(149)
DT(12)=FC(147)
C***TVC PITCH POS.
DT(13)=FC(166)
DT(14)=FC(167)
DT(15)=FC(168)
C***TVC YAW POS.
DT(16)=FC(171)
DT(17)=FC(172)
DT(18)=FC(173)
C***ALPHA
~ DT(19)=FC(71)*RTD
C***BETA
DT(20)=FC(72)*RTD
C***BODY RATES
DT(21)=FC(79)*RTD
DT(22)=FC(80) *RTD
DT(23)=FC(81)*RTD
C***BODY ACCELERATIONS
DT(24)=FC(181)
_ DT(25)=FC(182)

o NP

RETURN
END
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6.99.7

sNoNe) s NoNeXe!

aOnon

C

(Continued)

SUBROUTINE CAD99 (D,DT,DD,L)

HYDRAULIC SYSTEM TRANSIENT ANALYSIS (HYTRAN) PROGRAi AND
SIX DEGREE OF FREEDO:d DESCENT (SDFDEo) PROGRAA
COAUNICATION ROUTINE

INTEGER ROBE,RIBE,RSE,BF .

DECLARATIVE STATEMENTS ASSOCIATED WITH HYTRAN

DOUBLE PRECISION DD

DIMENSION D(1),DT(26),DD(1),L(6)

COMi4ON/SUB/PAR(150,9) ,PM(1500),0M(1500),P(300),2(300),C(300)
1,2(309),RHD(20),S20RHO(20),VISC(20),BULK(20),TEAP(20), PVAP(20)
2,ATPRES, T, DELT, TFINAL, PLTPEL, PI, TITLE( 20) ,LEGN, ICON
3,KTE4P(99),LSTART(150) ,NLPT(150), LTYPE(99),NC(99),INX, INZ
4,INV, ISTEP, NLINE,NEL, IND, IENTR, SNLINE, HNEL, HNLEG, MHNODE , MNPLOT
5,MNLPTS, DS

COMMON /COPD/ XD(4500),LX(lSOO),LLX(99,4)

DECLARATIVL STATEMENTS ASSOCIATED WITH SDFDES

COMON /FARRAY/ FC(200)

EQUIVALENCE .

« (DTFCS ,¥C( 2)),(IRESET ,FC( 6)),(RTD ,FC(7))
« o(TFT ,L,FC(1))

IF(IESNTR) 1000,2000,3000

1000 CONTINUE

IRESET = 1

TPAST = T
DTVLO=1.173/6.72456
DTVEI=.683/3.92
RITDEO=6.7246
V30=7.61*%1.173/6.7246
V3I=7,.,538*,633/3,92
DBO=-7.61
DBI=-7.538
RITDEI=3,.92
DTVR=,134
DTVS3=.0937
DTVBF=,18

C***DETERMINE THE LOCATION OF THE ACTUATOR DT ARRAYS

C
C

IN THE XD ARRAY.
L(I)=COMPONENT WNUM3ER OF THE ACTUATOR

LOBE=LEX(L(1),2)
LI3E=LEX(L(2),2)
ROBE=LEX(L(3),2)
RIBE=LEX(L(4),2)
RSE=LEX(L(5),2)
BF=LEX(L(6),2)
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6.99.7 (Continued)

CALIL SDFDES
TFO=TFT
CALL FDUHMP(FC,1,200)
C***INITIALIZE COM4ANDS
XD(LOBE)=FC(172)*DTVEO+V30
XD(LIBE)=FC(172)*DTVEI+VBI
XD(ROBE)=FC(171)*DTVEO+VBO
XD(RIBZE)=FC(171)*DTVEI+VBI
XD(RSB)=FC(174)*DTVR
XD(RSB+1)=FC(173)*DTVS3
XD(BF)=0.0
XD{BF+1)=FC(144)
C***INITIALIZE H.™.
XD(LOBE+3)=FC(132)
XD(LI3E+3)=FC(130)
XD(ROBE+3)=FC(133)
XD(RI3ZE+3)=FC(131)
XD(LOBE+4)=0.0
XD(LIBRE+4)=0.9
XD(R03E+4)=0.0
XD(RI3E+4)=0,0
XD(RSB+3)=FC(126)
XD{RS8+5)=FC(127)
XD(R53+4)=0,0
XD(RS2+6)=0.0
XD(3F+3)=FC(134)
XD(BF+4)=0,.0
DT(1)=FC(172)
DT(2)=FC(171)
DT(3)=FC(148)
DT(4)=FC(146)
DT(5)=FC(149)
DT(6)=FC(147)
DT(7)=FC(174)
DT(8)=FC(173)
DT(11)=FC(169)
DT(13)=FC(71)*RTD
DT(14)=FC(72)*RTD
DT(15)=FC(79)*RTD
DT(16)=FC(80)*RTD
DT(17)=FC(81)*RTD
DT(18)=FC(193)
DT(19)=FC(134)
DT(9)=FC(136)
DT(10)=FC(137)
DT(12)=FC(143)
DT(18)=FC(145)
DT(19)=FC(144)
DT(20)=FC(126)
DT(21)=FC(127)
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6.99.7 (Continued)

T(22)=FC(134)
DT(23)=FC(132)
DT(24)=FC(130)
DT(25)=FC(133)
DT(26)=FC(131}
( RETURN
2000 CONTINUE

!
RETURN 1
I
{
1
%
1

3000 CONTINUEL
IRESET = 0
C*** INTERFACE PARAIETERS TO 3k TRANSFLERRED TO SDFDES
C***ELEVON POSITIONS
FC(148)=XD(LOBE+37) *RITDEO+DBO
FC(146)=XD(LIBE+37)*RI'IDEI+DBI
FC(149)=%D(ROBE+37)*RITDLO+D30
FC(147)=XD(RIBRE+37)*RITDLI+DBI
FC(195)=425%(FC(146)+FC(147)+FL(148)+FC(149))
C***RUDDER/SB PUSITIONS ‘
FC(143)=(XD(RSR+7)}+XD{RSB+8))/2. :
FC(145)=={XD{RSBR+8)-XD{RSBR+7))
; C***BODYFLAP POSITION F
FC(144)=XD(BF+1)
IF( (T-TPAST).LT.DTFCS)GO TO 3200
TPAST=T
TFT=T+TFO
CALL SDFDES
C*** INTERFACE PARAMETERS TG BE TRANSFERRED TO HYTRAWN

XD(LOBE)=FC(172)*DTVEO+VBO
XD(LIBE)=FC(172)*DTVEI+V3I
XD(ROBE)=FC(171)*DTVEQ+VBO
XD(RIBE)=FC(171)*DTVEI+V3I
\ C***LLLVON HINGE AOMENT INTERCEPTS
N ¥D{LO3E+3)=FC(132)-FC(195)*RITDEO*XD(LO3E+37
\. XD(LIBE+3)=FC(130)~FC(103)*RITOEI*XD(LI3E+37
N XD(ROBE+3)=FC(133)-FC(106)*RITDEC*XD(ROBL+37
N XD(RIBE+3)=FC(131)~FC(104)*RITDEI*XD(RIBE+37
\ C***pLEVON Haole SLOPES
XD(LOBE+4)=FC(105)*RITDEO
XD(LIBE+4)=FC(103)*RITDET
XD{ROBE+4)=FC{106)*RITDED
XD(RIBE+4}=FC(104)*RITNEI
C***RUDDER COMMAND
XD(RSPR)=FC(174)*DIVR
C***33 COLAAND
XD(RSB+1)=FC(173)*DTVS3
C***RUDDER/SR H.#, INTERCEPTS (LLFT),(RIGHT,
XD(RSB+3)=FC{126)-XD(RS3+7)*FC(107)
XD(RSB+5)=FC(127)-XD(RSB+8)*FC(108)

|
C***ELEVON COr.IANDS l
!
i
!
|

— e e
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6.99.7 (Continued)

C***RUDDER/SB H.#. SLOPES (LEFT),(RIGHT)
XD(RSB+4)=FC(107)
XD(RSB+6)=FC(108)

C***BODYFLAP RATE COMMAND
XD(BF)=FC(169)

C***,ODYFLAP H,d. INJERCEPT
AD(BF+3)=FC(134)-XD(BF+1)*FC(109)

C***BODYFLAP H.M. SLOPE
XD(BF+4)=FC(109)

Cx**ELEV. CMD. L,R
DT(1)=FC(172)
DT(2)=FC(171)

C***RUD. CHD.
DT(7)=FC(174)

C***S3 CMD.

DT(8)=FC(173)

C***BF RATE CiD.
DT(11)=FC(169)
FC(111)=XD(LOBE+3)
FC(112)=XD(LIBE+3)
FC(113)=XD{ROBE+3)
FC(114)=4xD(RIBE+3)
FC(115)=XD(RSB+3)
FC(116)=XD(RSB+5)
FC(117)=XD(BF+3)
FC(118)=XD{LOBE+58)
FC(119)=XD(LIBE+68)
CALL FDUHP(FC,1,200)

3200 CONTINUE

C***L[,EV. POS. LO,LI,RO,RI
DT(3)=FC(148)
DT(4)=FC(146)
DT(8)=FC(149)
DT(6)=FC(147)
DT(13)=FC(71)*RTD
DT(14)=FC(72)*RTD
DT(15)=FC(79)*RTD
DT(16)=FC(80)*RTD
DT(17)=FC(81)*RTD
DT(9)=FC( ' 36)
DT(10Q)=FC(137)
DT(12)=FC(143)
DT{18)=FC(145)
DT(19)=FC(144)
DT(20})=FC(126)
DT(21)=FC(127)
DT(22)=FC(134)
DT(23)=FC(132)
DT(24)=FC(130)
DT(25)=FC{133)
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6.99,7 ({Continued)
DT(26)=FC(131)

RETURN
END




6.101 SUBROUTINE ACT101

This subroutine models a simple servo actuator with a mechanical input to
the servo valve,which operates open loop, without feedback.

A time history of valve position 18 inputed and a first order or
straight line interpolation is used between the input points.

The valve is assumed to be a linear square port configuration, with
zero lap. The width of each port alot & inputed independently, toc allow the
valve areas to be matched to the actuater piston areas.

The initial actuator rosition ie¢ inputed, together with the external
loads at the fully retracted and extended stroke positions. The load strcke
curve is assumed to be linear between these positions.

The steady state balancing system uses the load at the initial poeition
to determine the pressure drop across the plston. The effects of atmospheric
pressure 1s dncorporated into the load.

6.101.1 Math Model

The math model can be divided ianto two sections, the flow calculations
and the integral calculations.

The flow calculations are based on a combination of the line equuations
valve orifice equations, and the volumeric impedance.

The sign convention used 1s, flows inte the actuator cavities (Ql), and
(Q2) are 4+ve, which 18 the same as the line convention. The flows are cal-
culated using the yeneral formulae

FLOW = (SOKT (FN2%%244*FNLXABS {(C -PT))-I¥N2)/2.0

where FN1 = (XVAVK)#**2

FNZ = ¥N1*Z

XV = Valve Position

VK = WXSQRY(2/RHO (1T))*,65%81lot width
Z = Li .e Characteristic Impedance + Volumetric lmpedance
C = Line Characteristic Pressure

PT = Chamber volumetric pressure

IT = Fluld Temperature/Pressure Indication
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where the volumetric impedance ZV1 = DT(KBULK}/(D(VOL1)+D/(AREA1)*DY (PX))
and the chamber volumetric pressure,

PT = DT(PPLl)-DT(VEL)*D(AREA1)*ZV1

The actuator velocity is calculated using the equivalent network given in
Figure 6,101-2,

The two flows DT(Ql) and DT(Q2) are calculated using the value orifice
equations and predicted actuator pressures DT (PPLlP) and DT (PP2P).

The network is solved for piston velocity DT(VHEL). The damping term
includes an inertia term which accounts for the load required to change the
velocity during the time step DELT.

A load due the old or previous velocity is included with the actuator load
teru.

The network solution takes'into account the volumetric effect of the
two actuator cavities. The agsumprion 1s that a portion of the flow 1is lost
too or obtained from these volumes due Lo changes in pressure within the
cavities.

The basis network equatious are: -

VELO=DT(VEL) = (OLD VELOCITY)

DY (VEL)*D(ARBAL) = DT(QL) + (17 (PP1)-PL)*GV1 (1)

DT(VEL)*D(AREAZ) = -DT(Q2)-(DT(PP2)-P2)*GV2 (2)

DT (VEL)*D(KDAMP) = P1X%D(AREAL)-P2*D(AREA2Z) - DP+VELO*DT (INERT) 3
where

DP = External Load
w DT (LOADZ)4DT (PX)*DT (LOADS)
+ DT (LOADEX)
The atmospheric load 1s kept smeparate to alloﬁ time varying computations of

values Tor DT(LOADZ) AND DT (LCADS) to be added later.

e aie
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Retprn Pressure

Connection No. 2

Connection No. 1

Input
Command

External l
Load A
el + ——J.@. -
[
"ox
No. 2 Volume No. 1 Volume
FI'SURE 6.101-1
TYPE NO. 101 VALVZ CONTROLLED ACTUATOR
UT(PP1) DT (YP2)
DT
DT (QL) 1 (KDAMP) 1
AREAL AN LOAD AREA2 DT(Q2)
VEL
GVl
! ‘
DT(PPl)Old value DT(PP2) ;14 value

FIGURE 6,101~2

SCHEMATIC DTAGRAM FOR TYPE NO. 101
VALVE CONTROLLXD ACTUATOR
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Equations (1), (2) and (3) are combined to eliminate Pl and P2, giving
the solution in the listing.
6.101.2 Assumptions

It was intended that this particular subroutine should be kept as
simple as possiblie, hence a number of relatively important actuator
characteristics have not been included in the model.

Those ommited are cross piston leakage, static and dynamic seal frictionm,
volumetric expansion of the actuator cavity, external load spring mass
characteristics, valve leakage and neutral gain characteristics, and cavita-
tion effects, within the actuator cavity.

This model fills the need for a simple actuator model to act as a system
load where the detailed dyunamics of the actuator are of no particular concern.
$.101.3 Computation

Section 10060

The external load input data is modified by calculating the load dis-
placement curve, and adding the force due‘to atmospheric pressure.

Finally, the valve impedances, and the location of the node, are cal-
culated for the steady state valve position, for use in the steady state
section. .

The cavity pressures and piston velocity were initialized in the

steady state section.
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Section 1500

This section is called from LEGCAL via COMPE for each connection
number for each iteration. (INEL, 7) = 5 requires calls to be made for
each iteration because the overboard flow and pressure drop across the piston
head vary with the flow into the actuator and the pressure in the piston
cavity.

One of the cavities is required to be a system node. Which cavity

it 1s depends on the valve position at time zero.

If NODE = 1 it 18 in #1 cavity, if NCDE = 2 it 1s in #2 cavity.

The steady state section is complicated by the need to determine
1f the actuator is at its stroke limits, and if the flow guess 1s
taking it toward or away from the limit.

When it is at its limits, and is being drivem into the limit,
a high impedance 18 added into the leg (ZQ = 40000.), and the overboard
flow i8 set to zero. (Overboard flow is a displacement flow due to unequal
areas).

The steady state calculation set up requir~s that :onnection #1
must be the last or only element in the upstream lez. and connection #2
i8 the first element in the downstream leg.

The upstream leg flow js used to calculate the overbeard flow
and piston velocity. If the valve is cloged the overboard flow is set
to zero.

For the upstream leg the valve impedance DT(PPIP) is added into
PQLEC (INEL,8). Tor the downstream leg, the valve impedance PT(PP2P) is
added into PQLEG(INEL,8), 2Q is added into PQLEG(INEL,6) and the constant

pressure drop DELTP across the piston is subtracted from PQLEG(INEL,5) or

added if 1t 18 a pressure rise.
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Section 3000

This section calculates the transient response of the actuator using an
iantegration step size of DELT.

INTERP is called to obtain an interpolated value of valve position XV.
With this value of XV, the flows into the actuator chambers are calculated.

If XV is zero, the flows are set to zero. TFor XV >0, Ql is the flow
from connection #1 to chamber #1, and Q2 the flow from chamber 2 to connection
#2. For XV<0Q the flows are reversed.

A common formulae is used to calculate FLOW with a computer go to, to
branch back, with ICALC acting as the branch indicator.

With Q1 and Q2 calculated the next section calculateg the value of
DT(PPLl) and DT(PP2) and the velocity of the pilston.

The piston velocity is calculated by summing the forces acting on it
and dividing by the mass plus the damping coefficilents.

A check 1s then made to see if the piston is at a stroke limit. If it
is, the velocity is set to zero if 1t is in the limit direction.

The pressures are calculated by taking the sum of the flows 1n%o
the cavity, including the piston velocity and multiplying by DT(KBULK) cavity

volume.
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6.101.4 Approximations - To be added later.

6.101.5 Limitations

The straight line flow characteristice of cthe valveand the straighc
line load characteristics limit the applicability of this subrcutine to a
rather rudimentary type of actuator.
waterhammer transients due to rapidly closing valve motion, with the

advantage of a good simulatlon of the actuator cavity pressure respouse.

6.101.6 Variable Names

VARIABLE

D(AREAL)
D(AREA2)
C(LL)
C(L2)
D(DAMP)
DT (DELTP)
FLOW

FN1

FN2

DT (FORCE)
ICALC
GVl

Gv2

DT (INEKT)
IN2

D (INPOS)

DT (KBULK)

DESCRIPTION
#1 piston area
##2 piston area
Connection #1 liae characteristic
Connection #2 line characteristic
Piston damping factor
Pressure drop across pilston
Tempurary value of line flow
Temporary variable
Temporary variable
load at maximum stroke
Calculation counter
Conductance of Vol 1
Conductance of Vol 2
Load Inertia
Interpolation indicator returned
from INTERP
Initial actuator position

011 bulk modulus times AT
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It can however be uvsed to generate

DIMENSIONS
IN®%2
IN*%2

PEI

PSI

LBS/3EC/1N

CTs/P81

CIS/PSL

LB SEC/IN

IN

PST*SEC
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6.101.6 Variable Names (cont'd)

VARIABLE

DT (KDAMP)

L(IY)

DT (LOADS)
DT (LOADZ)
DT (LOADEX)
Ll

L2

N

D (MASS)

D (MINST)
D (MAXSY)
D (MINL)

D (MAXL)
DT (NCAV)
L (NODE)

L (NTAB)
DT (PFORCE)
DT (PPIL)
DT(PP2)
DT (PPLP)
DT (PP2P)
DT (PX)

QA

DT (Q1)

DT (Q2)

DESCRIPTION

Damping factor

Address of first value in valve position

table

Load slope

Load at zero stroke
External load

Dumnmy variable

.ammy variable

Integer counter

Loud mass

Minimum actuator stroke
Maximum actuator stroke
TL,oud -~ actuator fully retracted

Load -~ actuator fully extended

.Flow for cavitation volume

Node location indicator
Number of points in time table
External actuator load
Pressure in f#f1 cavity)

ssure in #2 cavity
Predicted pressure in #1 cavity
Predicted pressure in #2 cavity
Predicted piston position
Leg flow in steady state section
¥low into cavity #1

¥Flow out of cavity #2

6.101-§8

DIMENSIONS

LB/SEC/IN

LB/IN

LBS

LB SECZ/1N
N
IN
LBS
LBS

CIs

LBS
PSI

PSI

P51

PSI

IN

CISs

CIs

Cls




6.101.6 Variable Names (cont'd)

VARIABLE DESCRIPTION
Qs Flow sign
D(SLOTWL) Sloth width Vol #1 to Con #1
D(SLOTW2) Sloth width Vol #1 to Con #2
D(SLOTW3) Sioth width Vol #2 to Con #1
D (SLOTHW4) S5loth width Vol #2 to Con #2
DT(VEL) Actuator Velocity
VELQ Previous actuator velocity
VK Temporary value of SLOTW
D(VOoL1) Minimum volume cf cavity #1
D(VOL2) Maximum volume of cavity #2
DT(X) Piston position
Xv Valve position
ZQ Cross piston leakage impedance
YA Temporary value of line impedance
ZVi COR #1 valve impedance
V2 CON #2 valve impedance
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IN/SEC
IN/SEC
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6.101.7 Subroutine Listing

SUBROUTINLE ACT101 (D,DT,DD,L)
C ***REVISED JUNL 1976 *xx#
s DOUBLE PRECISION DD
DIMENSION D(32),0T(18),0D(1),L{12)
COMMON NTELPL,NTOLPL,IPT,IPQINT,NPTS, INEL,KNLL,NTOPL,NLPLT(61,3),
1 PQLEG(90,12),LCS(90,10),ILEG(1400),PN{(90),0MN(90)
COMHON/SUB/PARA(150,9),20(1500),0M(1500),P{300),0(300),C(300)
1,%2(300),REO(20),S20RH0O(20),VISC(20),BULK(20),TEdaP(20),E2VAP(20)
2,ATPRES,T,DELT,TFINAL, PLTDLL, PI,TITLE(20), LEGN,ICON
3,KTEHP(993) ,LSTART(150) ,NLPT(150),LTYPE(99),NC(99),INX,INZ
4,INV,ISTEP,NLINL,NEL, IND, IENTR, MNLINE, MNEL, HNLEG, «INNODE , 5N PLOT
5,MNLPTS, siDS
INTEGER AREAL,ARLA2,VOL1,VOL2,SLOTW]1,SLOTW2
1,SLOTW3,SLOTwW4, DAP, X, PFORCE, FORCE, eP1P, PP2P
2,pPP1,PP2,0Q1,Q2,VkLL,PX
C D ARRAY VARIABLES
DATA AREALl/1/,AREA2/2/,VOL1/3/,V0L2/4/ . viINST/S5/,NAXST/6/,
1 DAdP/7/,uWA55/8/,8L0OTW1/9/,5L0Tw2/10/,SL0TW3/11/,SLOTVW4/12/,
2 WINL/13/,08XL/14/,INPOS/15/

C L ARRAY VARIABLES
DATA NTAB/5/,IY/G/,NODE/T7/
C DT ARRAY VARIABLLS

DATA X/1/,VuL/2/,L0AD2/3/,LOADS/4/,PPY/5/,PR2/6/,
1 0l/7/.,Q2/8/,K3ULK/9/ ,NCAV/10/,PP1P/11/,PP2P/12/,
2 PFORCL/13/,FORCLE/14/,KDAAP/15/,PX/16/,INLRT/17/,LOADLX/1]/

IF(TENTR) 1000,2000,3000
C *** 1000 SECTION
1000 CONTINUL
; IF(INLL.NE.0D)GO 0 1500
i o ACTUATOR PARAJETLER INPUT
D(SLOTW1)=D(5LOTW1)*0.65%520RHO( KTEGP(IND) ) ;
D(SLOTW2)=D(SLOTW2)*0.55%S 20RO ( KT Lt P( IAD) ) 5
D(SLOTA3)=D(SLOTW3) *0.65%5 20RHO(KTEHP( IND) )
D{SLOTWA4)=D(SLOM4)*0.65%3 20RHO( KTEAP(ID) )
DT(LOADS ) =(D(AAXL)=D(INL) )/ {D(#AKST)-D(JINST))
DT(LOADZ) =D( WAXL) -DT( LOADS) *D(!AXST)
DT ( FORCE)=DTI'(LOADZ)+DT( LOADS) *D( INPOS)
DT {LOADLX)=ATPRES* (D(AREA1)=D(AREAZ))
DT{ INERT)=D(:ASS) /DELT
DT (KDAwP) =D( DALP) +DT( INERT)
DT (X} =D{IPOS)
DT {KBULK) =BULK(KTEAP(IND) ) *OLLT
DELTO2=DELT/ 2.0
L{NTAB)=L{12)
L{IY)=(L(NTAB)+7)/8
L{IY)=17+L{IY)*8
L{NODE)=1
XV=D(L(IY))
DT{NCAV)=1.0
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6.101.7

60

70

80

90

C *%x%x

1500

1550

1600
1650

1700

1750

1800

(Continued)

DT( PFORCE)=DT(FORCE)/D(AREA2)
IF(XV) 60,70,80
DT(PP1P)=1/(D(SLOTW2)*XV)**2
DT(PP2P)=1/(D(SLOTH3)*XV) **2
L(NODE)=2

DT(PFORCE)=DT (FORCE)/D(AREAL)
GO TO 90

DT(PP1P)=400000.
DT(PP2P)=400000.

DT(NCAV)=N.0

GO TQ 90
DI(PP1P)=1/(D(SLOTWL1)*XV) **2
DT(PP2P)=1/(D(SLOTWA) *XV) **2
RETURN

1500 SECTION

THE STEADY STATLE SECTION

CONTINUE

OA=POLEG(INLTL, 1)

QS=POLLG({INLL, 2)

LCS(INEL,7)=5

IF(KNLL.EQ.2)Y GO T 1750

IF(KNEL.NkL.1) GO TQ 1900

IF{L(NODE) «fQ42) D5==08

20=0.,0

IP(DT(X).5T.0.0) GO TO 1400

IF(05.GT.0.0) GO TO 1650

QN(L‘])=OQ 0

%20=40000,

IF(L{NODbL)LQ.1) GO TO 1700

NE==0%

50 10 1850

IF{DT(X) LT D(AAXST)) GO TO 1550

IF(NS.GT.0.0) GO TO 1550

IF(L{MODE).LQ.2) GO TO 1800

M N)==DT(NCAV)*OA* NS * (D(ARLAL)-D(ARLA2) ) /D(ARLAL)
DT(PFORCE)={DT(FORCE)=DPHN(NM)*{D(ARLAL)~D({AREA2)) )Y/ w{AKLLA2)
DT(PPL)Y=PN(WN)

DT(PP2Y=PN(NY-DT(PFORCL)=QA*NS*Z0Q
DT(VEL)=0A*Q0S/D(ARLAL)
PALEG(INLL,8)=PQLEG(INLL,8)+DT(PPLP)

RETURN

POLEG(INEL,3)=PQLLG{ INLL,B8)+DT(PP2P)
POLEG(INLL,6)=POLEG(INLL,6)+20
POLEG(INEL,S5)=POLLG(IMNLEL,S)-DT{PFORCL)
POLEG(INEL,11)=POLLG(INLL, 11)=DT(PFORCL)=OA*DI* (Z+DA*DLU{ PP2P))
RLTURN

(3=~08

A(N)Y==DT{NCAV)*QA*OS* (D{AREAL)~D(ARLAZ) ) /D{ARLA2)
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6.101.7 (Continued)

1350 DT(PFORCE)=-(PN(N)*(D(AREA2)~D(AREAL))+DT(FORCE))/D(AREAL)
DT(PP2)=PN(N}
DT(PC1)=PN(N)-DT(PFORCE)-QA*NS* 70
DT(VEL)==0A*0S/D(ARLAZ)

RETURN
1900 WRITL(6,1950) IND,RNEL, NEL
1950 FORHAT(5X,7HCOHP NO,I13,20H, HAS INVALID CON NO ,I3,
1 114, IN LEG NO ,14)
C *** 2000 SECTION

2000 CONTINUL
DT(NCAV)=0.0
DT(PPLP)=DT(PPL)

DT(PP2P)=DT({PE2)
DT(PX)=DT(X)-DT(VEL)*DLLT

DT ( FORCE)=0,0 :
XV=D(L(IY))

DT(02)=0(L(2))

DT(21)=0Q(L(1))

IF(%V.GT.0.0) GO TO 2020
DI(22)=2(L(1))

DT{)=2(L(2))

2020 CONTINUE
RLTURN

C «=*%x 3000 SECTION
3000 CONTINUL

¢

L1=L(1)

L2=L(2)
GV1=(D(VOLLY+DT(P¥)*D(ARLAL))/(DT(KBULK)*DLLT)
Zv1l=1,0/GV1
DT(PPL?)=DT(PPL)-DT(VEL)*D({AREAL)*ZV1

V2 (D(VOL2)Y=DT{ PRI *D(ARLAZ2) )/ (DT(KIULK) *DLLT)
7v2=1.0/GV?2
DT(PR2PY=DT(PP2)+DT{VLL) *D{ AREA2)*2V?2

o
T¥ALL INTERP (T,D(17),0(L(IY¥)),10,L(NTAS),XV,IN2)
C .
C CALCULATL LInk FLOWUS AJdD PRESSURES
1 (Xv) 142,170,1R0
C XV LES3 THAN 0

140 VX=D(SLOTW3)
2T=%(L1)+2V?2
nP=C(L1)=DT(PP2P)
ICALC=1
GO TO 210

150 DT{Q2)=51GN(FLOW,HP)
D(LL)=DT(Q2)
VE=D(SLOTW2)
2T=2(L2)+ZV1
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6’101.7

160

170

()Oi

180

190

200

(Continued)

DP=C(L2)~DT(PPL1P)
ICALC=2

GO 'TO 210
DT(Q1)=SIGN(FLOW,DP)
Q(L2)=DT(Q1)

GO TO 220

XV = 0
DT(R1)=0. .
Dr(Q2)=0.
{(L2)=0.0
Q(L1)=0.0
ICALC=5

GO T0O 220

XV GRLATER THAN 0
VK=D(.1LOTW1)
27=Z{L1)+2V1
DP=C(L1)~-DT(PP1?)
ICALC=3

GO TO 210
DT({Q1)=SIGN(FLOW,DP)
Q({L1)=DT(Ql)
VK=D(SLOTW4 )

2T=%2 (L2} +2V2
DP=C(L2)-DT(PP2P)
ICALC=4

GO TO 210
DT{Q2)=SIGN(FLOW,DP)
Q(L2)=DT(22)

GO TO 220

CALCULATE ABSOLUTL VALUE OF FLOWS
FN1=XV*XV*VE*VE

FU2=FN1*2T
FLOW=(SQRT(FN2**2+4.D*FN1*A33(DP))-FNZ)/Z.O
50 TO (150,1560,199,2n0),ICALC

CONTINUE

P(L1)=C(L1)-Q(L1)*Z{L1)
P(L2)=C(L2)~-Q(L2)*2(L2)
VARP=PVAP(KTEAP(IND))

17 (P(L2).GT. VAP, AND, DT(JCAV) JLE.0.0) GO TO 270
FLOW=040

GD TO (230,230,240,240,250),ICALC
FN2=FN1*ZV1

DP=VAP-DT(PPLP)
FLOW=(SORT(EN2%*2+4,0*FN1*ABS(DP) ) -FN2)/2.0
FLOW=SIGN(FLOW ,DP)

DT(Q1l)=FLOW
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6.101.7 (Continued)

GO TO 250

240 FN2=FH1*2V?2
DP=VAP-DT(PP2P)
FLOW=(SQRT(FN2**2+4, 0*FU1*ARS(DP))~FN2)/2.0
FLOW=3IGN(FLOW,DP)
DT(Q2)=FLOW

250 Q(L2)=(C{(L2)-VAP)/2(L2)
P{L2)=VAPD
DI(NCAV)=DT(JCAV)}+FLOW-Q{L2)

277 CONTINUL

¢
C CALCULATE ACTUATOR VELOCITY

Gl1=GV1/D(ARLAL)
G2=3V2/D{AKRLAZ)
ZN=DT(KDAriP)+D(ARLAL) /GL14D(ARLAZ) /G2
DP=0T( LOADEX) + DT (LOADZ ) +DL( PX) *DT(LN7.DY)
DELTP=DT(N1)/Gl+DT{PPL)*D{ AREAL)=DT({Q2)/Gi=0T(PP2)*DIARLAZ)
VLELO=DT(VLL)
DT(VEL)=(DLLTP-DP+VELO*DT({ INKKRT) ) /7N
DU(PX)=DT(X)
DT{X)=DT(X)}+DELTO2* (DI (VILY+VLLO)
CALL YLIaIT{nD(X),NI(VEL),DP, 0(AINST), D AAX5T))
DT{PX)=DT(X)*2.0~-DT(PX)
IF(DP.HLL0.0) DT(PX)=DT(X)
IF(DP.LEQ.T.0) VLELO=DT(VLEL)
DT(PPL)=0T(PPL}+(DT(R1)~VLLO*D(ARLAL) )} /GV]
DI(PR2)=D0(PP2)+(DNT(C2)+VLLO*D( ARLAZ2)Y ) /GV2
RETUKH
LEND
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6.102 SUBRQUTINE ACT102

ACT10Z wimulates o baslc utility sctuator. The current subroutine

allows the input of piston rud loads at zero end maximum stroke. Straight 1

line interpolation is used between these two loads.

Connection No. 1 Connection No. 2

No. 1 Volume
No. 2 Volume

urtd gria

FIGURE 8.102-1
FTYPE NO. 102 UTILITY ACTUATOR




$.102.1 Math Model
The ACT102 subroutine simulates a simple utility actuator. Figure 6.102.2

shows the various forces acting on the actuator.

Al Pl A2 __ P2

FD-A-L—,'
X+ve FI

—pV+ve

O<¢+—F

Figure 6.102.2

Summing the forces on the actuator yield
F = P1*A1-P2*A2-Fp-F1 6.102.1

where F 1is the load on the actuator, 1b,
Pl is the head side pressure, psi,
Al is the head side area, inz,
P2 is the rod side pressure, psi,
A2 is the rod cside area, inz,
F, is the damping force, 1b,

D
FI is the inertial force, 1b.

The damping force, FD’ is
Fp = V*DAMP

where, V is the velocity of the piston, in/sec
DAMP is the piston damping coefficient, 1b sec/in.

The inertia force, Fy, is
Fp = (V-Vo)*M/ T

where Vo is the previously calculated velocity, in/sec,
M 1is the mass of the piston and load, lb-in/sec2

T is the calculation time step.

6.102-2



The unknown quantities V, Pl and P2 must be determined.

and P2 may be determined from figure 6.102-3.

Pl

Z(L1)

-
c(L1) AREAL TV V]

GVl

DT (P1)

Figure 6.102-3
ACT102 Schematic

DAMP

EA2

The value of Pl

P2

2(L2)

44/\/\V___, C(L2)

DT (P2)

The past values of Pl and P2, DT(Pl) and DT(P2) respectively, are shc.n

at the ends of pseudo passages along with theilr conductances, GV1 and GV2.

The conductances GVl is calculated using the equation

GVl = (VOL1+X*Al)/BULK* T

where, VOL1 is the head side volume, in

X is the displacement of the piston, in,

BULK 1is the bulk modulus of the fluid, psi.

Similarly, GV2 is calculated using

GV2 = (VOL2-X*A2) /BULK* T

Summing the flows about Pl and P2 yields,
(C(L1)-P1)/Z(L1)+(DT(P1)-P1)*GVl =

(PL-C(L2))/Z(L2)+(P2-DT(P2)*GV2 = V*A2

V*Al

where, DT(Pl) is the previously calculated head side pressure, psi,

DT(P2) is the previously calculated rod side pressure, psi

6.102-3



Solving the above equations for P) and P2,

Pl = [_g_((%+ DT(PL)*GV1 - V¥All /[ 1/2(L1) + GVl ]

r2 - 5/:—((%%; + DT(P2)*GV2 + U*A2] / [1/2(L2) + GvV2]

Let,

Cl = C(L1)/2(L1) + DT(PL)*GVl

c2

C(L2)/Z(L2) + DT{P2)*GV2

Gl

1/2(L1) + ¢Vl

G2

1/Z(L.2) + Gv2

Substituting Cl, C2, Gl and G2 into the equations for Pl and P2 yields,
Pl = (C1 - V*Al)/Gl 6.102.2
P2 = {C2 + V*A2)/G2

Rewriting 6.102.1 using the equatlions for Pi, P2, F, and Fj gives,

D
F o= ((CL-V*AL)/GL)*AL-((C2*V*A2}/G2)%*A2-VX¥DAMP~(V-Vo)*M/AT

Solving for V gives

V= [Cl*Al . C2xA2 1-‘+V0*M/AT] [512 + A22 + (DAMN-M/AT)]

Gl. G2 1

Gl G2

With the velocity of the piston, V, known the pressures in the head and

rod side of the dctuator may be determined using,
Pl = (Cl1 - V*Al)/Gl
P2 = {C2 + VU¥A2)/G2
The displacement of the piston is glven by
X = Xo + (V-VO)AT
where Xo 18 the previously calculated displacement, in.
The pressures and flows at the connections to the actuator may then be

calculated as follows,

LR NARES



P(Ll) = Pl
P(L2) = P2
Q(Ll) = (C(L1) - P(L1))/z(L1)
Q(L2) = (C(L2) - P{L2))/Z(L2)

where, P(L1) and P(L2) are the pressures at the connections, psi
Q(L1) and Q(L2) are the flows at the connectilons, cis.
6,102.2 Assumptions
Friction and stiction are assumed to be zero

6.102.3 Computational Method

1000 Section
he slope of the actuator load stroke curve is calculated
DT(LOADS) = (D(MAXL)-D(MINL))/(D(MAXST)~D(MINST))
The load at zero stroke and the net external load are then calculated.
DT(LOADZ) = D(MAXL) - DT (LOADS)*D(MAXST)
DT (LOADEX) = DT(LOADS)*D (INPOS)+DT(LOADZ)+ (D (AREAL)
~D(AREA2) )*ATPRES
A sign convention {s cvstablished such that flow into the volume i chamber
and the resulting pilston velocity are positive.
Various variables are initialized to zero.
1500 Section
The entry first determines whether connection no. 1 is attached to an
upstream or downstream line. This establishes the actuator steady state mode
of operation., 1If entry is made using connection no. 2, leg pressure gain (or loss)
and lep laminar constant are updated. TPressure at commection no. 2 is also calculated aund
stored. If entry is made using connection no. 1, tests are performed to verify that the

piston is free to move as prescribed by the flow guess.




If the piston 1: on a stop and the flow guess is such that motion
would be into the stop, the node overboard flow i{s set to zero and impedance
s set to a very large number (40000).

If the piston is free to move, the overboard flow, pilston velocity,
P across piston and pressure At connection no. 2 are calculated.

2000 Section

The variables used I{n the 1500 section are changed to the values
needed In the 3000 section.

3000 Section

A seriles of t -mporary variables GVl, Gl, Cl, Cl) and DP c¢tc. are calculated
using the predicted actuator position DT(PX). The variables are used in the solution
ol the network shown in Figure 6.102-3.

The velocity of the piston 1s calculated wsing

PT(VEL) = (C11-C22-DP+VELOADT (INERT)) /2N
The DT(INERT) term is used to incorporate the effect of the load mass in
i much the same way as the Tluild flow 1s included in the pressure to give a

characteristic pressure. The inertia term is equal to the force required to
decelerate the piston from the old velocity to zero {u the time {nterval DELT,
and hence contributes to the net force on the piston,

1f the veloclty 1s constant then the inertia term fncluded In DT (NDAMP)
baliances  out the DT(INERT) term and produces no net cffect.

The position of the piston {s the calculated from

DT(X) = DT(X)+{VELO+DT (VEL) ) *DELTO2

The piston position is checked to determine whether or not it exceeds the
max {mum or wminimum actuator stroke specitied in the input data.

The pressures within volumes 1 and ? are then caleulated using,

DT(P1) = (C1=DT(VELY*D(AREAL)) /G
DT(12)= (C24NT(VEL)Y*D(AREA2)) /G2

6.102-¢




The flows and pressures into »nd out of the actuator 1s then calculated by
D(L1) = (C(L1) -BT(PL))/z(L1)
P(L1) = DT(P1)
Q(L2) = (C(L2) - NT(P2))/2(L2)
P(L2) =~ DT(P2)

6.102.4 Approximations

None
6.102.5 Limitations

With no friction or stiction the model response to small pressure

changes or load changes will anot be accurate.

The model is inaccurate 1f the actuator volumes are allowed to cavitate.




6.102.6 Variable Names

Variable
D (AREAL)
D(AREA2)

Cl

c2

c22

L {DAMP)
DELTO2
DT (DELTP)
DP

GV1

Gvz

.‘ ¢l

G2

DT (INERT)
D(INPOS)

DT (KBULK)

DT (LOADS)
DT (LOADZ)
g LS
L1

L2

Description
#1 Piuton arca (Extend)
#2 Piyton area (Retract)
Temporary variable
Temporary variable
Temporary variable
Tenporary variable
Seal friction

Integration constant

Pressure drop across pilston

External load

Conductance of Volume 1
Conductance of Volume 2
Temporary variable
Temporary variable

Load inertia

Initial actuator position
011 bulk modulus Limes T
External load

Lvad slope

Load at zero stroke
Connection sipgn

Dummy varilable

Dummy variable

6.102-8
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Units

1bh-sec
in

sucC

psi

1h

cis/psi

cis/psi

1b sece/in
in o
psi*sec
1hs

1b/in

1bs




Variable
D (MASS)
D(MAXL)
D (MAXST)
D(MINL)

D (MINST)

o ——E Ay T QT T TR S Y

N

DT (NDAMP)

o+ v - C—

DT (PX)
! DT (P1)
' DT (P2}
TLOAD
D1 (VEL)
VELd
D(VOL1)
i D(VOL2)
DT (X)

ZN

w4

Description

Load mass

Load -~ actuator fully extended 1bs
Max{mum actuator stroke in
Load-acguator fully retracted lbs
Midimum actuator stroke in
Integer counter

Load damping factor 1b sec/in
Predicted piston position in
Pressure in volume 1 psi
Pressure in volume 2 pai
Temporary variable -
Actuator velocity in/sec
Previous actuator velocity in/sec
Volume 1 at zero stroke in3
Volume 2 at zero stroke in3
Piston position in

Temporary variable

6.102-9
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6,102,7 Subroutine Ligting

SUBROUTINL ACT1O02 (D,DT,DD,L)
C ***ARPYISKD JUNE 1976 **#x
NDOUBLE PRECISION DD
DIJENSTIOW D(11),PT(11),DD(1),L(4)
COAON WTLLPL,NTOLPL,IPT, IPQINT,NPTS, INEL, KNLL,NTOPL,NLPLT(61,3),
1 2QLEG(90,12),LC5(90,10),TLEG(1400),PN(90),0N(90)
COwIDN/SUB/PARA(150,9) ,Pei{ 1500),0m(1500),P(300),0Q(300),C(300)
1,%2(300),RHO(20),S20R110(20),VISC(20),BULK{20),TLsP(20),PVAP(20)
2,ATPRES, T, DELT, TFINAL, PLTDEL, PI,TITLE(20), LEGN, ICON
3, ¥ P(99) ,LSTART(150) ,NLPT(150), LTYPL(99),NC(99),INX,INZ
4,INV,ISTEP,NLINE,NLL, IND, IENTR, iNLINL, INEL, viNLEG, ANNODE, iNPLOT
5, dNLPTS , &S
INTESGER AREAL,ARLAZ?,VOLL,VOL2,DAP, X, VLEL,P1l,P2,20,0LLTP, PX
D ARIAY VARIABLLS
DATA ARLAL1/1l/,ARLA2/2/,VOLY/3/,VOL2/4/ ,WINST/5/,4AX5T/h/,
1 nDanp/7/,cAS38/8/,mINL/9/, MAKL/10G/, INROS/11/
C DT ARRAY VARIASLLES
OATA X/1/,VLL/2/,LOADZ/3/,LOADS/ 4/, LOADLX/S/,01/6/,02/7/,
1 pX/8/,2n/9/,NDALP/10/,INLRT/11/,DELTR/12/, KBULK/13/
IF(IENTR) 1000,2000,3000
1000 COITINUL
I¥ (INKL.ISL.O)Y 4G 1O 1500
DO 1010 I=1,20
1010 DT(IY=0.0

«

L(3)=1
IF(L(1) /2.0 (L(1)4+1)/2) L(3)=-1
L(A4)==1
TFP(L(2)/2.VL (L{2)+1)/2) L(4)=1 .
DI(20)=0,0 :
' DDELTP)=0. 0
1 PT(R)=D( TNPOS ) &
i DT(PX)=DT(X) .
DT (LOANS ) = (D dAXL) =D( 0 INL) ) /(D mAXST) =B (mINST) )
BT {LOADZ) =D (1AKL) =T { LOADS ) *D(mAXST)
DT LOADEX) =DT(LOADS) * 0 ( INPOS)+ DT ( LOADZ ) +(D( ARLAL) =B ( AREA2) ) *ATPRLS
. DI (RBULY) =3ULE( KTEi4P(IND) ) *DELT
. DFLTU2=DELT/2.0
RIETURN
C !
CHe**GIEADY STATE SECTIONK*%* :
¢

1500 CONTINUL
LS=L( 2+KNLL)
0S=PALEG(INEL, 2) *LS
N=LCS(INEL,3)
: LCS(INEL,7)=5
; IF(L3.GT.0) GO TO 1510
o IF(INX.NE. L. AND, KNEL.EN.1) GO TO 1900
N=LCS(INLL, 2)




i 6.102.7 (Continued)

4 1510 IF(KNEL.,ED.2) GO TO 1850
; IF(D(INPOS),.GT.D{#AINST)) GO TO 1500
3 IF(DT(LOADEX).GE.N.0) GO TO 1550
IF(QS.GT.0.0) GO TO 1650
i 1550 QN(N)=0.0
DT(2Q)=40000,
TLOAD=0,0
DT(VEL)=0,0
: GO TO 1700
i 1600 IF(D(INPCS),LT.D(HAXST)) GO TO 1650
; IF(DT(LOADEX) ., LL.0.0) GO TO 15%0
IF(Q$.GT.0,0) GO TO 1550
1650 DT(ZQ)=0,0
TLOAD=DT({ LOADELX)
QH(N)=(=-1.)*QA*NS*{D(AREAL)=-D(ARLA2))/D(ARLEAL)
DT(VEL)=0A*NS/D(AREAL)
1700 DT(DELTP)=(PN{N)*(D(ARLAL)=-D(ARELA2) )~
1TLOAD=DT(VLEL) *D(DAuP) ) /D AREA2)
1750 DP(P1l)=PN(N)
DT(P2)=PN(N)+DT(DELTR}-QAXQS*DT(77)
1300 RETURN
1350 IF(INX.EQ.L1.AND,LS.EQ.-1) GO TO 1900
POLEG(INLL,6)=PRLLG(INLL,6)+DT(20Q)
POLEG(INEL,5)=POLLG(INLL,S)+DT(DELTP)*LS
PALLG(INEL, 11)=POLEG(INEL, 11)+DT(DELTR) *LS~-DT(ZN) *NG*QA
RETURN
1900 WRITE(6,1950) IND,KNEL,INLL R
1950 FORMAT(5X%,7HCOuP 4N0,I3,20H, HAD INVARED CON RO , 13,
: 1 114, IN LEG NO ,14)
‘ WRITE(5,999)
999 FORJAAT{10X,33UPROGRA% STOP It SULROUTINLE ACTIND)
STOP
2000 CONTINUE
DT(INERT)=D({IASS)/DLLT
DT (NDAMUP)=D( DAWR) +DT( INERYT)
DT(LOADEX)={D{AREAL)=D{ARLAZ) ) *ATPRES
DT(Z20)=0.0
RETURN
3000 CONTINUL
Ll=L(1)
L2=L{(2)
GV1=(D(VOL1)+DT(PX)*D(AREAL) /DT (K3UJLR)
GV2=(D(VOL2)~-DT{PX)*D(AREA2))/DT({KIULK)
Gl =1,0/Z(L1)+GV1
G2 =1.0/2(L2)+GV?2
C1=C(L1)/Z(LL)+DI(F1)*GVl
Cl1=Cl*D(AREALl) /Gl
C2=C(L2)/2(L2)+DT(P2)*GV2
C22=C2*D(ARLA2)/G2
DP=DT( LOADEX)+DT( LOADZ) +DT(LOADS) *DT( PX)
DT(Z7)=DP
VELO=D(VEL)
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6.102.7

(Continued)

ZU=DT(NDA4P)+D(ARLAL)**2/G1+D(AREA2) **2/G2
DT {VEL)=(C11-C22-DP+VLLO*DT (INERT)) /2N
DT(PX)=DT(X)
DT(X)=DT(X)+(VLLO+DT(VEL) )*DELTO2

CALL XLIAIT(DT(X), )T(VLL),DP,D(JINST),D(nAX5T))
DT (PX)=DT(X)*2,0-DT(PX)

IF{NDP.NE,0,0) DT(PX)=DT(¥X)
DI(P1)=(C1l-DT(VLL)*D(AREAL))/Gl
DT(P2)=(C2+DT(VLL) *D{AREA2))/G2
A(L1)=(C(L1)-DT(F1l))/2(L1)

P(L1)=DT(P1)

M L2)=(C(L2)-DT(P2))/%(L2)

P(L2)=DT(P2)

RETURN

END

6.102-12
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6.103 SUBROUTINE ACT103

Subroutine ACT103 models the shuttle elevon actuators, the layout of
which is showr in Figure 6.103-1. The elevon actuators operate from three
pairs of hydraulic suppiv and return lines. The actuator supply and return
1s selected from the three hydraulic systems by a switching valve module as
shown in Figure 6.103-2. For the purposes of modeliung the switching valve
module 1s considered to be an independent wodel connected to the actuator
via pseudo lines. The input command and hinge moments are supplied by the
SDF Program which updates the values at each sample time interval of the
guldance system which is .04 seconds.

6.103.1 Math Model

This elevon math model was derived from information and a model provided
by RI. The model shown in Figure 6.103-1 takes the difference between the
position command signal VC and the position feedback signal VFB, to generate
conmands to the servo valve torque motor. The net applied torque deflects the
servo valve causing differential flow to the secondary actuator piston. The
subsequent displacemant of the secondary actuator which is attached to the
servo valve by a wire feedback, continues untll the valve 1s returned to
the equilibrium flow position. Changes in the position of the secondary
actuator are also transmitted to the power spool through the summing liunkage.
The power spool digplacements, XPS, generate differential flow the main ram
causing elevon deflection. The elevon deflection is sensed as VFB and compared
with the elevon position command V. to close the loop. Demand {low on the
hydraulic system is generated by the sum of the flow to the maln ram with the

flow to four secoudary actuators plus first stapge leakage.

6.103-1
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6.103.2 Assumptions

The model is limited to simulating one channel of thé¢ secondary actuator

and it is assumed that the other channels if operative will give identical
outputs, in terms of available force at the main controll;alve.

The model of the differential pressure transducer does not have static
and dynapic friction. To save computing time a common hinge moment arm
has been used for translating force to hinge moment and elevon velocity to
actuator velocity.

The actuator velocity conversion is not quite correct since the actuator

position is the sum of the elevon deflection and structural deflection.

6.103.3 Computation Method

The method used for computation is based on the previous program
developed by J. Fivel and J. Callihan.

This program uses Tustin's method of integration and is arranged such
that each differential is evaluated using the latest value cf the previous

integral, in a series calculation, rather than the more usual parallel

integration methods, where the integrals are effectively evaluated simultaneously -

using previous values to evaluate the derivatives.,

The use of the series integration used together with predicted values
for selected variables works better than other methods under certain conditions.
The computation follows the usual component subroutine layout shown in Figure
6.1-1 on page 6.1-2.

1000 Section.

This section is used to initialize variables used by the program. For

the most part, the integration variables are zeroed and the Tustin subroutine

is called to initialize the integration constants.

6.103-4
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1500 Section

This section is used to return values for the steady state calculation
so that the system state conditions can be calculatéd. It is assumed that
the secondary and surface actuators are at zero velocity, hence the only
steady state flow is that due to the first stage servo valve leakage. The
first stage impedance 1.0/ (D(KQLOSS)*D(KCHAN) is added to the Q2 value in
PQLEG (INEL,S), and the pressure drop DELP is subtracted from the inlet
pressure PQLEG(INEL,11l).
2000 Section

This section is used to initialize the variables to their steady state
values. The only variables involved for the subroutine are the surface
actuator pressures which are set at the mean of the inlet and return
pressures. The effect of the internal load is to vary the pressures
either side of this mean. The actuator position is initialized to the
trim position calculated by the SDF program. Most of the other variables
are zeroed since to initialize the elevon variables at any condition other
than zero velocity would be very difficult.
3000 Section

The transient section of the program is coded to follow the flow
path of the model diagram, starting with the input position command DT (VC).
DT(VC), is varied by the SDF program with the value being updated at 40
millisecond intervals. The SDF program uses the latest value of actuator
position feedback voltage DT(VFB) in its calculations as an indication of
the elevon position. SDF also calculates the surface hiage moment at this
position and using that at the ptevious time step uses a linear interpolation
to obtain a hinge moment at zero actuator position and the slope of hinge

moment versus position.

6.103-5
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ACT103 uses the zero and slope values, to interpolate values of TAERO
until those values are updated by the next SDF computation. The interface

between this subroutine ACT103 and the SDF program is via the following

variables DT (1) thru DT(4).

Variable Description Dimensions
DT (VC) Input position command Volts

(Calculated by SDF)

DT (VFB) Elevon actuator position Volts
(Calculated by ACT103)

DT (KAERO) Elevon hinge moment at zero stroke In 1bs
(Calculated by SDF)

DT (KAEROP) - Elevon hinge moment slope In 1bs/in
(Calculated by SDF)

The input commandADT(VC) is feed via a first order lag to the junction,
where it is summed with a predicted feedback value.

The error is passed through a limiter to the servo valve which converts
it to torque. The torque is summed with the spring feedback from the secondary
actuator and the pressure feedback across the secondary actuator piston.

The flow calculation uses the supply and pressures from the previous
time step to calculate a new flow. The flow is passed through a simple lag
to denote the servo valve time delay, and is then integrated to obtain a new
secondary actuator (main control valve) position.

The actuator position is tested against its limits, if it is at a limit :

-,

then the secondary actuator flow is set to zero.
The flow througa the main contrcl valve is calculated using the predicted

actuator cavity pressure and the valve orifice equations which are solved

in conjunction with the line characteristic equationm.

The line characteristic’'pressure is reduced by an amount equal to the

6.103-6
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secondary actuator flow plus the leakage flow times the characteristic
impedance. This method avoids the need for a simultaneous solution which
would have required a more expensive iterative solution.

The computed flows, which are pesitive when flowing into the actuator
cavities, are Lhen Integrated. The integrated flows are summed with the
actuator displacement flow and the difference is used to compute a new actuator
cavity pressure.

The cavity pressure conmputation is complicated by the actuator deflection
due to dirferential pressure acting cn the structural stiffness.

If solved sequentially, an arithmetic loop is created which creates
computational instability. This was avoided by reformulating the loop to give
a direct solution for actuator cavity pressures, with the structural stiffness
being integrated into the calculation.

The remaining part of the computation follows the block diagram.

Switching Valve Module

The switching valve module is the same as that used in the TVC subroutine
ACT105 and described In the TVC model description. This model will need to be

revised when the valve design details are finalized.

The revisions will be in the area trigger valve operation which is different

from the technique used in the TVC design.

6.103-7
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N A 6.103.4 Approximations

The servo valve first order lag of 0.005 seconds is an approximation.

6.103.5 Limitations

The Elevon module can be used to simulate the overall response of the
actuator and surface to commands from the SDF program. Because of the simplifica-
tion in the area of the secondary actuator the small signal respouse is better
than can be expected in practice. The simulation of the switching valve is
not ideal, because of the very fast response of these valves., To improve the model

would require a much smaller time step. Should these limitations become a

problem, a smaller time step can be used with some minor program changes

and of course an increase in cost.

€.103-8
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6.103.6 Variable Names

Variable
APS
D(AR)

D(BE)

EPST
LEYE
EYEL
FL

D(1E)

L(LISYS)
KA

DT (KAERO)
DT (RAEROP)
D(KB)

D (KCHAN)
D(KFB)
KQLOSS
D(XQPS)
KQS

D(XS)

KTM

KXP5S

D(MAO)

D (MAL)

Gutboard Inboard

Description Valve* Valve
Working Area of Power Spool 0.193
Effective Ram Area 18.02 21,80
Effective Elevon Damping 15000. 45000.
Coafficient
Net Error Torque
Torque Motor Inmput Current
Servo Amplifier Saturation Limit 8.0
Ram Force to Load
Elevon Moment of Inertia About 2663. 9743
Hinge Line
Active Hydraulic Connectlons
Servo Amplifier Gain 5.
Hinge Moment at Zero Stroke
Hinge Moment Slope
Bernoulll Force Coefficient 0.319 0.755
Number of Active Channels 4
Linear Positlon Transducer Gain 1.173 0.683
First Stage Leakage Coefficient 0.0237
Power Spool Flow Gain 51.8 124.7
Secondary Valve Flow Gain 0.387
Structural Stiffness 154000. 298000.
Torque Motor Galn Constant 0.045
Wire Feedback, Power Spool to 6.22
Torque Motors
Initial Position of Elevon 8.793 15.09

Actuator

1st Moment Arm Constant

6.103-9
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Dimensjions
in2
inz
in-lb-sec
in—lB
ma
ma
b
in-—lb—sec2
ma/valt
in-1b
in-1b/in
in
volts/in
CI1S/ PSI

in3/(sec 1b)
in3/(sec 1b)
1b/in
in-1b/ma

in-1b/in
in

in/in




D(MA2) 2nd Moment Arm Constant ~5.31lE~2 ~3.22e-3 in/in2

D(MA3) 3rd Moment Arm Constant 1.408-3  6.40E-4 in/in3

D(MA4) 4th Moment Arm Constant 6.40E-4 -5.88E-5 1in/ 1o

DT (PL) Load Pressure Across Ram Piston PSI1

DT (P1) Secondary Actuator Pressure PSI

DT (QS) Secondary Actuator Flow to Cis
Mod Piston

DT (RFXL) Effective Moment Arm in

DT (TAERO) Hinge Moment at Zero Stroke in-1b

TAUC Dynamic Load Damping Time Constant 0.1 sec

TAUFB Linear Position Transducer Demod. 0.004 sec
Time Constant

VAP Vapor Pressure PSI

DI (VC) Position Command Signal volts

DT (VFB) Ram Position Feedback Voltage volts

VLVOL Power Valve Overlap 0.0006 in

D(VOL1) #1 Cavity Volume at Mid-Stroke 82.6 169.0 in3

D(VOL2) #2 Cavity Volume at Mid-Stroke 82.6 165.0 in3

DT (XFB) Ram Pistion Position in

DT (XPS) Power Valve Displacement in

* Same as inboard unless otherwise noted.
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6.103.7 Subroutine Listing

SUBROUTINE ACT103 (D,DT,DD,L)

*kkkk* REVISED JUNE 1976 *¥**wx
SHUTTLE ELEVON ACTUATOR WODEL WITH SWITCHING VALVE

OO0

DOUBLE PRECISION DD

COMHMON NTELPL,NTOLPL,IPT,IPOINT,NPTS,INEL,KNEL,NTOPL,NLPLT(61, 3),
1 FQLEG(90,12),LCS(90,10),ILEG(1400),PN(90),QN{90)
CCMMON/SUB/PARM(150,9) ,PM(1500),Q0M(1500),P(300),Q(300),C(300)
1,2({300),RH0O{20),520RH0(20),VISC(Z0),BULK{(20),TEMP(2Q0),PVAP(20)
2,ATPRES,T,DELT, TFINAL, PLTDEL, PI,TITLE(20), LEGN, ICON
3,KTEMP(99),LSTART(150) ,NLPT{150),LTYPE(99),NC(99),INX,INZ
4,INV,ISTEP,NLINE,NEL, IND, IENTR, MNLINE,MNEL, MNLEG, #NNODE, MNPLOT
5,MNLPTS, DS
REAL KAa,KC,KTM,KQS,KXPS,KQLOSS
INTEGER AR,BE,VC,VFB,VFBP,Pl,XP5,

TXPS, PS5, XYDS, Q5, XQI,XQ,
XYXPSD,XPSD,XP31,Q1,02,PPl,PP2,XYTE, Tk, DELEDI,

AYDLED, VXL, RFXL,XL,X5D, XYPL, PL,VPLI, XYXFB,XFB, VFBI,
VOLl,vVOL2,VXLP,XFBP, P1P

+FIBETA,XLP,XIQ1,XIQ2,VCS,VCN, VCL

+CRA,CSA,CRV,CSV

» XP,XPP,VELP,XS,XSP,VELS,COEFVP,COEFVS

DIMENSION D(16),DT(100),DD(1),L{(10)

WA N WN

C *** D ARRAY VARIABLES

DATA KCHAN/1/,KB/2/,KQPS/3/,AR/4/,KS/S5/,1E/6/,BE/7/,KFB/8/,
2 vOoLl/9/,voL2/10/,MA0/12/,MAY/13/,MA2/14/ ,MA3/15/,MA4/16/

C *** DT ARRAY VARIBLES

DATA VC/1/,VFB/2/,VFBP/3/,KAERO/ 4/, KAEROCP/S/,
Pl/6/,¥PS/7/,TXPS/6/,PS/9/ ,XYQs/10/,Q8/11/,
XQ1/12/,%Q/13/,NQLOSS/14/,NQS/15/,NQPS/16/ ,RCAV/17/,
IBETA,//18/,XYXPSD/19/,%XPSD/ 20/ ,XPS1/21/,Q01/22/,
Q2/23/,pP1/24/,PP2/25/,XYTE/26/,TE/27/,DELEDI/ 28/,
XYOLED/29/,VXL/30/,RFKL/31/,XL/32/,%8D/33/,XYPL/34/,.PL/35/,
VPLI/36/,XYXFB/37/,%XFB/38/,KINT/39/,KFLOW/ 42/ ,VXLP/45/,XFBP/ 46/,
plP/47/,VFB1/48/,DPFB/49/,DPF3P/50/,FIBETA/S1/,
XLP/52/,XI0Q1/53/,X102/54/,KCOM/55/,VCS/58/,VCN/59/,VCL/60/,
Xr/61/,XrPP/62/,VELP/63/,X5/64/,XSP/65/,VELS/66/,
COEFVP/67/,COEFVS/68/,L085/69/ ,LEAK/ 70/, LSWACT/ 71/,
NSUPRP/72/,NRETRP/73/,15YS/8/
,Csa/74/,C8v/75/,CRA/76/,CRV/77/,TP/ 78/, KDArlP/79/,KTRANS/82/

;
:
%
1
|
|
|
|
;

AU AE WU & W N

C

C *** INITIALIZE CONSTANTS COMMON TO ALL ACTUATORS ¥%**
DATA VLVOL/.0006/,
1 DORFCP/.5/,DORFCS/.5/,0LP/.005/,0L5/.005/,2SPP/15./,8SPR/50./,
2 AlpS1l/.338/,A2PS2/,.274/,A3PB/,.263/,R4PR2/,.327/,
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6.103.7 (Continued)

3 AlSS81/.338/,A2552/.230/,A358B/.263/,A45R2/.382/,
4 KA/15./,KTM/.045/,EYEL/8.0/,KQS/.387/,KXPS/6.22/,
S APS/.193/,%XPSL/.065/,KQLOSS/.0237/,25/6.5/:2R/ 6.5/,
6 KC/.000019/,TAUC/.1/,TAUFB/.004/
IF (IENTR) 10060,2000,3000
1000 IF (INEL.NE.D) GO TO 1500

INITIALIZATION

ann

DO 1001 I=1,100
1001 DT(I)=0.0

c CORRECT INPUT DATA FOR FLUID TEMPERATURE
I=KTE{P(IND)
DT(NQS)=S20RHO(I)/SQRT(2./7.82E=5)
DT(NQPS)=D( KQPS) *DT(NQS) *SQRT( 2. )
DT(NQLOSS)=KQLOSS*DT{NQS)
DT (NQS)=KQS*DT(NQS)
DT(ISETA)=BULK(I)
DT(FIBETA)=DT(IBETA)*D(AR)*D(AR)/D(KS)
CALL TUSTIN(l,l.,DT(KINT),DELT)
CALL TUSTIN(2,.005,DT(KFLOW),DELT)
CALL TUSTIN(2,.0159,DT(KCOM),DELT)
CALL TUSTIN(3,TAUC,DT(KDA1UP),DELT)
CALL TUSTIN(2,TAUFB,DT(KTRANS),DELT)

C SET UP SWITCHING VALVE CONSTANTS
DINP=,75/(12*32.2*DELT)
DELTO2=DELT/2.0
BBVE=( DORFCP/A3PB) **2
BVP=BBVP*{ .1+DINP)/2.0
SQBVP=BVD**2
BBVS=( DORFCS/A3SB)* *2
BVS=BBVS*(.1+DINP)/2,0
SQBVS=BVS**2
DT(COEFVPE)=2,0*,.65*520RHO(1I)
DT(COEFVS)=2,0*.65*520RHO( 1)
DT (LEAK)=1000000.

L(1SyYs)=1
IF(INV) 1220,1250,1200

1200 IF(L{9).EQ.INV) GO TO 1250
IF{L(10).EQ.INV) GO TO 1230
L{ISYS)=3
GO TO 1250

1220 IF(L(9).NE.-INV)} GO TO 1250

1230 L{ISYS)=2

1250 CONTINUE
DT{LOSS)=REBO(1)*~.06
DT(LSWACT)=1.0/(DT{COEFVS)*,2)**2+DT(LOSS)
IF(L(ISYS).GT,2) GO TO 1260

6.103-12
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6.103.7
1260

C
C
C

1500

1500

1700

OO0

2000

(Continued)

DT(LSWACT)=DT(LSWACT)+1.0/(DT(COEFVP)*.2)**2+DT(LOSS)

CONTINUE
RETURN

--------- STEADY STATE SECTION

CONTINUE

RALOSS = (1.0/(DT(NQLOSS) *D(KCHAN) ) ) **2
COES=DT(LEAK)

IF( (KNEL+1)/2.NE.L(ISYS)) GO TO 1690
DT(QS)=PQLEG(INEL,l)*PQLEG(INEL,Z)

COES=0.0

QSA=PQLEG( INEL, 1)
PDELTA=PQLEG(INEL,2)*QSA*(QSA*DT(LSWACT)+COES)
DELP=PQLEG(INEL, 2) *QSA**2*QL,0SS
PSA=PQLEG(INEL,11)~-PDELTA

PRA=PSA-DELP

POLEG(INEL,11)=PRA-PDELTA

PQLEG(INEL, 6)=PQLEG(INEL,6)+COES*2.0
PQLEG(INEL,8)=PQLEG(INEL,8)+2.0*DT(LSWACT)+QLOSS
IF(COES.NE.0.0) GO TO 1700

DT(PP1)=PSA

DT(PP2)=PRA

RETURN

--------- VARIABLE INITIALIZATION

CONTINUE
DT(NSUPRP)=DT(PP1)

DT(NRETRP)=DT(PP2)
DT(CSA)=DT(PP1)+DT(QS)*2S
DT(CSV)=DT(PP1)-DT({QS)*2S
DT(CRA)=DT(PP2)-DT(QS)*ZR
DT(CRV)=DT(PP2)+DT(QS)*ZR

DT (VCL)=DT(VC)

DT(VCS)=DT(VC)

DT(VFB)=DT(VC)

DT( XFB)=DT(VFB)/D{Ki'B8)
DT(XYXF3)=DT(XF8)

DT(VFBI)=DT{XFB)

DT( XYXFB)=DT( XFB)

DT(XFBP)=DT(XF3)

TAERO = DT(KAERO)+DT(KAEROP) *DT(XFB)
DT(RFXL) = D(#MA0)+D(MAL)*DT(XFB)+D(MA2)*DT(XFB)**2
1 +DT(XFB)**3*(D(MA3)+DT(FB)*D(MA4))
DT(XL) = DT(XFB)-(TAERO/DT(RFXL))/D(KS)
DT(XLP)=DT(XL)

F1 = TAERO/DT(RFXL)/D({AR)

DT(PS) = DT(PP1)-DT(PP2)

DELP = (DT(PP1)+DT(PP2))/2
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6.103.7 (Continued)

DT(PPl) = DELP+F1l/2
DT(PP2) = DELP-F1/2
DT(PL) = F1

DT(XYPL)=F1
DT(XIN1)=(D(VOL1)+DT(XFB)*D(AR))/(1.-DT(PPl)/DT(IBETA))
DT(XIN2)=(D(VOL2)-DT(XFB)*D(AK))/(1.-DT(PP2)/DT(IBETA))
DT (VCL)=DT(VC)
DT(VCS)=DT(VC)
DT(XP)=0.2
DT(XS)=0.2
IF(L(ISYS)-2)2040,2020,2010
2010 DT(XS)=-.2
- GO TO 2040
2020 DT(XP)=-.2
2040 DT(XPP)=DT(XP)
DT(XSP)=DT(XS)
DT(QS)=0.0
RETURN
3000 CONTINUE

*xk* TRANSIENT CALCULATIONS ****

aOan

***x* INTIALIZE VARIABLES ****
RFXLS=DT(RFXL)
DT(RFXL) = D(MAQ0)+D(MALl)*DT(XL)+D(MA2)*DT(XL) **2
1 +DT(XFB)**3*(D(MA3)+DT(XFB)*D(1A4))
RFXLP=2.*DT(RFXL)~RFXLS
TAERO=DT( KAERO)+DT(KAEROP) *DT( XFBP)

SECONDARY ACTUATOR

----- SERVO AMPLIFIER

OO0O0On0n

DT(VCN)=DT(VC)
DT(VCL)=DYNAA(DT(VCS),DT(VCL) ,DT(RCO) )
DT(VCS)=DT{VCN)
EYE=KA*(DT(VCL)-DT(VFBP))
IF(ABS(EYE).GT.EYEL) EYE=SIGN(EYEL,EYE)

----- TORQUE MOTOR

aonn

TXPSS=DT(TXPS)

DT(TXPS) = DT(XPS)*KXPS
TXPSP=2,*DT(TXPS)-TXPSS

Tl = EYE*KTil

EPST=TH-TXPSP

IF(ABS(EPST).GT.0.02) EPST=SIGN(0,02,EPST)
DELP=DT(PS)~-SIGN(1.0,EPST)*DT(P1P)
IF(NDELP.LT.0.0) DELP=0.0

DT(QS) = EPST*DT(NQS)*SQRABS(DELP)
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6.103.7

c
C
c

[eXeoXe!

OO0

0onon

60

130

140

150

160

170

(Continued)

------ MAIN CONTOL VALVE POSITION

DT(XQI) = DYNA(DT(XYQS),DT(XQI),DT(KFLOW))
DT(XPSD) = DT(XQI)/APS

DT (XPS) = DYNA#(DT(XYXPSD),DT(XPS),DT(KINT))
CALL XLIMIT(DT(XPS),DT(XPSD),TH,=-XPSL,XPSL)
IF(TM.EQ.0.0) GO TO 60

DT(QS5)=0.0

DT(XQI)=0.0

CONTINUE

DT(XYXPSD)=DT(XPSD)

DT(XYQS)=DT(QS)

QLOSS = (ABS{DT(XQI))+DT(NQLOSS)*SQRABS(DT(PS)))*D(KCHAN)
Q01S=DT(Q1)

Q2S=DT(Q2)

NXV=DT(XPS)/VLVOL

IF(NXV) 130,170,180

XPS LESS THAN 0

XPSS=( (DT(XPS)+VLVOL) *DT(NQPS) ) **2
SGN=DT(CRA)-DT(PP1l)+QLOSS*ZR
FN2=XPSS*ZR

ICALC=1

CALCULATE MAIN CONTROL VALVE FLOWS

FLOW=(SQRT(FN2**2+4, 0*XPSS*ABS(SGN) )-FN2)/2.0
ZCALC = ICALC
GO TO (150,160,190,200),ICALC

DT(Q1)=SIGN(FLOW,SGN)

QRA = DT(Q1)-QLOSS
FN2=XPSS*ZS
SGN=DT(CSA)-DT(PP2)-QLOSS*ZS
ICALC=2

GO TO 1490
DT(Q2)=SIGN(FLOW,SGN)

QSA = DT(Q2)+QL0OSS

GO TO 220

XPS = 0

DT(Q1)=0.
FLOW=0.0

QSA = QLOSS
DT(Q2)=0.
QRA = -QLOSS
ICALC=5
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OO0

180

190

230

240
250

270

(Continued)
GO TO 220

XPS GREATER THAN 0

XPSS=( (DT(XPS)-VLVOL)*DT(NQPS) ) **2
FN2=2S*XPSS
SGN=DT(CSA)~-DT(PP1)-QLOSS*2ZS
ICALC=3

GO TO 140
DT({Ql)=SIGN(FLOW,SGN)

QSA = DT(Q1l)+QLOSS
FN2=ZR*XPSS
SGN=DT(CRA)-DT(PP2)+QLOSS*ZR
ICALC=4

GO TO 140
DT(Q2)=SIGN(FLOW,SGN)

QRA = DT(Q2)-QLOSS

PSA = DT(CSA)~ZS*QSA
PRA =DT(CRA)-ZR*)QRA
VAP=PVAP(KTEMP(IND))

IF( PRA,GT.VAP.AND,DT(NCAV).LE.0,0) GO TO 270

GO TO (230,230,240,240,250),ICALC
FLOW=SQRABS ( XPSS*{ VAP-DT(PP1)))
DT(Q1)=FLOW

GO TO 250
FLOW=SQRABS (XPSS* (VAP-DT(PP2)))
DT(Q2)=FLOW

QRA=(DT(CRA)-VAP)/ZR

PRA=VAP
DT(NCAV)=DT(NCAV)+FLOW-QLOSS-QRA
CONTINUE

DT(PS) = PSAh-PRA

----- ACTUATOR CHAMBER PRESSURES

PFLOW=DT(VXLP)*D(AR)

PDIS=DT(XLP)*D(AR)
DT(XIN1)=DT(XIQ1)+.5*DELT*(DT(Q1)+Q1S)
DT(XIQ2)=DT(XIN2)+.5*DELT*(DT(Q2)+Q2S)
FQl=DT(FIBETA)/DT(XIQl)
FQ2=DT(FIBETA)/DT(XIN2)
BETA1=DT(IBETA)*(1l.+FQ2)/(1.+FQl+FQ2)
BETA2=DT(IBETA)*(1.+FQ1)/(1.+FQl+FQ2)
PP11=BETAl*(1l.-(PDIS+D(VOL1l))/DT(XIQl))
PP22=BETA2*(1.+(PDIS-D(VOL2))/DT(XIQ2))
PP21=PP11*FQ2/(1.+FQ2)
PP12=PP22*FQl/(1.4FQl)
DT(PPl)=PP1l1+PP1l2"

DT(PP2)=PP22+PP21

IF(DT(PPl),.LT.VAP) DT(PPl)=VAP
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3010

1

IF(DT(PP2).LT.VAP) DT(PP2)=VAP !
DT(PL) = DT(PPl)-DT(PP2)

————— LOAD DYNAMICS '

FL=DT(PL) *D(AR)
TR = FL*RFXLP

DT( XSD)=FL/D(XS)

FDRIVE=TR~TAERO ,
CALL CFRICZ(FDRIVE,FF,DT(VXLP),DT(VXL),DT(TE),DT{XYTE),

DT(DELEDI),DELS,201000.,1.263,1.)

DT(TE)=FDRIVE+FF-DT(VXLP) *D(BE) /RFXLP

DT{DELEDI) = DYNAM(DT(XYTE),DT(DELEDI),DT(KINT))
VXLS=DT(VXL)

DT(VXL) = DT(DELEDI)*RFXLP/D(IL)
DT(VXLP)=2.*DT(VXL)=-VXLS

DT(XYTE) = DT{TE)

XLS=DT( XL)

DT(XL) = DYNAM(DT(XYDLED),DT(XL),DT{KINT))
DT(XLP)=2.*DT{XL)-XLS

DT(XYDLED) = DT{VXL)

XFBS=DT(XFB)
DT(XFB) = DT(XL)+DT(XSD)

DT(XFBP)=2.*DT(XFB)=XFBS

P1S=DT(P1)
DT(PLl)=DT(XPS)*D(KB)*({DT(PS)-SIGN(DT(PL),DT(XPS)})/APS/D(KCHAN)
DT(P1P)=2.*DT(P1)~P15

POSITION AND PRESSURE FEEDBACK

DT(VBLI) = DYNAW(DT(XYPL),DT(VPLI),DT(KDAMP))
DT(X¥YPL) = DT(PL)

DT(VF3I) = DYNAM{DT(XYXFB),DT(VFBI),DT(KTRANS))
CT(XYXFB) = DT{XFB)

VEBsS=DT(VFB)
DT(VFB)=DT(VFBI)*D(RKFB)+DT(VPLI)*KC
DT(VFRP)=2,0*DT(VF3)-VF3S

SWITCHING VALVE CALCULATIONS

DO 3010 I=i,6

IL=L(T1)

Q(IL)=0.0

P(IL)=C(IL)

ASvV=0.0

QRV=0.0

PSV=DT(CSV)

PRV=DT( CRV)

NS=1

PXP=DT( XP)*.L.0-DT(XPP)
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P 6.103.7 (Continued)

PXS=0T({X5)*2.0-DT(XsD)
NDISVP=PXP/OLP
NDISVS=PXS/0LS
IF(NDISVS) 3020,3G40,3029
3020 COL=({PXS+OLS) *DT(COLIVE) )**2
; COL=COL/(COL*DT(LOL5)+1.0)
NS§=3
GO TQ 3036
3029 IF(NDISVE) 3030,3045,3035
3030 N5=2
i 303% COLP=1,0/((PXP=-SIGN(OLP,BXP))Y*OL(COLFVE) I**2+DT({1L,0OLS)
- COoES=Y,0/((PXS=-0OLS)Y*DT(COLIEVS) )Y **24DT(LOLY)
COE=1,0/(COEP+COLS)
3036 LS=NS*?2
LS=L{LS~-1)
C SUPPLY CALCULATION
ZA=(Z4(LS)Y+235)*CO1,/2.0
QSV= =ZA+3QRT({ZA**24+A35(C(LL)=DT(CIV)Y)I*COL)
S5V= SIGN(Q5V,C(LS)=DT(CuV))
PSV=DT(CHV)+253%05V
Q(LS)=QsV
P(LS)=C(LS)=NLBV*2{LS5)
DT(NSUPRP)=C(LS)=QRV*{Z( LS)=AIL(QRV)*COLI'}
C RUTURN CALCULATION
CA=(Z{LRY+2ZR)*COL/ 2.0
ORV= —ZA+SQRT(ZA** 24 ARS(C{LR)=DT(CRY)I*COL)
AMV= SIGH(QORV,C{LR)=-DT(CRV))
PRV=DT{CRV)+ZR*ORV
D{LR)=0RV
P{LR)=C(LR)-QRV*Z ( LK)
DI {NRETRP)Y=C(1LR)=QRV* [ Z( LR) =ADS (QRVY *CORY)
3040 N=1
IF{NDLISVP) 3043,3100,30449
3043 N=N+2
3044 DU(NSUPRP)=P(L(N))
DT (NRETRPY=DP(1L(N+1))
GO TO 3100
3045 DY(NSUPRP)=PSY
} DU NRETRE) =PRY
* 3100 CONTINUE
: VELPO=DT{ VLI LP)
PRST=P(L(1))
IM{PXP.LT.0.1) PRST=P(L{D))
PSPL=(2SPP=0SDP*PXP+D(L{3))*A2PS24 D L{A) ) *A4PR2=-{ L{1))*ALV5 )
. PSPL=( PSPL-VLLPO*DIND) /A3DY
0 DT(VLLP)==DBVYP+SORT(SOBVP+IBVE*YALS ( PBST-PS L))
DT (VELP)=S1GN( Y (VELP) , PBST- DS PL)
DT (XPPY=DT({XP)
DE(XP)=DT({XP)+(VELPOIDT(VELPY) *DELTOD
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(Continued)

CALL XLIMIT(DT(XP),DT(VELP),PSPL,—.Z,.Z)
IF(PSPL,NE.0.0) DT(XPP)=DT(XP)

VELSO=DT(VELS)

PBST=DT(NSUPRP)

IF(PXS.LT.0.1) PBST=DT(NRETRP)
PSPL=(ZSPP-SSPP*PXS+P(L(5))*A2382+P(L(6))*A4SR2
1 -DT(NSUPRP)*A1S551)
PSPL=(PSPL-VELSO*DINP)/A3SB
DT(VBLS)=-BVS+SQRT(SQBVS+BBVS*ABS(PBST-PSPL))
DT(VELS)=SIGN(DT(VELS),PBST—?SPL)

DT (XSP)=DT(XS)
DT(XS)=DT(XS)+(VELSO+DT(VELS))*DELTO2

CALL XLIMIT(DT(XS),DT(VELS),PSPL,-.Z,.Z)
IF(PSPL.NE.0.0) DT(XSP)=DT{XS)
DT(CSA)=PSV+25*Q5V

DT(CSV)=PSA~25*QSA

DT(CRA)=PRV+ZR*QRV

DT{CRV)=PRA-ZR*QRA

DT(89)=TAERO

DT(90)=TR

RETURN

END
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I 6.104  SUBROUTINE ACT104
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€.104.1 Math Model

This EC actuator math model was derived from "Models for Use in Pressure
Transient Simulation Report" (388-202-75-080), written by A. C. Morseof
Rockwell International Space Division. The model shown in Figure 6.104-2
takes the difference between the position command signal KCOM and the
pos:tion feedback signal KPH, to generate commands to the servo valve toryue
motor. The net applied torque deflects the servo valve causing differential
flow o the secondary actuator piston. The subsequent displacement of the
secondary actuator which is attached to the servo valve by a wire feedback,
contiauves until the valve is returned to the equilibrium flow position.
Changes in the position of the secondary actuator are also transmitted to
the power spool through the summing linkage. The power spool displacements
XV generate differential flow to the actuator plston. The actuator position
1s sensed as VF and compared with the position command VCOM to clese the loop.

For purposes of interfacing with HYTRAN program the serveactuator

schematic¢ can be considered as follows:

Pl XC 2
Q(LI;\ QC Q(L1)
-&-—-—wm
(1 —————VANANINY ] A ~C2
Z(L1) Z(L2)
AW
X1
QL

Pl = Cl - Q(1.1) 7(L1)
P2 = C2 + Q(L1)*Z(L2)
QC = XC*SQRT(P1-P2)

6.104-2
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QL = XL*SQRT(P1-P2)
Q(L1l) = QC + QL
Q(Ll) = (XC + XL)*SQRT(P1-P2)

2
Q(r1)
(XC+XLY 2

= (CL-C2)-Q(L1)*(z1+Z2)
Solving for Q(L1l) by putting in quadratic form
Q(Ll) - (SQRT(ZT**2+4,0%ABS (CDIFF) /XCL)~ZT)*XCL/2.0
where:
ZT = 2(L1)+Z2(L2)
CDIFF = C1 - C2
XCL = (XC+¥L)?
6.104.2 Assumptions
The model does not include static and dynamic friction., To save
computing time a common hinge moment arm has been used for translating

force to hinge moment and actuator velocity to output rotational velocity.

6.104.3 Computation Method

This program uses Tustin's method of integration and ia arranged such
that each differential is evaluated using the latest value of the previous
integral, in a series calculation, rather than the more usual parallel

s integration methods, where the Integrals are eifertively evaluated simul-
taneously using previous values to evaluate the derivatives.

The use of the series integration is difficult to justify except by
stating that it seems to work better than the other method under certain

conditions.

1000 Section

This section adjusts RH@ dependent variables for the input temperature.

..

Fi& 6.104-4



1500 Section

This section is used to return values for the steady state calculation so
that the system state conditions can be calculated. It is assumed that the
actuator is at zero velocity, hence the only steady state flow is that due to
the first stage servo valve leakage. The first stage impedance 1.0/(DT(KQL)*%*2
is added to the Q2 value in PQLEG (INEL,8), and the pressure drop DT(KQ)*XCL

is subtracted from the inlet pressure PQLEG(INEL,11).

2000 Section

This section is used to initialize the variables to their steady state
values. The variables are zeroed since to initialize the variables at any condi~

tion other than zero velocity would be very difficult.

3000 Section

The transient section of the program is coded to follow the flow path
of the model diagram, starting with the input position command DT(KCOM).
DT(KCOM), is varied by the guidance and control subroutine CAD98 or its
equivalent in the same way as it is in the actual vehicle, with the value
being updated at 20 millisecond intervals. The CAD98 subroutine uses the
latest value of actuator position feedback voltage DT(KPH) in its calcula-
tions as an indication of the actuator position.

&e {nterface between this subroutine ACD.J4 and the guidance and control

subroutine CAD98 is via the following variables DT(1l) and DT(2).

6.104-5



Variable Description Dimensions
DT (KCOM) Input position command Volts
(Calculated by

CAD98)

DT (KPH) Actuator position Volts
(Calculated by

ACT104)

The line pressures and flows are returned via the P and Q arrays using

the address L(1l) and L(2) for the supply and return connections respectively.

6.104.4 APPROXTMATIONS

None.
6.104,5 LIMITATION
The assumption of "no load" on the actuator may give the actuator a

higher response than would actually occur under a high load condition.




AN

6.104.6

Variable

AMPKT
CDIFF
DELTO2

D (KAMPI)

D(KC)
DT (KCOM)

DT {KCT)

D(KF)
DT (KI'H)
DT(KQ)
DT(XQL)
DT (KQL)

DT {KXLK)

L1

VILM
XC

XCL

Variable Names

Description

Constant (KAMP*KT#*KV)
C(L1)-C(L2)
DELT/2

Constant (57.3/(Effective Mcment
Arm* Piston Area))

Servovalve Gain Constant for 10Q0°F
Position Command

Servovalve Gain Constant for Run
Temperaturc

Position Trausducer Gain

Actuator Position Feedback Voltage
Actuator Flow

Actuator Displacement

01d Vaiuve of Actuator Flow
Leakage Leg (Constant for ®un
Tewperature

Dusmy Variable for L(1)

Dummy Variable for L(2)

Difference Between Coumand and Valve

Position
Constant (ILM/KAMP)

Flow Constant for Actuator Leg

Constant (Sum of Flow and Leakage Leg

Constants Squared)

Leakaye Leg Constant for 100°F

6.104-7
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DT (KLAG)

D(LAG)

Sum of L1 and L2 Characteristic
Impedancer
Integration Constant

First Order Lag Time Conatant

6.104-3
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6.104.7 Subroutine Listing

C **x
C **x

C ***

C *%*x

1900

1500

2000

3000

SURBROUTINE ACT104 (D,DT,DD,L)
REVISED NOV 3,1975 **x#*

SHUTTLE SSME ENCINE CONTROL ACTUATOR #ODEL

DOUBLE PRECISION DD

DIAENSION D(1),DT(1),DD(1),L(1)

COMMON NTELPL,NTOLPL, IPT,IPOINT,NPTS, INEL,KNEL,

1 NTOPL,MLPLT(61,3),PQLEG(90,12),LCS(90,10),ILEG(1400),
2 PN(90),0N(90)
COAMON/SUB/PARM(150,9),PM(1500),0M(1500),P(300),0(300),C(300)
1,2(300),RHO(20),S20RHO( 20),VISC(20),BULK(20),TEHP(20),PVAP(20)
2,ATPRES,T,DELT,TFINAL, PLTDEL, PI, TITLE(20) , LEGN, ICON
3,XTEMP(99),LSTART(150),NLPT(150),LTYPE(99),NC(99),INX,INZ
4,INV, ISTEP,NLINE,NEL, IND, IENTR, dNLINE, MNEL, MNLEG, iNNODE, i{NPLOT
5, MNLPTS, DS

D ARRAY VARIASLES

DATA KF/1/,KC/2/,KAiP1/3/,LAG/4/

DT ARRAY VARIABLES

DATA KCOws/1/,KPH/2/,KQL/3/,KQ/4/,%XQ1/5/,KXLK/6/,KCT/T/
1 ,XLAG/8/,KCONS/11/,KCOill/12/,KCOML/13/

DATA AMNPXT/.0R688/,VILi/.184162/,%XLK/.02108/

AN PKT=KAAP*KT*KV, VILM=T1Ls/KAiIP
XLK=1,155*(1/SQRT(3000)), KAAPI=57.3/(A*M)

IF(IENTR) 1000,2000,3000

CONTINUE

IF (INEL.NE.O0) GC TO 1500
XCL=S20RHO(KXKTE4P(IND))/SQRT(2./7.82E-5)

DT (XKXLK)=XLK*XCL

DT(KCT)=D(XC) *XCL

DT(KCO#)=0.0

CALL TUSTIN(2,D(LAG),DT(KLAG),DELT)

RETURN

XCL=1.0/DT(KXLK)**2

POLEG( INEL,8)=PQLEG(INEL, 8)+XCL
DT(KG)=PQLEG(INEL, 1) **2*pPQLEG(INEL, 2)

PQLEG( INEL,11)=PQLEG(INEL,11)-DT(KQ)*XCL

RETURN

CONTINUE

DT(KQ)=0.0

DT(XKPH)=DT(KCON)

DT(KQI)=DT(KPH)/D(XAUPI)

DELTO2=DELT/2.0

DT (KCOML}=DT(KCOM)

DT(KCO4S)=DT( KCO:)

RETURN

CONTINUE

L1=L(1)

L2=L(2)

ZT=2(L1)+Z2(L2)

DT(KCO:N)=DT(KCO:)
DT(KCOWL)=DYNAH({ DT(KCOMS) ,DT(KCOuL) , DT{ KLAG) )

6.104-9
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(Continued)

DT{KCQCrlS)=DT(KCOMN)

VE=D(KF) *(DT(KCOML)~-DT(KPH) )
CDIFF=C(L1)-C(L2)

IF(ABS(VE).GT.VILi4) VE=SIGN(VILH,VE)
XC=VE*AMPKT*DT(KCT)
XCL=(DT(KXLK)+ABS(XC))**2
O(L1)=(SQRT(ZT**2+4,0*ABS(CDIFF)/XCL)~-2T)*XCL/2.0
Q(L1)=SIGN(Q(L1l),CDIFF)
P(L1)=C(L1)-Q(L1)*2(L1)

AL2)=-Q(L1)

P(L2)=C(L2)~-Q(L2)*Z(L2)

DT(XKQL)=DT(KQ)
DT(KQ)=XC*3QRARS(P(L1)-P(L2))
DT(KQI)=DT(KQI)+(DT(XKQL)+DT(KQ))*DELTO2
DT(KPH)=DT(KQI)*D(KAiiPI)

RETURY

END

6.104-10
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6.105 SUBROUTINE ACT105

Subroutine ACT105 models the shuttle thrust vector control (TVC)
actuators, the layout of which is shown in Figure 6.105-1. The TVC actuators
operate from three pairs of hydraulic supply and return lines. The supply
and return used is selected by a switching valve module as shown in Figure
6.105-2. For the purpose of modeling the switching valve module is considered
to be separated from the actuator by a pair of pseudo lines. The input
command and hinge moments are supplied by a Guidance and Control subroutine
which updates the values at each sample time interval of the guidance system
which is .04 seconds.

6.105.1 Math Model

This TVC math model was derived from that proposed by Rockwell International.
The model shown in Figure 6.105-1 uses the position command signal VC to
generate commands to the servo valve torque motor. The applied torque deflects
the servo valve causing differential flow to the secondary actuator piston.
The subsequent displacement of the secondary actuator, which is attached to the
servo valve by a wire feedback, and to the main ram by mechanical linkage,
continues until the valve is returned to the equilibrium flow position. Changes
in the position of the secondary actuator are transmitted to the power spool
through the summing linkage. The power spool displacement, XPS, generates
differential flow to the main ram causing actuator deflection. The deflection
is sensed as XFB and is feed back to the servo valve as a torque to close the
loop. Demand flow on the hydraulic system is generated by the sum of the flow to

the main ram with the flow to four secondary actuators plus first stage leakage.

6.105-1
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6.103.2 Assumptions

The model is limited to simulating one channel of the secondary
actuator and it is assumed that the other channels if operative will
give identical outputs, in terms of available force at the main control
valve.

The model of the surface actuator includes static and dynamic
friction. To save computing time a common hinge moment arm has been
used for translating force to hinge moment and TVC velocity to actuator
velocity.

The actuator velocity conversion 1s not quite correct since the
actuator position is the sum of the TVC deflection and structural
deflection.

6.103.3 Computation Method

The method used for computation 1s based on the previous program
developed for the elevon actuator.

This program uses Tustin's method of integration and is arranged
such that each differential is evaluated using the latest value of
the previous integral, in a series calculation, rather than the more
usual parallel integration methods, where the integrals are effectively
evaluated simultaneously using previous values to evaluate the derivatives.

Predicted values are used to improve the calculation where the use
of a previous value would incur a significant error. The computation
follows the usual component subroutine layout shown in Figure 6.1-1 on
page 6.1-2.

1000 Section.

This section is used to initialize variables used by the program.

For the most part, the integration variables are zeroed and the Tustin

6.105-4



subroutine is called to initialize the integration constants.

1500 Section

This section is used to return values for the steady state calculation
so that the system state conditions can be calculated. It is assumed that
the secondary and power actuators are at zero velocity, hence the only steady
state flow is that due to the first stage servo valve leakage, The first .
stage impedance 1.0/(D(KQLOSS)*D(KCHAN))**2 is added to the Q2 value in PQLEG
(INEL,8), and the pressure drop DELP is subtracted from the inlet pressure
PQLEG (INEL,11).
2000 Section

This section is used to initialize the variables to their steady
state values. The only variables involved for the subroutine are the
actuator pressures which are set at the mean of the inlet and return
pressures. The effect of the internal load is to vary the pressures
either side of this mean. Most of the other variables are zeroed since
to initialize the TVC actuator variables at any condition other than zero
velocity would be very difficult.

3000 Section

The transient section of the program is coded to follow the flow
path of the model diagram, starting with the input position command DT(VC).
TT(VC), is varied by the guidance and control subroutine or its equivalent
in the same way as it is in the actual vehicle, with the value being updated
at 40 millisecond 1ntervgls. The six degree of freedom (SDF) subroutine uses
the latest value of actuato; position feedback DT(XFB) in its calculations
as an indication of the actuator position. The SDF program alsc calculates a

hinge moment at zero actuator position and the slope of hinge moment versus posi-

tion.
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ACT105 uses the zero and slcpe values, * 1interpolate values of TAERO
until those values are updated by the next guidance and control computation.
The interface between this subroutine ACT105 and the guildance and contrel

subroutine is via the following variaoles DT(1) thru DT(5).

Variable Description Dimensions
DT (VC) Input position command Volts

(Calculated by SDF)

DT (XFB) TVC actuator position In
{Calculated by ACT105)

T e e T T -

: DT (KAERQ) TVC hinge moment at zero stroke In 1bs
H (Calculated by SDF)

DT (KAEROP) TVC hinge moment slope In 1bs/in
(Calculated by SDF)

The line pvessures and flows are returned via the P and Q arrays using
the address L{1) - L(6) for the supply and return connections.

The input command DT(VC) 1s feed via a first order lag to the junction,
where 1t is summed with a predicted feedback value.

The ertor is passed through a limiter to the servo valve which converts
it to torque. The torque is summed with the spring feedback from the
secondary actuator and the pressure feedback across the secondary actualor
piston.

The flow calculation uses the supply and pressures from the previous
time step to caleculate a new flow. The flow 1s passed through a simple lag
to denote the servo valve time delay, and is then inteprated to obtain a
new secondary actuator (m.in contro. valve) position.

The actuator position is tested against its limits, if it is at a Iimit
then the srcondary actuator flow is set to zero.

The fluw through the main control valve 1s calculated using the pre-

dicted actuator cavity pressure and the valve orifice equations which are

G.105-6
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solved in conjunction with the line characteristic equation.

The line characteristic pressure is reduced by an amount equal to the
secondary actuator flow plus the leakage flow times the characteristic
impedance. This metliod avoids the need for a simultaneous solution which
would have required 2 more expensive iterative solution.

The computed flows, which are positive when flowing into the actuator
cavitieé, are then integratea. The integrated flows are summed with the
actuator displacement flow and the difference is used to compute a new
actuator cavity pressure.

The cavity pressure computation is complicated by the actuator deflec-
tion due to differential pressure acting on the structural stiffness.

If solved sequentially, an arithmetic loop is created which creates
computational instability. This was avoided by reformulating the loop to
glve a direct solution for actuator cavity pressures, with the structural

stiffness being integrated into the calculation.

The remaining part of the computation follows the block diagram.

6.105-7



SWITCHING VALVE SECTION

The final section of the TVC subroutine describes the operation of
the switching valve or selector valve as it is sometimes called. The
valve model is set up as an independent model to that of the TVC and
is connected to the actuator via pseudo lines, which provides the numerical
isolation required.

Bécause of the TVC péckage dimensions, these pseudo lines do have
some factual basis in that there is a significant flow path length between
the connections and the main control valve. The valve pressure loss in
each flow path is assumed to be contributed by two separate orifice coefficients,
due to the inlet holes through the sleeve, and due to the valve metering
orifices.

There are four .375" dia inlet holes. The metering orifice has four slots,
0.5" wide 0.2" long. This configuration is repeated for each flow path, in
the primary and secondary sections of the valve.

The pressure drop for each orifice will be

(Q/ (AREA*CD) ) 2*RHO/ 2

8%10-5/.652/2 * Q2/AREAZ

for Q = 150 CIS

2.13/AREA2

13.31 psi for metering orifice

10.9 psi for the four holes

26.22 for each valve flow path

96.99 psi for supply and return for the primary system

6.105-8
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The pressure drop across the valve holes
&P = QZ*DT(LOSS)

where the loss coefficient

DT(LOSS) = RHO/(2*.652*AREAZ)
= .000485 @ 130°F
or = RHO * 6.06

This combination of orifices is only significant when the valves
are fully open, the predominant loss occurs when the valve displacement
is less than 0.1" during the switching cycle.

It is under switching conditions that the actual stability of the
model becomes significant. When the start up conditions are normal,
switching occurs from #1 to #2, and then #2 to #3. Under these conditions
the bootstrap arrangement will give a positive or stable switching
characteristic. The real stability problem occurs when the system is
switching from #3 to #2 or #2 to {1 when the pump is being repressurized.
Fortunately this particular situation will occur at low or zero flows.

The high water hammer pressures, associated with valve closure when
there is a high flow demand, will probably not occur during reverse switching.
Math Model

Valve Positions ~ The valve positions are predicted based cn the

positions at the last two time steps.

PXP? = DT (XP)*2-DT (XPP)

Predicted values are used to fiprove the computation accuracy
during switching, no effort is made to correct the cumputations when the
final positions are computed. The choice of a predicted position

computation was based on the need to use a valve position nearer to the

6.105-1%
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true value, but still avoiding the predictor - corrector type of
computation, which leads to stability problems.

The computation weuld be improved by the use of a very small time
step, but it 1s doubtful if there would be any significant improvement
in the overall system accuracy.

The imitial position of the valve is determined from the system
indicator INV which Indicates the conditions of the three gystems.

This is translated into the local system indicated (ISYS).

whetre
L(ISYS) = 1 primary system active
L(I5YS) = 2 fivrst back-up active primary failed
L(158YS) = 3 gecond back-up active primary and first

back-up failed

The valve positions at the L(ISYS) = 1 condition are both +0.2
inches. The positions for L(ISYS) = 3 are -0.2 inches.

There are two valves in series for the No. 1 and No. 2 systems,
and just onme for the No. 3 system. The two valves are normally called
No. 1 and No. 2 selector valves, but to avoid confusion with the line
connections, we have uged primary and secondary as the valve names.

The two valves are almost 1dentical except for the end areas, which

are varied to provide some difference in the switching pressures. The
basic philosophy is to make the primary valve move and switch before
the secondary valve respouds.

The achievement of this will depend on the transient pressures

that occur during switching.

6.105-12 |




The reference pressures DT (NSUPRP) and DT(NRETRP) are the supply
and return pressures at the outlet side of the primary valve. These
reference pressures control the switching of the secondary valves.

Springs are used to position the valves on start up.

At the time of writing, there is no data on the damping effects of
the small diameter holes comnecting the return or pressure ports and the
bootstrap area end of the valve, Scaling the drawings avallable show the
hole to be approximately .1" diameter and about 1.2" long.

The max valve velocity is expected to be about 80 in/sec which would
give a flow of approximately 21 CIS. Using the diameter and length we can
generate an equivalent orifice coefficient for the flow restriction.

A plain orifice of .1" dia gives a coeff of 1.25 PSI/(CIS)2 plus

a smaller contribution from the pole leugth gives a total of 1.4 PSI/CIS?
At the 21 CIS flow this will give a pressure drop of 617 PSI which will.
have a significant effect on the bootstrap pressure.

In going from the initial position of PXP=.2" to the switches position
of PXpP= -,2", oil is pumped out of the bootstrap cavity, initially iato
the Pl supply and later when PXP ,1", it is pumped into the Rl return.
The bootstrap reference pressure PBST is switched when PXP <.,1 from PBS[ =
P(L(1)) to PBST = P(L(2)).

The spring pre-load is 5 lbs @ X5 = .2 and the spring rate is
50 1lba/in.

This makes the spring load

. ZSPP-DDISVP*SSPP

where Z2ZSPP = 5 + ,2%50
15 1bs.
50 1lbs/in

and SSPP

1l
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The predicted valve displacement PDISVP 1is used for the calculation.
In calculating the valve velocity, the inertia and damping forces are
considered. The inertial forces are normally small, but very high
accelerations are required to achieve switching in 10 Milliseconds. With
a stroke of .4" and assuming constant acceleration
8000 1n/sec2

ACCN = .4%2%10%

[
L}

i

FORCE .002x8000 = 16 1bs.

6.105.5 Approximations

The servo valve first order lag of 0.005 seconds is an approximacion.
6.105,5 Limitations

The TVC module can be used to simulate the overall response of the
actuator and surface to commands vrom the SDF program. Because of the
simplification in the area of the secondarv actuater the small signal re-
sponse is better than can be expected in pructice. Th2 simulation of the
switching valve is not ideal, because of the very fast respouse of thesc
valves. To improve the model would require a much smaller time step.
Should these limitations become a problem, a smaller time step can be used
with ;ome minor program changes and of course an increase in cost.

6.105.6 Variable Nam-s

Variable Description E3P* Dimensions
APS Working Area of Power Spool in2

D(AR) Effective Ram Actuator Area 20.03 in?

D(BE) Effective TVC Damping Coefficient 1000. 16~-sec

in

EPS7 Net Error Torque in~1b

EYE Input Current ma

EYEL Servo Amplifier Saturation Limit 50.0 ma’
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Variable

FDRIVE
FF
FL

D(IC)

KB

D (KCHAN)
KDEL
KDPF

KE

D(KFB)

KQLOSS

D(XQPS)

D (KXPS)

D (MAO)
D(MA1)
D(MA2)
VLVOL

D(VOLI)

D(VOL2)

Description E3P*%
Net Ram Force
Friction Force on Ram
Ram Force Applied to Load
Engine Moment of Inertia About Hinge 48400
Line
Servo Amplifier Gain 11.
Bernoulli Force Coefficie .702
Number of Operative Channels
Dynamic Pressure Feedback Gain .2
Dynamic Pressure Feedback Gain . 00062
Dynamic Pressure Peedback Integrator 59.4
( :iin
Actuator Feedback Gain .367
First Stage Leakage Coefficlent .0237
Power Spool Flow Gain 121.0
Secondary Valve Flow Gain 3.743
Structural Stiffness 226000,
Torque Motor Gain .04
Power Spool Feedback Gain 5.82
First Moment Arm Constant 27,79
Second Mement Arm Constant -.3499
Third Moment Arm Constant —.OQ787
Power Spool Overlap . 0006
#1 Cavity Volume at Mid-stroke 122.0
#2 Cavity Volume at Mid-stroke 115.0
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Dimensiouns
1b
1b
1b

in~1b—sec2

ma/v

in

in 1b/PSI

in~1b
in

CIS/PSI
Cc18/1b
in3/(sEc 16
1b/in

in-1b
ma

in-1b
in

in

in/in
in/inz
in

in
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Variable Description E3P* Dimensions

XPSL Power Spool Displacement Limic .05 in

* Engine No. 3 Pfitch TVC.

Al1PS1 Primary valve AREAL IN2
AlSS1 Secondary valve AREAl
A2PS2 Primary valve AREA2 "
A2882 Secondary valve ARFA2
A3PB Primary valve AREA3 "
A35B Secondary valve AREA3
A4PR2 Primary valve AREA4 v
A4SR2 Secondary valve AREA4
) BBVP Damping coeff. -
' BVP Damping & Inertial coeff.
COL Combined orifice coef,
DT(COEFVP) Metering orifice coef. CIS/(PSI)llz/IN
DT {COEFVS) Metering orifice coef,. '
N COEP Primary combined orifice coef. PSI/(CIS)?
( COES Secondary combined orifice coef. "
. DELT02 DELT 2.0
DINP Spool inertia coef
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DORFCP
DORFCS

I

IA

IL

IN

IPASS
L(ISYS)

DT (LEAK)
DT(LOSS)
DT (LLSWACT)
N

NDISVP
NDISVS

DT (NRETRY')
NS

DT (NSUPRP)
OoLP

OLS

PBST
PDELTA
PXP

PXS

PSPL

Qs

Spool damping orifice coef
Spool damping orifice coef
Do loop counter

Actuator line address

Line address

Cuunection number
Calculation counter

Active system indicator
Leakage coeff when valves are closed
Orifice coef of inlet holes
Combined coef oc metering orifice and hose coef
Connection counter

Integer position indicator
Integer position indicator
Return reference pressure
System indlcator

Supply refercnce pressure
Primary valve overlap
Secondary valve overlap
Bootstrap reference pressure
Steady state pressure drop
Predicted value of XP
Predicted value of XS

Pressure cxerted by spool forces on bootstrap
volume

Tlow through valve
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SQBVP
SSPP

DT (VELP)
VELPO
DT (VELS)
VELSO
DT (XP)
DT (XPP)
DT (XS)
DT (XSP)
ZA

Z5PP

BUP?
Spring slope or rate
Primary spool velocity
Previous value of DT(VELP)
Secondary spool velocity
Previous value DT(VELS)
Primary valve position
Previous value of XP
Secondary value position
Previous value of XB

Temporary impedance

Spring load at zero position
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IN/SEC

IN/SEC -

IN/SEC
IN/SEC
N
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6.105.7 Subroutine Listing

SUBROUTIWNE ACT10% (D,DT,DBD,L)

kX k4 *REVISED NOVLMBER 1975 #***x
SHUTTLE SSME TVC ACTUATOR MODEL

OnNnMmao

DOUBLE PRECISION DD

COMMON NTELPL,NTOLPL, IPT,IPOINT,NPTS, INEL, KNEL,NTOPL,NLPLT(61, 3),
1 PQLEG(90,12),LCS(90,10),ILEG(1400),PN(90),0N(90)
COMMON/SUB/PARM(150,9), Pri( 1500) ,01(1500),P(300),Q(300),C(300)
1,2(300),RHO(20),S520RHO( 20),VISC(20),BULK(20), TEMP(20) ,BVAP(20)
2,ATPRES, T, DELT, TFINAL, PLTDEL, PI, TITLE(20), LEGN, ICON
3, KTEMP(99), LSETART(150) ,MLPT(150),LTYPEL(99),NC(99),INX,INZ
4,INV, ISTEP,NLINE,NLL, IND, TENTR, NLTNE , MNEL, MNLEG, MNNODE , MNPLOT
5, MNLPTS, MDS
REAL KA, KTM,KQS3,KDEL,KDPEF, KL, KQLOSS
INTEGER AR,BE,VC,Pl,XPs,

TXPS, PS, XYQS, 0S, XQ1,
XYXPSD,XPSD,XPSI,Q1,02, PP, PP2,XYTE, Tk, DELEDI,

XYDLED, VXL, RFXL, XL, XSD, PL, VPT, XF3,

VOL1,VOL2,VXLP, XFBP, P1P

, TP, TPN,DPFB, DPFBP, FIRLETA, XLP, X101, X102, VCS, VCN, VCL
,CRA,CSA,CRV,CSV

,XP, XPP, VELP, XS, X8P, VI LS, COLFVP, COLFVS
DIMENSION D(16),DT(100),0D(1),L(10)

[oaBE S 2RIS N NV i) N}

C
C **% D ARRAY VARIABLLS
C

DATA KCHAN/L/,KB/2/,KQPS/3/,AR/4/,KS/5/,1L/6/,BE/7/,K¥FB/8/,

2 VOL1/9/,VOL2/10/ ,XXPS/11/,MA0/12/,MAL/13/,MA2/14/
C
C *** DT ARRAY VARIBLES
C
DATA VC/1/,KAERO/4/,KALROBR/S/,
Pl/6/,XPS/7/,TXP5/8/,P5/9/,%XYQS/ 0/,08/11/,
XQI/12/,NQLOSS/14/,NQ3/15/ ,N0PS 16/ ,NCAV/17/,
IBETA/18/,XYXP5D/19/,%¥PS0/20/,XP51/21/,QY/22/,
Q2/23/,0p1/24/,vP2/2%/, XY E/26/,1E/27/, DELEDTI/ 28/, .
XYDLED/29/,VXL/30/ ,REXL/31/,%XL/32/,%80/33/, I
PL/3S/,VPI/36/,XF3/38/,KINT/39/ ,KFLOW/ 42/ ,VXI.BD/45/ ,XFBP/46/, '
P1P/47/,TPN/4AR/,DPFB/49/,DPF3P/50/,FIBLTA/B]Y/,
XLP/52/,X101/53/,%X102/54/,KCO/5%/ ,VCS/58/,VCN/59/,VCL/60/,
Xp/6l1/,%XPP/62/,VELP/63/,X5/64/,X5P/%5/,VELS/66/,
COEFVR/67/,COEFVS/68/,1L.055/69/, LEAK/ 70/ , LSWACT/ 71/,
NSUPRP/72/ ,NRLETRP/73/,15Y5/8/
,CSA/74/,CSV/15%/ ,CRA/T6/,CRV/ 7T/, T/ 78/

OY U e 0 B B OV U B ) B

c
C *** INITIALIZE CONSTANTS COMAON TO ALL ACTUATORS *k% -
DATA VLVOL/.0006/,XDEL/.2/,KDPF/,00062/,%t/59.4/, ' B
1 DORFCP/.S5/,DORFCS/.5/,0LP/.0D05/,0LS5/.005/,25PP/15./,55PP/50./, h
2 AIPSY/.33B/,A2082/.274/ . A3PB/ 263/ ,A4PR2/.327/,
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6.105.7 (Continued

3 AYSS1/.338/,AR2552/.230/,A388/.263/,A45R2/.382/,
4 XA/11./,KTM/.04/,EYEL/50./,K05/3.743/,
5 APS/.393/,XPSL/.05/,KQL0OSS/.0237/,25/6.5/,%R/6.5/
I¥ (IENTR) 1900,2000,3000
1000 IF (INEL.NE.O) GO TO 1500

INITIALIZATION

N e N e

DO 1001 I1=1,100
1001 Dr(I)=0.0

c CORRECT INPUY DATA FOR FLUID TEMPERATURE
I=KTEMP(1IND)
DT{NQS)=S20RHO(I)/50RT(2./7.82L-5)
DT (NQPS)=D(KQPS)*DT{NQS) *SQRT( 2.)
DT {NQULOSS)=KQLOSS*DT(NQS)
DT({NQS)=KQS*DT(NQS5)
DT(I3ETA)=BULK(I)
DE(FIBETA)=DT{ISETA)*D(AR)*D(AR)/D(KS)
CALL TUSTIN(1l,1,,DT{KINT),DELT)
CALL TUSTIN(Z2,.N05,DT(KFLOW),DELT)
CALL TUSTIN(2,.01872,DT(KCOM),DELT)

C SET UP SWITCHING VALVE CONSTANTS
DINP=.75/(12%32.2*DLLT)
DELTO2=DELT/2.0
BBVP=(DORFCP/A3PB) **2
BUP=BBVP*(,1+DINP)/2.0
SQBVP=RVP**2
BBVS=(DORFCS/A3SB) **2
BVS=BBVS*(,1+DINP) /2.0
SNBVS=BVS**2
DT(COEFVP)=2.0%,63*320RHO(1)
DT(COEFVS)=2,0%,65%5320RHO( 1)
DT(LKLAK)=1000000.

L{ISYS)=1
IF(INV) 1220,1250,1200
1200 IP(L(9).EO.INV) GO TO 1250
IF{L(10).EQ.INV) GO TO 1239
L(ISYS)=3
GO TO 1250
1220 IF{L{9).NE.-INV) GO TO 1250
1230 L(IsYS)=2
1250 CONTINUE
DT({LOSS)=RUJ(1)*6.06
DT({LSWACT)=1,.0/(DT(COEFVS)*,2)**2+DT(LOS5)
IF(L(ISYS).GT.2) GO TO 1260
DT{LSWACT)=DT(LSWACT}+1.0/(DT(COLFVP)* 2}**2+DT(LOSS)
1260 CONTINUE
RETURN
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6.105,7 (Continued)

C
¢ memee—ae- STEADY STATE SECTION
C
1500 CONTINUE
QLOSS = (1.0/(DT(NQLOSS)*D(KCHAN)))**2
COES=DT( LEAK)
IF{(KNEL+1)/2.NE.L(ISYS)) GO TO 1600
DT(QS)=PQLEG(INEL, 1) *POLEG(INEL, 2)
COES=0.0
1600 QSA=PQLEG(INEL,1)
PDELTA=PQLEG( INEL, 2) *QSA* (QSA* DT ( LSWACT) +COES)
DELP=PQLEG( INEL, 2) *QSA**2*QLOSS
P5A=PQLEG( INEL,11)=-PDELTA
PRA=PSA~DELP
PQLEG(INEL,11)=PRA-PDELTA
POLEG(INEL, 6)=PQLEG{INEL, 6)+COES*2.0
POLEG(INEL,8)=PQLEG(1NEL,8)+2,0%DT(LSWACT)+QLOSS
IF(COES.NE.0.0) GO TO 1700
DT(PP1)=PSA
DT(PP2)=PRA
1700 RETURN

. mmemme—- = VARIABLE INITIALIZATION

2000 CONTINUE
DT (NSUPRP)=DT(PP1)
DT(NRETRP)=D1(PP2)
DT(CSA)=DT(PPL)+DT(QS)*ZS
PDT(CSV)=DT(PPL)-DT(QS)*2S
DT(CRA)=DT(PP2)-DT(QS)*2ZR
DT(CRV)=DT(PP2)+DT(QS)*ZR
DT(XFB)=DT(VC)*KA*KTi/D(KF3)
DT(XFBP)=DT({XFB)
TAERO = DT(KALRO)+DT(KAEROP)*DT(XF8)
DT(RFXL) = D(#MAOQ)+D(rlAl) *DT( XFB)+D(MA2) *DT( XFR) **2
DT(XL) = DT(XFB)-(TAERO/DT(RI'XL))/D(KS)
DT(XLP)=DT(XL)
F1 = TAERO/DT(RFXL)/D(AR)
DT({PS) = DT(PPLl)=DT(PP2)
DELP = (DT(PP1)+DT(PP2))}/2
DT(PPl) = DELP+F1/2
DT(PP2) = DELP-"1/2
DT(PL) = Fl
DT(XIQLl)=(D(VOL1)+DT(XFB)*D(AR))/(1.-DT(PP1l)/DT(IRETA))
 DT(XIN2)=(D(VOL2)-DT(XFB)*D(AR))/(1.-DT(PP2)/DT(IBETA))
DT{VCL)=DT(VC)
DT (VCS)=DT(VC)
DT{NPFB)=DT(PL) *KDEL*KDPF/KL
DT{XP)=0.2

, DT(XS)=0,2
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6.105.

OGO o000

[sReNe!

000N

2010

2020
2040

3000

7 (Continued)

IF(L(ISYS)-2) 2040,2020,2010

DT(XS)==.2
GO TO 2040
DT(XP)=~,2

DT( XPP)=DT( XP)
DT{XSP)=DT(XS)
DT(QS)=0.0
RETURN
CONTINUE

**xx% TRANSIENT CALCULATIONS ***x
**%%%x INTIALIZE VARIABLES **¥%%
RFXLS=DT({RFXL)
DT{RFXL) = D(uA0)+D(MAL)*DT(XL)+D(MAZ2) *DT(XL)**2
RFXLP=2,*DT(RFXL)~RFXLS
TAERO=DT({KAERO)}+DT(KALROP) *DT( XFBP)
SECONDARY ACTUATOR

————— SERVO AWPLIFIER

T(VCN)= T(VvC)
T{VCL)=DYNAM({DT(VCS),DT(VCL),DT{KCOM))
T(VCS)=DT{VCN)

bYL DT(VCL) *KA
IF(ABS(EYE) ., GT,EYEL) EYE=SIGN(EYLEL,LEYE)

_____ TORQUE MOTOR

TXPSS=DT{TXPS)

DT(TXPS) = DT(XPS)*KXPS
TXPSP=2,*DT({TXP5)}-TKPSS

T™™ = EYE*KTrl

EPST=TM~DT( XFBP)*D(KFB)-TXPSP-DT(TP)

SPST = ,03042*EPST

IF{ABS(EPST).GT.0.02) EPST=SIGN(0,02,EPST)
DELP=DT(PS)-SIGN(1l.0,EPST)*DT(P1P)
IF(DELP.LT.0.0) DELP=0.0

DT(QS) = EPST*DT(NQS)*SQRABS(DELP)

—————— - H&AIN CONTOL VALVE POSITION

DT(XQI) = DYNAMW(DT(XYQS),DT(XQT),DT(KFLOW))
DT(XPSD} = DT(XQIL)/APS

DT(XPS) = DYNAI{DT(XYXPSD),DT(XP3),DT(KINT))
CALL XLIAIT(DT(XPS),DT{XPSD),Tw,-XPSL,XPSL)
IF(TM.EQ.0.0) GO TO 60

DT(QS)=0.0

DT(XQI)=0.0
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6.105.7 (Continued) %

60

e Xe kL]

130

OO0

140

150

160

Qo

170

OO0

180

130

CONTINUE

DT( XYXPSD)=DT(XPSN)

DT( XYQS)=DT(QS)

QLOSS = (ABS(DT(XQI))+DT(NQLOSS)*SQRABS(DT(PS)))*D(KCHAN)

015=DT{Q1) |
N28=DT{02) “
NXV=DT(XPS)/YLVOL ‘
IF(NXV) 130,170,180

XPS LESS THAN 0

XPSS=((DT(XPS)+VLVOL)*DT(NOPS))**2
SGN=DT(CRA)-DT{PP1)+QL055*ZR
FN2=XB55*ZR

ICALC=1

CALCULATE MAIN CONTROL VALVL FLOYS
FLOW=(

2CALC
GO TV

SQRT(FN2**2+4.1*XPSS*ABS(SGN))-FN2)/2.0
= ICALC
(150,160,100,200),ICALC
DT(Ql)=SIGN(FLOW,SGN)

QRA = DT(D1)=CLOSS
FN2=XP55*25
SGN=DT(CSA)-DT(PPZ)-OLOSS*?S
ICALC=2

GO TO 140
DT(Q2)=SIGN(FLOW,SGN)

QSA = DT{O2)+QLOSS

30 TO 220

Xps = 0

DT({Q11=0.
FLOW=0Q.0

QSA = QLOSS
nT(Q2)=0.
ORA = -QLOSS
ICALC=5

GO TO 220

XPS GREATER THAN 0

XPSS={ { T Xes)-VLVOL) *DT(NOPS) y*x2
FN2=Z2S*¥P55
SGN=DT(CSA)'DT(PPl)-QLOSS*ZS
ICALC=3

GO TO 14n

DT(QI)=SIGN(FLOH,SGN)
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6.105.7 (Continued)

NSA = DT(J1)+NLOSS
FN2=ZR*XPSS
SGN=DT(CRA)-DT(PP2)+QLOSS*ZR
ICALC=4
GO TC 140

200 DT(Q2)=SIGN(FLOW,SGN)
QRA = DT(Q2)-QLOSS

)

220 PSA = DT(TSA)-2S*0SA
PRA =DT({CRA)-ZR*NRA
VAP=PVAP(XTEWP(IND))
IF(PRA.GT.VAP.AND,DT(NCAV).,LE,0,0) GO TO 279
GO TO (230,230,240,240,250),ICALC
230 FLOW=SQRABS ( XPSS* (VAP-DT{PEP1)))
NT(Q1l)=FLOW
GO TO 250
240 FLOW=SORABS (XPSS* (VAP-DT(PP2)))
DT(02)=FLOW
; 250 ORA=({DT(CTRA)~VAP)/ZR
g PRA=VAP
: DT{NCAV)=DT({NCAV)+FLOW=-QLOS55-QRA
270 CONTINUL
| DT(PS) = PSA-PRA

O G

~——-= ACTUATOR CHAMBER PRESSURE'S
' PFLOW=3T(VXLP)*D(AR)

PRIS=DT(XLP)*D(AR)

DT{XIN1)=DT(XIV1)+.5*DELT*(DT(Q1l)+21S8)
: DT(XIN2)=DT(A1Q2)+.5*DELT*(DT(Q2)+228)
i FOLl=DT(FIBLTA)/DT{XI71)
FOR2=DT(FI3LTA)/DL(XIN2)
BETAL=DT(I3LETAI*(1.4FQ2)/(1.4FQL+FQ2)
BETA2=DT(IB3LETA)*(1,+4FQLl)/(1.+FQ1+FQ2)
PP11=BETAI*(1.-(PDIS+D{VOL1))/DT(XIQLl))
PP22=RLETA2*(1,+(PDIS-D(VOL2))/D0{XIQ2))
PP21=PPl1*IQ2/(1.4FQ2)
PP12=PP22*IFQL1/(1.+FQ1)
DT(PPL1)=PPl11+PP12
DT(PP2Y=PP22+PP21
IF(DT(PPL).LT.VAP) DT(PPl)=VAP
IF{(DT(PP2).LT.VAP) DT(PP2)=VAP
PLS=DT(PL)
DT(PL) = DT(PP1)-DT(PP2)
DLLT = DT(PL)
IF(AB5(DLLT).GT,.2000,)DLLT=8SIGN(2000,,DLLT)
| . DT(TP) = DLLT*WKCLL*KDPF-KL*DT(DPF3P)
: TPNS =DT{TPN)
DIT(TPN) = SQRABS{DT(TP))
DPEF35-DT(DPFB)
DT(OPPB) =DT(DPF3) + ,5*DELT*(DT(TPN)+TPNS)
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3010

3020

3629

(Continued)
DT(DPFBP) = 2,.*DT(DPFB)-DPFBS
————— LOAD DYNAMICS

FL=DT!{PL)*D(AR)
TR = FL*RFXLP
DT (XSD)=FL/D(KS)
FDRIVE=TR~TAERO
CALL CFRIC2(FDRIVE,FF,DT(VXLP),DT(VXL),DT(TE),DT({XYTF),
1 DT(DELEDI),DELS,201000.,1.263,1.)
DT (TE)=FDRIVE+FF~DT(VXLP)*D(BE)/RFXLE
DELS=DT(DELEDI)
DT(DELEDI) = DYNAM(DT(XYTE),DT(DELEDI),DT(KINT))
VXLS=DT(VXL)
DT (VXL) = DT(DELEDI)*RFXLP/D(1E)
DT(VXLP)=2,*DT(VXL)~-VXLS
DT (XYTE) = DT(TE)
ALE=DT( XL)
DT(XL) = DYNAA(DT(XYDLED),DT(XL),DT(KINT))
DT(XLP)=2,*DT(XL)=-XLS
DT(XYDLED) = DT(VXL)
XFBS=DT( XFB3)
DT(XFB) = DT({XL)+DT({XSD)
DT(XFBP)=2.*DT( XF3)~XFBS
DELP=DT(PP1)-DT(PP2)
P1S=DT(P1)
DT(P1)=DT(XPS}*D(KB)*(DT(PS)=-SIGN(DELP,DT(XPS)))/APS/D(XCHAN)
DT(PL1P)=2.*DT{P1l)~P13

SWITCHING VALVE CALCULATIONS

DO 30190 I=1,6

IL=L{1)

Q(IL}=0.0

P(IL)=C(IL)

Qsv=0.0

QRV=0.0

PSV=DT({CSV)

PRV=DT{CRV)

Ns=1
PXP=DT(XP)*2,0-DT({XPP)
PXS=DT(XS)*2,0-DT(XSP)
NDISVP=PXP/OLP
NDISVS=PXS/OLS

IF(NDISVS) 3020,3040,3029
COE=( ( PXS+0LS) *DT(COLFVS) ) **2
COE=COE/ (COE*DT(LOSS)+1.0)
NS=3

GO TO 3036

IF(NDISVP) 3030,3045,3035
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6.105.7 (Continued)
&

3030 NS=2

3035 COEP=1.0/( (PXP~-SIGN(OLP,PXP))*DT(COEFVP))**2+DT(LOSS)
COES5=1.0/( (PXS-OLS) *DT(COEFVS) ) **24DT(LOSS)
COE=1.0/(COEP+COES)

3036 LS=NS*2
LR=L(LS)
LS=L(LS~-1)

o SUPPLY CALCULATION
ZA=(Z(LS)+2ZS)*COE/2,0
QSV= -ZA+30QRT(ZA**2+ABS{C(LS)-DT(CSV})*COE)
QSV= SIGN(QSV,C(LS)-DT(CSV))
PSV=DT(CSV)+2S*QSV
Q(LS)=QSV
P(LS)=C(LS)-QSV*Z(LS)
DT{NSUPRP)=C(LS)-QRV* (Z(LS)=-ABS(QRV)*COLP)
c RETURN CALCULATION

Z2A=(2(LR)+ZR)*COE/2.0
QRV= —ZA+SQRT(ZA**2+ABS(C(LR)-DT({CRV) )*COE)
QRV= SIGN(QRV,C(LR)-DT(CRV))
PRV=DT(CRV) +ZR*QRV
Q{LR)=QRV
P(LR)=C{LR)-QRV*Z(LR)
DT(WRETRP)=C(LR)-QRV*(Z(LR)=-ABS (QRV) *COEP)

3040 N=1
IF(NDISVP) 3043,3100,3044

3043 N=N+2

3044 DT(NSUPRP)=P(L(N))
DT(NRETRP)=P{L(N+1))
GO TO 3100

3045 DT(NSUPRP)=PSV
DT({NRETRP)=PRV

3100 CONTINUE
VELPO=DT(VELP)
PBST=P(L(1))
IF(PXP.LT.0.1) PBST=P(L(2))
PSPL=(2SPP -SSPP*PXP+P(L(3))*A2PS2+P(L(4))*A4PR2-P(L({1))*AlPs1)
PSPL=( PSPL~VELPO*DINP)/A3PB
DT (VELP)=-BVP+53QRT(53Q3VP+3BVP-ABS (PBST-PSPL))
DT(VELP)=SIGN(DT{VELP), PBST=-PSPL)
DT{XPP)=DT(XP)
DT ( XP)=DT(XP)+( VELPO+DT(VELP) ) *DELTO?2
CALL XLIMIT(DT(XP),DT{VELPF),PSPL,~.2,.2)
IF(PSPL,NE,0.0) DT{XPP)=DT(XP)

VELSO=DT(VELS)

PBST=DT(NSUPRP)

IF(PXS.LT.0.1) PBST=DT({NRETRP)

PSPL=( 2SPP-SSPP*PXS+P(L(5))*A2552+P(L(6))*A45R2 i
1 ~LT(NSUPRP)*A1551)

PSPL=(PSPL-VELSO*DINP)/A358




¢ 6.105.7 (Continued)

DT(VELS)=-BVS+SQRT(SOBVS+BBVS*ABS(PBST-PSPL))

DT(VELS)=SIGN(DT(VELS) ,PBST-P5PL)

DT(XSP)=DT(XS)

' DT(XS)=DT(XS)+(VELSO+DT(VELS))*DELTOZ

(F CALL XLIMIT(DT(XS),DT(VELS),PSPL,-.2,.2)
IF(PSPL.NE,0,0) DT{XSP)=DT(X3)

DT (CSA)=PSV+ZS*QSV

DT(CSV)=DPSA-ZS*DQSA

DT(CRA)=PRV+ZR*QRV

DT(CRV)=PRA-ZR*QRA

RETURN

END

e o gt e
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6.106 SUBROUTINE ACT106

Subroutine ACT106 is a model of the spaceshuttle body flap actuation
subsystem, a schematic of which is shown in Figure 6.106-1. The subsystem
basically consists of three hydraulic motors, a valve, a mechanical drive
unlt, and rotary surface actuators. The component has six hydraulic connec-
tions, two for each hydraulic system, attached to it. Each system powersa
motor. The output of the'motors is summed in the mechanical drive which in
turn drives the rotary surface actuators to position the body flap.

A single valve controls the flow to all three motors. The guidance and
control subroutine provides the input commands and hinge moments at each
sample time Interval of the guldance system, which is .04 seconds. The valve
way be commanded to open in the extend direction, open in the retracc
direction or close.

The body flap subsystem is essentially an open loop system with no
feedback between the body flap and the valve. The poesition of the body flap
is supplied to the command and control subroutine which commands the pousition

of the valve.

6.106-1
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6.106.1 MATH MODEL

The body flap model, Figure 6.106~1, receives input commands from the
guldance and control program. The command signal, DT(VC), commands the valve
to open in either the extend or retract direction, or to close.

The pressures and flows at the component comnections, Q(L1l), Q(L2),
P(L1) and P(L2) are then calculated. The pressure drop due to the load on
the motor is,

PMLR = (QR-VMTR*RMDIS)/pgpq 6.106-1
where

PMLR 1s the pressure drcp due to motor load,

QR is the flow through the valve,

VMIR 1is the velocity of the motor,

RMDIS 1is the displacemeant of the motor,

DKPQ 1is the motor leakage coefficient.

The total pressure dirop through the valve is,

PS-PMR = QR®/CK® 6.106-2
where

PS 1is the pressure drop between connections,

CK is the valve coefficient.

Combining Equations 6.106-1 and 6.106-2 and simplifying,

QR2/CK2 + QR/DKPQ = PS + (VMTR*RMDLS)/DKPQ

With QR known the loads on the body flap and the position of the body
flap are determined using the model in Figure 6.106-2.

6.106.2 Assumptions

The model of the mechanical drive was derived from the rudder/speedbrake

model. Values of panel inertia, stiffness and damping are approximations

based upon similar rudder/speedbrake value.

6.106~3




C A e Ty et v v o

¥

6.106.3 Computational Method

This subroutine uses Tustins method of integration and i1s arranged such
that each differential is evaluated using the latest value of the previous
integral in a series calculation, rather than the more usual parallel
integration methods where the integrals are effectively evaluated simultanecusly
using previous values to evaluate the derivatives.

Predicted values are used to improve the calculation, where the use of a
previous value would incur a significant errovr. The computation follows the
usual component model layout shown in Figure 6.1-1 on Page 6.1-2.

1000 SECT1ON

This section {8 used to initialize the integration constants used by the
subroutine. Subroutine Tustin is called to initialize each of the constants.
Subrcutine variables are zeroed.

1500 SECT1ON

This section 1s used to return values for the steady state calculation.
ln the steady state calceulation the motors are assumedto be stopped and the
valves are closed. The steady state flow for cach system is assumed to be
a leakage tlow through the valve.

2000 SECT1O0N

This section is used to initialize the subroutine variables to their
steady state values. If the body flap has an initial position other than
zero the variables used to calculate the bedy flap position are evaluated.

Constants used by the 3000 section are evaluated.

3000 SECTION

The 3000 scction models the transient responsc of the body flap and

follows the model in Figure 6.106-2. 1t 1s divided into four parts. Part

one models the valve, part two models the pressure and flow demands of the

6.106-4




hydraulic motors, part three models the load dynamics of the rotary actuators
and aerodynamic panel and part four models the gear efficiency.

In part one a command is received from the guldance and control program.
This command may be +1, ~1 or 0. The command is delayed .05 secounds
before being used by the subroutine. If within the .05 second delay the
comnand is changed the new command is used at the end of the delay. The
command, A(COM), has a lag with a time constant of ,0083 seconds. The lagged
command, A(XPSL), is multiplied by the power valve flow cocfficient. If
A(XPSL) 1s positive the flap up flow cocfficient, UKQP, is used. If A(XPSL)
1s negative the flap down flow coefficient DKQP, is used. If A(XPSL) is
zero the flow coefficient 1 assumed to have a leakage value of .00000001.
The resulting power valve flow cuefficient, CK, is used to calculate the flow
through the body f{lap.

Part two of the 3000 section uses the power valve flow coetficient,

CK, calculated in part one to calculate the pressure and flow demands of the
body flap motors. The calculations in part two are performed three times,
once for each hydraulic system comnected to the body flap., The flow through
the valve, QR, is calculated. This flow is cgual to the {low through the
body flap. With the {low known the pressures at the connections are
calculated. The flow, QR, is then used to calculate the velocity of the body
flap motor, A(VMIRHMA), (MA may equal 0, 1 or 2 depending on which system
;8 belng solved).

Part three sums the individual body flap motor velocities. The total
velocity is integrated to give Lhe total angular displacement of the power
drive unit, A(POSR). The angular displacement is then divided by the total
mechanism gear ratio to give the total angular displacement of the drive

mechanism. The torque caused by the load on the panel {s calculated

6,1 06-%




next. The torque'ia integrated twice to yield the position of the body {lap

aerodynamic panel under load.

Part four models the gear efficiency of the body flap drive mechanism.

6.106.4 APPROXIMATION

The values for the panel friction and damping were estimated since no
data was avallable. The inertia of the panel is based upon the rudder/speed-
brake panel inertia,

6.106.,5 LIMITATIONS

Little data was available for the body flap, therefore, when necessary,
rudder/speedbrake data was used. This, obviously, will produce scome error
in the body flap performance. However, the flow requirements and surfoce

rates do approximate those specified for the body flup.
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6.106.6 Variable Names

AEROQTI
BM

BP

BRK
A(COoM)
CK
DJMR
)INDY
DKHC
DKPQ
DKQP
DLAG
DMLK
EFFU
A(FARAMA)
A(YBP)
FDR .
FEP
FFR
FR1C
FRICP
A(FSTR)
GH
A(KINT)

A(LAG)

Description
Body flap acrodynamic load
Motor visious friction coefficient
Viscous damping of panel
Motor brake torque
Time delayed input command
Valve flow characteristic
Motor moment of inertia
lnertia of body flap panel
Rotary actuator spring constant
Motor leakage coefficient
Body flap down valve coefficient
Power valve and linkage respouse time
Valve leakage impedance
Gear efficiency
Net motor torque
Net torgue on panel
Gross developed motor torque
Friction force on body {lap panel
Friction force oun motor
Motor coluuwb friction
Punel columb triction
Body flap panel load
Power train gear rvatlo
Integration constant
Integration constant

6.,106-7

Dimensions

in-f

.015 in-1lb=-sec
40006. In-lb-sec
in~1b

deg

cis/ psi

.00636 in-1b-sec’
2579. in-lb-sec?
16.5L6 in-1b/rad
001 cis/psi
cls/ psi

.0083 sec

1.0E6 psi/cis

96 percent

in-1b

in-1b

in-1b

in~1b

in-1b

9.0 in-b

9.0 in-1b
in-1bL
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A(PMLRAMA)
A(POSR)
A(PSC+MA)
QR

RMD1S
A(RPOSR)
SPOSKFR
SPOSLR
SR

SKY

STR

5XPs

DT (TAERO)
TR

TSW

UKQP

DT (VC)
VLVOL

VM

A (UMTRAMA)
A (VRT)

ALXES)

Supply connection number

Reoturn connection number

System Indicator

Body flap motor load pressure

Total drive unlt rotation

System pressure loss across body flap
Flow through body flap

Motor volumetric displacement

Body flap position

Body flap deflection

Body flap hinge rotation

Ratic of motor static to columb frictiou
Ratio of panel stautic tu columb friction
Torque due to body flap deiflection
Sign of valve opening

Acrodynamic load from SDIV

Gear box reaction torxrque

Valve delay counter

Body flap up valve coefficient

Body flap position command

Power valve overlap

Motor fluid volume

Body flap motor veloaity

Sum of motor velocities

Valve position

6.106-8

psi
rad
psi

cis

.01432 in/rod

rad
rad

rad

in-1b
irn~1b
sec

cls/  psl

.043 in
2.77 4n>

rad/sec

rad/scc




6.106.7 Subroutine Listing

SUBROUTINE ACT106 (D,DT,DD,L)
C SHUTTLE BODY FLAP MODEL
c REVISED AUGUST 28, 1976
COMMON NTELPL,NTOLPL,IPL,IPCINT,NPTS, INKL, KNEL,NTOPL,NLPLT(61,3),
1 PQLEG(90,12),LCS(90,10),ILEG(1400),PN{90),QN(90)
COMMON/SUB/PARM(150,9),PM(1500),0M(1500),P(300),0(300),C(300)
1,2(300),RH0O(20),520RHO(20),VISC(20),BULK(20),TEMP(20),BVAP(20)
2,ATPRES,T,DELT, TFINAL, PLTDEL, PI,TITLE(20), LEGN,ICON
3,KTEMP(99),LSTART(150) ,NLPT(150),LTYPE(99) ,NC{99),INX,IN2Z
4,INV,ISTEP,NLINE,NEL, IND, TENTR, MNLINE, MNEL, MNLEG, MNNODE, MINPLOT
5, MNLPTS,MDS
DIMENSION D(1),DT(13),DD(1),L(1),A(70)
REAL MTORR
INTEGER XPS, POSR, RPOSR, RPOSRS,RPOSRP,RPIR,PSC,QRS, PHLR,
1 VMTR,VTR,TR,VRT,FSTR,RP1,VC,TAERO, VI'RP,VTRO, FAR, FARO
2 ,XPSS,XPSN,XPSL,vBPP,VRP,F3P,FBPO,VBPO,COM

c
C =mve——e A ARRAY VARIARLES =m—me—ae-
C
DATA XpPS/1/,vsC/2/,QRS/5/,PMLR/8/,VMTR/11/,TR/14/,VIR/17/
1 ,POSR/20/,RPOSR/21/,RPOSRS/22/,RPOSRP/23/,RPIR/ 24/ ,FAR/ 25/,
2 FARO/28/,VRT/30/,FSTR/32/,RP1/35/,KINT/37/,KSSGN/ 40/,
3 KRP1/41/,VIRB/44/,VTRO/47/,LAG/50/,XPSL/53/,XPSS/ 54/ ,XPSN/55/
4 ,VBPB/60/,VBP/61/,FBP/63/,FBPO/65/,VBPO/66/,COM/69/
C
C ~memmemeee DT ARRAY VARIABLES -==—m—=e=
C

DATA VC/1/,TAERO/4/
C =—==-- INITIALTIZATION OF CONSTANTS ---=--===w--
DATA DKPQ/.00Y1/,vM/2.77/,.,B/180000./,D3VP/2579./,
1 BP/40000./,DMLK/1.0E6/,DKVC/.G02/,DKPI/,.000138/,
2 DKA/15.0/,DKTi/0.045/,DKXP5/6.,22/,DAPS/0.193/,
3 VLVOL/.043/,RMDIZ/.01432/,88/.015/,DJMR/.00636/,
4 DKPR/.184/,0KHC/16.5k6/,0KB/.52/, I
5
6
7

GH/56640./,8FFR/ .82/, EFFG/.96/,FRIC/9.0/,
SR/2.0/,8F/1.0/,08/.006/,DIL/8.0/,DLAG/.Q083/
(FRICP/9,0/,5RP/2.0/,BFP/1.0/
C
IF (IENTR) 10600,2000,3000
1000 IF (INEL.,NE.O) GO TO 1500

———————e- INITIALIZATION ====c-=n-

OO0

DO 1001 I=1,70
1001 A(1)=0.0
DO 1002 I=1,11
1002 DT(1)=0.0
TDRHO=S 20RHO( KTEMP( IND) ) /SQRT( 2./7.82E=5) |
CALL TUSTIN (1,DUMAY,A{KINT),DELT)
CALL TUSTIN (2,DLAG,A(LAG),DELT)

6.106-9




6.106.7 (Continued)

CON3=DJP/BP
CALL TUSTIN({2,CON3,A(KRP1),DELT)
RETURN

1500 CONTINUE
MA={ (KNEL+1)/2)-1
QA=POLEG(INLL,1)

NS=PQLEG(INEL, 2)
PQLEG(INEL,5)=POLEG(INEL, 6)+DMLK
POLEG(INEL,11)=PQLEG(INEL,11)=-QA*QS*DiLK
A{PSC+MA)=QA*QS*DMLK

A(NRS+1A)=DA*QS

RETURN

2000 CONTINUE
UKOP={ .65*320RHO(KTLEUP({ IND) ) *PL{/4.0)**2
DKQP=UKQP*,112%*4
UKQP=UKQP*,063*%4
UKQP=UKQP*DKQP/ ( UKOJP+DKOQP)
DELT2=DELT/2.0
A{RPOSR)=DT(2)/57.3
A( RPOSRP)=A( RPOSR)
A{POSR)=A(RPIOSI)+(DI(2)*NDT(TAKRO+1)+DT({ FAERC) ) /DKAC
A{ POSR)=A({ POSR) *Gll
A{COH)=DT(VC)

RETURN

3000 CONTINUE
IF(DT(VC) NE.A(CCI))IGO TO 3050
TEW=.050
GO TN 3079

3050 TSW=TSW-DELT
IF{PSW.LE.0.0)A(CON)=D1'(VC)

3070 CONTINUL
AEROT1=DT{TAERC)+DT(TAERO+1)*A(RPOSR)*57.3
XPOS=A( RPDSRY*57,3
CALL XLIMIT(XPOS,A(COii),A(KSS5GN),~11.7,22.5)
A(XPS)Y=A(COM)

DT(8)=A( XPS)
A{XPSN)=A( XPS3)
A(XPSL)=DYNAM(A({XDPSS),A{XPSL) ,A(LAG))
A({XPSS)=A( XPSN)
DT({6)=A(XP5L)
SYPS=SIGN(1.0,A(XPSL))
NXV=A(XPSL)/VLVOL
IF(NXV) 3100,3110,3120

-------- XPS LESS TUAN ZLRQ ~—~-———m

3100 XVLV=A{XPSL)+VLVOL
CK=DKQP*ABS( XVLV)
GO TO 31130
————————— XPS LESS THAN VALVL OVLRLAP --=-----
3110 XVLV=0.0

5.,106-10
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6.106.7 (Continued)

CK=,00000001
GO 'T0O 3130
C === XPS GRLATER THAN ZhRO —=——mwe——e
3120 XVLV=A{XP5L)~VLVOL
CX="KQP*XVLV
3130 OI(7)=XVLV
C e PRESSURLE DROP BLTWEEN COMNECTIONS —m—=—w-—=--
C THE VARIARLES InN 'Tillh & ARRAY WILL BE USED IN SETS OF THREE
c
C

SING OWil POSIVION FOR LACH SYSTEM, THE POSITION WILL RBhE
DETLRAINED BY THL CONSTANT oA,
B31=CK/DKPQ

PO 33100 I=1,3

mA=1-1

L1=L(2*I-1)

L2=L(2*1)

PS=A( PSC+ilA)

OVR=A{ VIITR+4A) *RiiD1S
Cl={PS+QVR*3XP3/DKPQ) *CK
OR=(-B1+SORT(BI**2+4.0*C1))/(2.0)
AR=3IGN{IR,C1)
A(PSC+IAY=C(LIY-0R*Z(L1)~C(L2)~-QR*Z(L2)
M L1)=0R

D(L2)=-0R

PILLY=C(L1)-O(L1}*2(L1)
P(L2)=C(L2)=0(L2)*2(L?2)

A{ PALRHAA) = DR¥*SKPS-A( VHTR+#AA) *RaDIS ) /DKPY
[ ATORR=A( PO LR+1A) *RADTS

——— — e ———

C
C —em—memme HOTOR FRICTION AND DAAPING LFFPECTS —=-==—=--

' FOR=ITORR=A( TR+:A)
BRK=0,0
IV(PILI).,LT.2220.)3RK=(2220.,~P(L1))/2220,%73.8
CALL CPRIC({FDR,FR,A(VIRP+IAY ,A(VTR+MA) A FAR+MA) ,A( FARO+1A)
1,FRICH+3 KK, SR, 3F)
AFARDTMA) =N FARHIIA)
AFARHAN)=FDR=A(VIRPFAA) * (BI/DJAR)+FFR
A(VIEROFAR) =N VIR+AN)
A{VERHAA) =A (VIRO+A) +DELT 2% { A{ PARHAA) +A ( FARO+A) )
A(VIRPHIA) =2, 0% A(VTRHIA) ~A( VT RO+MA)
A(VIPR+AMY=A (VT RAUAY /TWIAR

3300 CONTINUE

C
C ~=—- LOAD LIYNAXNTCH
C

A{VRT)=A(VRT+1) 1
ACVRTHUY=A(VITRYAACVATRE 1Y +HA{VHTRE2Z)
A{POSRY=DYNAIL(A(VRT) ,A(POSRY ,A(KINTY))
SPUSTR=A(POLRY) /GH

Hh.106-11
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6.106.7

C
C
C

(Continued)

SPOSFR=SPOSIR~-A( RPOSRP)

3TR=SPOSFR* DKHC

A{FSTR)=STR-AEROT1

CALL CFRIC{A(FSTR),FFP,A(VBPP),A(VBP),A(FBP+1),A(FBPQ)
1,FRICP,SRP, BFP)

A(FBPO)=A(FBP+1)

A(FB3P+1)=A(FSTR)~A(VBPP)*(BP/DJP)+FFP

A(VBPO)=A(VBP)

A(VBP)=DYNAU(A(FBP),A(VBP),A(KINT))
A(VBPP)=2.0*A(VBP)-A(VBPO)

A(RP1)=A(RPl+1)

A(RP1+1)=A(VBP)/BP

A{ RPOSRS)=A( RPOSR)
A(RPOSR)=DYNAH(A{RP1),A{RPOSR) ,A(KINT))
A(RPOSRP)=2,0%A(RPOSR)~A( RPOSRS)

WRITE(6,4700)A(VRT) ,A(VRT+1),A(POSR),A(VBP),STR,AEROT1,A(FSTR),
1 A(FBP+1),A(RP1+1),A{RPOSR)

4700 FORAAT(2X,1H3,2X,10E12.5)

3410
3440

—————————— GEAR EFFICIENCY CALCULATION —-==mm=—==—an
—————————— HINGE GEAR EFFICIENCY =mmmeme—mwe—en————

TRP=STR/GH

no 3440 1=1,3

NA=I=1

IF(STR*A(RPl),GE.0.0) GO TO 3410
TRPH=TRP/EFFH

GO TO 3440

TRPU=TRP*EFFH

A{ TR+NA)=TRPH
DT(2)=A(RPOSR)*57,3
DT(9)=A(VRT+1}*60./(2.%3.,14159)
DT(10)=A(POSR)*57.3
DI(11)=A(RP1+1)

RETURN

END
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6.107 SUBROUTINE ACT107

e
ot B o

Subroutine ACT107 models the shuttle rudder/speedbrake actuation subsys-

tem, the layout of which is shown in Figure 6.107-1. The subsystem consists

B P S

of six hydraulic motors, two power valves and twe 4-channel servo actuators.

C e aas

Each system powers two motors, one for the rudder and one for the speedbrake.

The servo actuators which control the power valves are powered by a single
system. All three hydraulic systems power the motors and a switching valve "
> selects one of the three systems to supply the serve actuator. A single
power valve controls all three rudder motors and a single power valve controls
all three speedbrake motors. The input command and hinge moments are supplied
by a guidance and control program which up.iuates the values at each sample time
iutexrval of the guidance system which is .04 seconds.
6.107.1 Math Model
The ACT107 rudder/speedbrake model is shown in Figure 6.107-2. The
figure shows one of the four rudder servovalves, the rudder vower valve and
the rudder motor. The models of the speedbrake are ldentical to those of the
rudder except for constants which describe the physical characteristies of the
’ rudder and speadbrake. TFigure 6.107-2 also shows the rotary actuator and aerc-
dynamic surface model which is common to both the rudder and speedbrake.
The following portions of the rudder/speedbrake description which
specify the rudder apply equally well to the speedbrake.
The rudder receives input -ommands from the command and guidance program.
The input command, VO, and the rudder position [eedback, VFP, are summed to
yield an error signal which drives the first stage flapper valve of a two
stage servovalve.
The ACT107 model uses the error signal to calculate the pressure and flow

demands of the rudder/speedbrake. The rudder/specdbrake may be represented

6.107-1
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by six parallel orifices with a common zupply and return, Figure 6.107--7%.
Two of the orifices represent the servovalves first stage flapper valves.
Two of the orifices represent the servovalves second stage valve and the
wod piston. The third set of orifices represent the power valves und rudder/
speedbrake motors.
The total flow through the system is equal to the sum of the flows
through each orifice.
Qp = Qp + Q + Q3+ Q4 + Q5 + Qg 6.107.1
where, Qp is the total flow through the rudder/speedbrake
Ql'to Q¢ are the flows through each orifice
"The flow through each orifice is

1/2 PLN,1/2

- N=1,6 6.107.2

QN = CN ' (1 -

where Qy 1s the flow through each orifice,
CN 1is the orifice flow coefficient,
PS 1is the pressure drop across the component connections,
PLy 1s the load pressure on each orifice.

1/2 PLY,1/2
5

Combining 6.107.1 and 6.107.2 Q = PS LCN (1 - P 6.107.2a

Cny must be determined for each orifice.

For the two orifices which represent the rudder and speedbrake flapper
valve Cy is simply the first stage leakage coefficient, NQLOSS.

The orifice flow coefficient for the rudder and speedbrake seccond stape
valve varies depending upon the error signal to the flapper valve. The error
signal produces a torque in the flapper valve torque motor which 1is summed
with the sccondary wire feedback torque and the pressure compensated feedback

torque to yield a {lapper valve error tor-ue,

6.107-4
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where, EPST isg

TC is
TXPS 1is
TP1 1is

EPST = TC - TXPS - TPl
the flapper valve error torque,
the torque motor iaput torque,
the wire feedback torque,

the pressu.-e compensated fecdback torque.

The orifice coefficient is then calculated from

where, K2 is

DKQS 1is

— e

K2 = EPST * DKQs
the orifice flow coefficient for the rudder,

the secondary valve flow gain.

The orifice coefficient for the power valve depends upon the displacement

of the power valve. The power valve displacement 1s equal to the displacement

; of the mod piston which is,

\ Where, FLOW is

i XQI is
PI1P 1is
XQS 1is
: DAPS is

XPS is

FLOW = XQI /PS - Pip
XQS8 = FLOW/DAPS
XPS = XQS

the flow to the mod piston,

the secondary valve flow coefficient,
the mod piston load pressure,

the mod piston velocity,

the mod piston areca,

the displacement of the mod piston and power valve.

The flow coefficlent for the power valve is,

where, K5 is
VLVOL 1is
DKQP 1s

The power valve

K5 = (XPS -~ VLVOL) * DKQP
the power valve flow coefficieant,
the valve overlap,
the power valve flow gain.

and motor are modeled as shown in Figure 6.107-4,
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Figure 6.107-4
The pressure drop across the valve and motov, PS, is
!
PS = PV 4+ M
Where, PV 1s the pressure drop across the valve,
PM 1s the pressure drop across the wmotor,
PS in terms of the flows through the orifices is
2 Vo :
: ps = W04 QR - QUR 6.107.3

; K52 DKPQ
where, QR is the flow through the valve,
QVR is the flow displaced by the motor,

. hEpQ is the motor leekage cocfticient.



With the oritice flow cuvefficients, CN, calculated for each of the six

orifices a total flow coetfficient, €T, is calculated

Py, L2

CT = CN(1 - Tﬁfi) N = 1,6 6.107.4

For the flapper valve orlfices and the power valve and motor cquivalent
oritice, PLy Is equal to zero.
The pressure drop dcross the component is
PS = C1 - C2 - QpZ1 - QpZ2 6.107.5
where, Cl aad €2 are the characteristic line pressures, 21 and Z2 are the line

impedance:;, The pressure drop across the cemponent in terms ol G 1s:

2
PS = 8%2 6.107.6

Combining 6.107.5 and 6.107,0 and solving for QT,

- w2 )
‘ o2 e - 2 ¢ 2, 4(cTe(cl - ¢2))
o - cr2(z1 + 22) +\/((,1 (21 + 2207 + "Gyt
2

Q1 is compared to the QU calculated during the previous time step and if the
; difference is less than 001 C18 the program proceeds to the next section.
; If the difference between the old and new QT is greater than 001 CIS and
ITER is less than 25, PS is recalculated using equation 6.107.4 and CT and QT
are recalculated.

With Lhe pressure drop acruss the component calculated the flow through
the power valve, QR, may ve calculated. The pressure drop acruss the power
valve and motor is,

: QrRZ  OR - QUR
I woo.o [
PS = 7 ¥ 7

[ 6.107-8 ]



Solving for QR yields,

-K52 2 QVR '
_ BreQ V(DKPQ) *+ 4 K5%Gppq t PS)

QR

With QR known, the left and right rudder panel positions may be calculated
using the model in Figure 6.107-2.
6.107.2 Assumptions

The model is limited to simulating one channel of the secondary actuator
and it is assumed that the other channels are operative and will give identical
outputs in terms of available force at the power spool.

6.107.3 Computational Method

This program uses Tustin's method of integration and is arranged such
that each differential is evaluated using the latest value of the previous
integral in a series calculation, rather than the more usual parallel inte-
gration methods, where the integrals are effectively evaluated simultaneously
using previous values to evaluate the derivatives.

Predicted values are used to improve the calculation where the use
of a previous value would incur a significant error. The computation
follows the usual component subroutine layout shown in Figure 6.1-1 on
Page 6.1-2.

1000 SECTION

This section is used to initialize the integration constants used by the
subroutine. Subroutine Tustin is called to initialize each of the constants.

The system used to supply the servovalve is also selected using the ;
input constant INV which indicates which systems are active or shut dowm. i
1500 SECTION f

This section is used to return values for the steady state calculation

so that the system state conditions can be calculated. It is assumed that

6.107-9



the secondary actuators and the motors are at zero velocity. For the two
hydraulic systems used to power the motors only, the steady state flow con-
sists of leakage flow past the power valve. The leakage impedance is added
to the Q value in PQLEG(INEL,6), and the pressure drop A(PSC+MA) is subtracted
from the inlet pressure PQLEG(INEL,11). MA may have the value of O, 1 or 2
depending on whether the pressure for system 1, 2 or 3 is being calculated.

For the system which supplies the two 4-channel servovalves the only
steady state flow is that due to the first stage servovalve leakage. It is
assumed that the leakage through the second stage control valve and the power
valve are small compared to the servovalve leakage and can be ignored. The
first stage impedance (1.0/(DQLOSS)*8.0))**2.0 is added to the 02 value in
PQLEG(INEL,8), and the pressure drop (A(PSC+MA)) is subtracted from the inlet
pressure PQLEG(INEL,11).
2000 SECTION

This section is used to initialize the variables to their steady state
values. If the initial position is other than zero, variables used to calcu-
late the panel positions are evaluated. Other variables are set to zero. In
addition some of the constants used in the 3000 section are defined.
3000 SECTION

The 3000 section models the transient response of the rudder/speedbrake.
It is divided into four parts. Part one models the servovalve. Part two
models the pressure and flow demands of the hydraulic motors. Part three
models the load dynamics of the rotary actuators and aerodynamic panels. Part
four models the gear efficiency.

Before the servovalve calculations in part one are begun, a test is made
to determine which hydraulic system is to supply the servovalve via the

switching valve. The aerodynamic loads on the two rudder/speedbrake panels

6.107-10



are then calculated using hinge moments and hinge moment slopes provided by
the command and guidance program.

The servovalve calculations in part one are performed twice, once for the
rudder commands and once for the speedbrake commands. The commund and guidance
program supplies a rudder command, A(VC+N), which, when summed with the rudder
position feedback, A(VFP+N), commands the servovalve torque motor (N=0 for
rudder, N=1 for speedbrake). The command to the servovalve causes a displace-
ment of the mod piston which is connected to the power valve. The resulting
power valve displacemoent, A(XPS+N), 1s used to calculate a power valve flow
coefflclent A(KSHN).

Part two of the 3000 section uses the power valve flow coefficient along
with the flapper valve leakage coefficient, A(K14N), and the sccondary valve

flow coefficient, A(K3+N), also calculated in part one, to calculate the

pressure and flow demands of the rudder and speedbrake motors. The calcula-
tions in part two are performed three times, once for each hydraulic system
connected to the rudder/speedbrake. The culculation technique uses an itvera-
tive procedure to solve for the total flow from cach system, AQRS+MA). (MA
may be equal to 0, 1 or 2 depending on which system 1s being solved). With '

the flow known, the pressures at the connections are calculated. The
flow to the motors through rhe power valve, QR, is calculated next and is

used to calculate the velocity of the rudder motor, A(VMTRMA).

Part three sums the individual rudder motor velocities. The total

velocity {8 Integrated to give the total anpgular displacement of the power

drive unit. The angular displacements for the rudder and speedbrakc are then
summed to glve the angular displacement of the rotary actuators. 7The torque

caused by loads on the panels are calculated next. The torques acting on

6.107-11




both panels are integrated twice to yleld the position of the rudder/
speedbrake panels.
Part four models the effect of the grear efficieacy on the rudder/

speedbrake load reaction torque.

6.107.4 Approximations

The aerodynamic panel friction and damping were unavailable for use .

in the model, therefore, approximate values werc used and should be rcvised .

when actual values become available.

P

6.107.5 Limitations

None.
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6.107.6 Variable Names

Variable Description Dimensions

AEROT1 Azrodynamic load on R.H. panel in-1b

AEROT?2 Aerodynamic load on L.H. panel in-1b

BM Motor viscous friction coefficlent 0.015 in-1lb=-sec

BP Viscous damping, each rudder panel 1808. in-1b-sec

CER Combined Rudder QOrifice Coefficient c1S/VPST

CES Combined Speedbrake Orifice Cocfficient CIS/VYPST

CK Total flow characteristic CIS/VPST

CT Flow characteristic array cIS/V/PST

DAPS Mod piston area 0.1930  in?

DH Torque motor hystersis 0.006 in-1b

D1L Servo amplifier saturation limit 8.0 ma

DIJMR Motor moment of jnertia (rudder) 0.00635 in-1b-sec?

DIJMSB Motor moment of inertia (speedbrake)(0.00565 in—lb~sec2

DIP Inertia of each rudder panmel 1169 . in-1b-sec?

DKA Servo amplifier gain 15.0 ma/v

DK1B Bernoulld coefficient 0.52 in

DKHC Rotary actuator spring constant 7.0E6 in-1b/rad

A(DKP) Rudder position gain 0.184 v/deg

A(DKD1) Specdbrake position gain 0.0937 v/deg

DKPIL Nozzle pressure feedback gain 0.000138 in3

DKPQ Motor leakage coefficient 0.004 CI5/PSL
6.107-13



3
&
. DKQP Power spool flow gain 73.24 in3/(sec—lbl/z)
DKQS Secondary valve flow gain 0.3868 in3/(sec—lb3/2)
DKTM Torque motot galn 0.045 in-1b/ma
DKXPS Wire feecrack gain 6.22 in=1b/in
i DMLK : Power valve leakage coefficient " 1.0Eé PSI/CIS
DQLOSS First stage leakage coefficient 2.37E-2  CIS/PS1
| EFFG Efficiency of summer and mixer
gearing 96 percent
EFFH Efficlency of rotary actuators
(Hinge gear boxes) 82 percent
EPST Net error torque in-1b
EYE Torque moter input current ma
A(FBAN) Bernoulli force on power spool 1b
' FDR Net rudder motor torque in-1b
FDSB Net speedbrake motor torque in-1b
FFLP Friction force on left panel in-1b
FFR Friction force on rudder motor in-1b
¥, RP Friction force on right panel in-1b
FI'SB Friction force on speedbrake motor in-1Db
FI Dummy variable
FLOW ¥Flow to mod piston CTIs
A(FLP) Net torque on left panel in-1b
J FRIC Motor Coulomb friction 9.0 in-1b
FRICP Panel Coulomb friction TBD in-1b
A(FRP) Net torque on right panel in-1b
A(FSTL) L.H. panel load in-1b
A(FSTR) R.H. panel load in-1b
6.107-14
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GH
GMR
GMS

GS
ITER
A(KIHN)
A(K3+N)
A(K5+N)
L1

L2

A(PMLR+MA)

A(PMLSB+MA)

A(POSR)
A(POSSB)

A(PSC+MA)

A(PLHN)
A(QRS+MA)
A(QRVHMA)
A(QSBV+MA)
QVR

QVSB

RMD 18

A(RPOSL)
A(RPOSR)

SPOSTFL

Power hinge gear ratio 473.921:1

Mixer gear train ratio, rudder 1.47:1
Mixer gear train ratio, speedbrake 4.46:1
Summer gear train ratio 7:32:1
Lteration counter
Servovalve leakage characteristic
Secondary actuator load characteristic
Power valve flow characteristic
Supply connection number
Return connection number
Rudder wmotor load pressure
Speedbrake motor load pressure
Total rudder motor rotatiou
Total speedbrake motor rotation
System pressure loss across
rudder/speedbrake
Mod piston pressure
System flow through rudder/speedbrake
Flow through rudder power valve
Flow through speedbrake power valve
Flow through rudder motor
Flow through speedbrake motor
Motor volumetric displacement
(rudder) 0.08276
Left panel position
Right panel position

Left pancl deflection
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P51

Rad

Rad

Ps1
PSI
C1s A
CIs

CIS

in3/rad

Rad

Rad

Rad

A
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SBMD15

SPOSFR

SR

SRP

STR

SW1T

SYS
A(TAEROL)
A{TAEROR)
TC
A(TPLPHN)
TR
A(TXPS+N)
VA

DT (VCHN)
VLVOL

\t
A(VMTR+MA)
A(VMTSB+MA)
A(VRT+1)
A(VSBT+1)
X1L
A(XPSHN)

XVLV

Motor volumetric displacement

(speedbrake) 0.08276

Left panel deflection

Ratio of motor static to Coulomb
friction 2.0

Ratio of panel static to Coulomb
friction 2.0

Torque due to left panel deflectiom

Torque due to right panel deflection

Switching valve switchinyg pressure

System supplying servovalve

Left panel aerodynamic load

Right panel aerodynamic load

Torque mortor torque

Mod piston predicted pressure feedback

Rudder gearbox reaction torque

Wire feedback torque

Net position error

Rudder/speedbrake position command

Power valve overlap 0.0011

Motor fluid volume 2.77

Rudder motor velocity

Speedbrake motor velocity

Sum of rudder motor velocities

Sum of speedbrake motor yelocities

Power vilve displacement limit 0.065

Power valve displaccement

Ef fective power valve displacement
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Rad

in-1b
in-1b

PST

in-1b
in-1b
in~1b
in-1b
in-1b

in-1b

Deg
in.
in3
Rad/sec
Rad/s«c
Rad/sec
Rad/sec
in

in.

in.
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6.107.7 Subroutine Listing

SUBROUTINEL ACT107 (n,DT,DD,L)
C REVISED JANUARY 28,1976
COMiION NTELPL,NTOLPL, TPT, IPOINT,NPTS, INEL, KNEL, NTOPL,NLPLT(61,3),

1

PQLEG(90,12),LCS(90,10),ILEG(1400),PN(90),0N(90)

COMMON/SUB/PARM(150,9),P1(1500),Qe1(1500),P(300),0(300),C(300)

1
2
3
4
5

1
2
3
4
5
6

C

C -—

C
1
2
3
4
5
6
7
8
9
A
B

C

C -——

C

C

C ===

C
1
2
3
4
S
6
7

+2(300),RH0(20),520RH0(20),VI3C(20),BULK{20),TENP(20),PVAP(20)
sATPRLES, T, DELT, TFINAL, PLTDEL, PI, TITLE(20) , LLGN, ICON

fKTEHP{99),LSTART(150) ,NLPT(150),LTYPE(99),NC(929),INX,INZ
 INV,ISTEP, NLINk ,NEL, IND, ILNTR, MNLINL ,MNEL, MNLEG, ANNODL , ¥NPLOT
s MNLETS, siDS

DIAENSION D(1),Dr(13),0D{(1),L(1),A(170),CT(6),PL(6)
REAL MTORR, tiTORSH
INTEGER VFP,TX?5,XPs,TP1lP,XYNs,XQ1,X0,X0S,

Pl,¥FB,P1P,POSR, POSSERB, RPOSRKR, RPOSL, VRPP, VL PP,

PSC, QRS , PriLR, PHLS3, Vol I'R, Vi'DSB, VI'R, VI'st , 5YS, TR, I'58,

VR'T,VS8T, FSTR, PSTL,RP1,RE2,VC, TAEROR, TALROL,
VTRP,VTSBP,VTRO,VTSBO, FAR, FARO, FASB, 'ASBO, DKP, RV, LBV

, FRP,FLP,FRPO,FLPO, VRPO, VLPO, VRP,VLP, RPOSRP, RPOSLP, RPOSRS, RPOSLS
, COMS,COMN, COm L

-=== A ARRAY VARIABLLS ~-==—==~--

DATA VIER/1l/,¥Ps/5/,1r1e/7/,%X01/9/,
KynNs/11/,%XQ/15/,%1/17/,FrB3/19/,P1P/21/,0P5C/23/,
ORS/26/,PelLR/ 29/, PIILSB,/32/,VATR/ 35/, VuTsS3/38/,

TR/41/,T5B3/44/ ,VTR/47/,VTSB/50/,POSR/ 53/, PO53B/54/,

RPOSR/55/, RPOSL/56/,VRP/57/,VLE/58/,0RV/59/,058V/62/,X05/¢65/,
DRP/K9/,FAR/T1/,FARO/74/,¥A3R/77/,FASBO/80/ ,VRI/83/,VSBT/B5/,
FSTR/87/,F3TL/8B3/,VRPE/8Y/,VLPP/90/,RP1/9Y/,RP2/93/,KINT/95/,
RsSGN/98/,XrP1/99/,KPAL/102/, KUYST/105/,K1/115/,K2/316/,KR3/117/,

K4/118/,K%/119/,%6/120 ',VTRP/121/,VTS8R/124/,VTRO/127/,VE380/130/
KFLOW/133/,TXpPs/136/,FRP/138/,FLE/140/,FRPO/142/ ,FLPO/143/
,VRPO/144/,VLDO/145/,POSRP/146/,RPOSLP/147/,RPOSRS/148/,
RPOSLS/149/,C0us/150/,COMN/151/,C0il./152/,KCOel/ 156/

~—-=== DT ARRAY VARTABLLS =--==~==-
DATA VC/1/,TALROL/4/,TAEROR/ 6/
RUDDER/SPEEDBRAKE INPUT DATA —-===---

DATA DKPR/0.004/,Vv4/2.77/,8/180000./,0dP/1169./,68P/1808./,
DMLK/1.0E6/,DOLOSS/2.376-2/,DKPI/0.000138/,DKA/15.0/,
DKTwi/0.045/,DKXPS/6.22/,DAPS/0.1930/,VLVOL/ . 0011/,
ReDIS/0.08276/,5B0DIS/0,08276/,8Bi4/0,015/,DJiR/.00636/,
DJIMSB/.N0565/,DKIC/T7.0E6/,DK3/N.52/,G5/7.32/,GiR/1.47/,
GM5/4.46/,GH/473.921/ ,EFFH/ .82/ ,5FFG/ .96/, FRIC/9.0/,
SR/2.0/,%F/1.0/,FRICP/12.0/,5RP/2.0/,8FP/1.0/,%XIL/0.065/,
pDH/0.006/,DIL/R.O/
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6.107.7 (Continued)

I¥ (YENTR) 1000,2000,3000
1000 IF (INEL.NE.0) GO TO 1500

--------- INITIALIZATION =====mm-

[oNoRe!

DO 1910 1=1,170
1010 A(I)=0.0
DO 1N20 1I=1,30
1920 DT(1)=0.0
TDRHO=S20RHQ(KTEMP(IND))Y/S5ORT(2./7.82L-5)
CALL TUSTIN (1,DUMMY,A(XINT),ULLT)
CON1=DKP?/{(Vi/(478))
CALL TUSTIN (2,CON1,A(KPeL),DELT)
CON3=DJIP/3P
CALL TUSTIN(2,CON3,A(KRP1),DLLT)
CALL TUSTIN(2,.005,A(KFLOW),DELT)
CALL TUSTIN({(?2,.0159,A(KCOr),DELT)
SY5=0
DO 15 I=l'3
K=I+6
SY3=85YS5+1
IF(INV)20,30,10
17 IF(INV,.ED.L{K)) GO TOQ 30
15 CONTIWNUE
20 IF(INV.bQ.=L(K))5YS5=5Y5+1
30 CONTINUL
RETURN
1500 CowTInuL,
[ AA=( (KWLL+1)/2) -1
NA=POLEG(INEL, 1)
NS=PRALEG(INEL, 2)
IF(3YS LN, (XKNLEL+1)/2)GO TO 1609
: POLLG{INEL,6)=PQLEG{INLL, 6)+DuLK
PALLG(INLL,11)=POLEG({INEL,11)-QA*IS*DuLY
A{PSC+uA)=0A* D5 *DilLK
A{DRSHMAY=0QA* QS
RETHURN
1500 CONTINUE
y QLOS5={1.0/(DBOLOSS*R.0) ) **2,0
PALEG(INLL,B8)=PQLEG(INLL,8)+2L0OSS
A{PSCHIIA)=QLOSS*QS*QA** 2, ()
POLEG{INFL,11)=PQLEG(INLEL, 11)=A(PSC+uA)
A(QRS+AA}=0QA* QS
RETURN
2000 CONTINUE
SWIT=1300.
DKQS=0,3863*TDRIEO
DKQOP=73.24*TDRUO*SQRT({2,.)
B DELT2=DELT/2.0
A{(DKP)=0,134
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6.107.7

OO0

3000

3010
3029

(Continued)

A(DKP+1)=.09137

DKGR=1/(GS*GiiR)

DKGS5B=1/(G5%G145)

DICOUR=DT(VC)/ (57« IXA(NKE))
DICONS=DT(VC+1)/(2.0*%57.3*A(DKP+1))

A(POSR)=({NICOIR*GH) /DKCR

A{POSSB)=(DICONS*GH) /DEGCS S

A(VFP)=DT(VC)

ANVEP+1)Y=DT(VC+])

A{RPOSR)=DICOMR-BICONLS

A(RPOSL)=DICONR+DICONSG

A(RPOSRY=A(RPOSRI- (A(RPOSR)*S7,3*D1({ TAEROR+1 ) +DT({TALROR) ) /RKHC
A{RPOSLY=A(RPOSL) = (A(RPOSL)*S7. 3*DT(TALROL+1)4DT(TAEROL) ) /DKHC
ALRPOGRP) =A( RPOSR)

A(RPOSLPY=A( RPUSL)

————————— INTTIALTZL COHTROL ACTUATOR VARIABLES ==-~==--=

A(COMLY=DT(VC)

A(COUS)=DT(VC)

ACOAL+3)=DT{VC+1)

ACONS+3)=DT(VC+1)

DU(19)=A(VEDR)

NI(1L)=A(VFP+]1)

DT{9)=A(RPOLR)*5T7.3

DT(R)Y=A(RPOSL) *57,3

CALL PDUAR(A(I)YA(1H0),1)

RETURYN

CONTINUL

IV NMN=0 INDICATLES UHE RODDER, N=1 INDICATES THL SPLLDBRAKL.
no 3010 1=1,3

W=l

IF(A(PSCHR=-1Y.GT.SWHIT)GO TO 3020

CONTINUE

IF(R.HLBYH)YowTT=1300,

SYS=XK

IF(SWTIT.GT 1300 ) 5w il =5Wll=50,

N=()

ALROTI=DT(TALRIR) #0LT{TALRORFL) *A( RPOSR)Y*57,3
AEROT2=DT(TAEROIY + D'V TALROL+1 )Y *A( RPOSL)Y *57,.3
IF (M,GkR 2) GO PO 31200

--------- SERVO AAVLIFIFR == e e mmmm e

A CORHEI*N) 2 DT (V4N

A(COALEIEYY =DYHNAG(A(CONS+TAN) ,A(COAL+3*N) ,A(KCOM) )
A(COMSHIMNY =A(COdF 34X

DT 7)) =0 TO0+ 3%0)

VASA{COGT+ 3N ) =A (VIR

bolg/-19

;
[T
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6.107.7

3ING60N

(Continued)

LY E=VA*YDKA
CALL XLIMIT(HYYE,Td,FI,-DIL,DIL)

--------- TORQUL JAOTOR CONSTANTS ==—m—wmmmmm

Tel=EYL*DKT

TC=UYSTLI({To,DH, A(KHYST+5%N))

TXPSG=A{ TXPS+N)

A{TXPS+N)=A({ XP.3+N) *DKXPS
TXPSP=2,0*A({TXP3+N)—'TXPSS
EPST=TC=A{TP1P+N)~-TXPSP

IF(ABS(1LPST).GCT..064973) EPST=SIGN(,064973,LPST)
AK3+N)=AB5( EPST*DKQS)

A(KTI+M)=DOr083

——————— POWL R SPOOL DISPLACEMENT wee—=w———w—-

A(XYNS342%N+ 1) =LPST*DEQS

AXQT+N)=DYNAG{A(XYQS+2*N) ,A(XQI+N),A(KFLOW))
PLOW=A(XOT+N) *SORABS (A( PSC+5YS-1)=-SIGN(1.0,A(XQL) } *A(PlP+u1))
A{XIG+2*%N+1 ) =FLOW/DAPS

A{XPSH) =DYNAG (A XDS+2%0) A XPS+N)Y ,A(KINT) )

CALL XLTAIUT(A{XPS4N) ;A(XD5+2*N+1) ,A(KSSGN) , ~XIL,XIL)
IF(A(KSHON)LH0L0,0) 30 '™ 3060

A(XDO+2%N+41)=0,0

AK3IEN)=0,0

CLlTIN N,

A{KDS+H2*¥N)=A (KOS 42%N+] )

A(XY S E24¥N)SA(KYDIN+2%041)

P15=A(P1HN)

APLFN)=A(F3+N) /(4. D% DADS)

APBR+NY=0.0

A(PTIP+HN) =2, 0*A{ P1+N)~P15

AUPPIPEN)=A(PLP+d) *DKPI

NXV=A(XPSAN) /VLYOL

TRFENXY) 3100, 3110,3120

————— YPS LESS TUAN YLRO =—w—mmm——

XVLV=A(XPS+N)Y+VLVOL

G5O TO 3139

——————— X5 LESS THANT VALVE OVERLAY ~=-e-—-=--
XVLY=0.9

GO TH 3130

------ XPS GRLATER THAN 21RO ———~=memm
XVINV=A(XP5+'1)-VLVOL
A{KHEN)=ABS(NYNP*XVILY)

DI(14+8) =XVLV

=N

GO ') 3050
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6.107.7

30O

{Continued)

--------- PRESSURE DROP SBETWEEN CONNLCTIONS ——-mmmewae

3200

3210

ad
to
3%
=

3230

3235

3260

3265

CONTINUE
DO 3300 I1=1,3

ITER=0

l'lAz I‘l

THE VARIABLES IN THL A ARRAY WILL BE USED IN SLTS OF THREL
USING ONE POSITIUN FOR EACH SYSTEM., THE POSITION WILL Bk
DETLRMINED BY THL CONSTANT MA, '

Ll=L{2*I-1)

L2=L(2*1)

PS=A{ PSC+i1A)

A{PSC+riA) IS ''HE PRESSUK. DROP ACROSS THE CONNKCTIONS RO
THLE PREVIOUS PTel STLP.

QCLD=A( QRS +iiA)

IF {I,E0,SYS) GO TO 3220

SYS IS THL ACTIVE CONTROL SYSThel

DO 3210 K=1,4

CT(K)=0.0

PL(K)=0.0

GO 'TO 3235

PO 3230 K=1,4

PL(K)=0.0

CT(R)=A(K1+K-1)*4,0

PL{3)=A(PLl)*SICH(1.0,A[{ XP3)) .
PL{4)=A(Pl+1)*SIGN(1.0,A(XP5+1)) '
CONTINUR

CT(5)=A(KS)

CT(6)=A{K6)

DVR=A( VEiTR+IAY *RADIS
QVSB=A{ VH'TSB+ M) *SBUADIS

PS=A( PSC+ilA)

QR=A [ QRV+AA)

OSB=A{NSBV+ilA)

SXPSR=SIGHM(1.0,A(XPS))
5XPSSB=STIGN(1.0,A(XPS+1))
PL(5)=(QR-QVR)*3XPSR/DKPO
PL(6)Y={NSB=QVSH) *SXPSS3/DKP)
ITER=1TER+1

CK=0,0

NO 3260 ®=1,6
CK=CK+CT(K)*SORARS(1=-PL(X)/PS)
IF(CK.NL.0.0) GO TO 3265
ONEW=(C(L1)~C({L2))/(2(L1)+2({L2)+DrNLK)
PS5=C(L1)=ONLW*Z{ L1)=C(L2)-ONEW*Z(L2)
NR=0,0

Q8B=0.0

GO TO 3274

CONTINUL
X=((Z(L1Y+2(L2))*CK**2,0)/2.0
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65.107.7 {(Continued)

Y=4,0%(C(L1)=C(L2))/(CK*(2{LI)Y+Z(L2)))**2,0
TPRES=1,0+A3S(Y)
ONEW=X*(-1.0+3QRT(TPRES))*SIGN(1.0,Y)
PSN=C(L1)~-ONEW*Z(L1)-C(L2)-QNEW*Z(L2)
IP(ABS(PS=-PSN) . LT, .1.0R.ITER.GT.25) GO TO 3274
PS={PSN+PS) /2.
OR=0.0
IF(A(KS).EQ.0.0) GO TN 3262
Al=1/(A(K5)**2,)
Bl=1/DKPQ
Cl=ABS(PS+)VR*SXDPSR/DKPQ)
DR=(=31+SQRT(B1**2.+4.*A1*C1))/(2.*Al)
WM=OR¥*SIGN( 1,0, ( PS+IVR*3XPSR/DKPQ)Y *A{ XDPS) )
3262 0SB=0,0
IF(A(KG) (t:0.0.0) 30 TO 3240
A2=1/(A(KG)**2)
B2=1/DKDQ
C2=ABS (PS+)DVSB*SXPS53/DKPNY)
NSB=(-D2+QRT{B2**2 ,+4,*A2*%C2))/(2.%A2)
QSB=QSBY3IGN(1.0, ( PS+OVSB*SKPSS3/DEPO) *A{ XPS+]1))
GO TO 3240
3274 CONUTINUE

A(PSC+MA)=DS
A(DRV+HA) =QR
A{DSIVHIAY=0QSB
Q{L1)=OQNLw
O(L2)=~0NLW
A{ORS+U1A) =QNEW

| P(L1)=C{L1)-Q(L1)*Z(L1)
P(L2)=C(L2)-Q(L2)*Z(L2)
A{ PALRAIA)=(OR-A( VOTR+AN) *RiiDIS) * 250,
A(PHLSB4oA)=( Q5B -A( Vel'TSB+1A) *SBMDI5 ) *250.
ATORR=A( PALR+GA) *RAD1S
ATORSB=A( PALS3+4A)Y *533:4DT5

S MOTOR FRICTION AND DAUPING EFFECTS ===-----=

FDR=MTORR-A{ TR+MA)

FDSB=UNTORSB=A(TSB+A)

IF{A{PSC+IA) LT.1300,)8F=(1300.-A(PSC+11AY)/50.+1

CALL CFRIC(FDR,FFR,A(VIRP+IA) ,ALVTR+AA) ,A{FAR+A) ,A(FAROHIN)
1,FRIC,5R, BF)

CALL CFRIC(FDSB,,FFSE,N(VISBD4HIA) ,A(VTSB+1A) ,A{FASB+IA) ,A(FASIOA
1,FRIC,SR,BF)

3F=1

A{ FARD+HAN) =A ( FAR+MA)

A FASRO+AA) =A( FASB+UA)

A{FALFIAY =FDR=-A(VTRPHHAY * (Bil/DIMR) +F IR
A{FASRHIA)=FDSB=A( VTSAP+IAY * ( 1314/ DITNSR) 4 P 151




6.107.7 (Continued)

A{VTROHIA)=A(VIER+HA)
A(VTSBO+1IA) =A( VT aB+oA)
A{VIRHAA) 2A(VTRO4GA) +IULT 2% (A( FAR+1A) +A{ FARQ+MA) )
A{VTSB4aA) = A(VTHBOHAA) +DEL2* (A{ FAS3+01A) +A ( FASBO+4A))
A{VTRPHEA) =2 0*ALVIR+AY=A( VITRO+MA)
A(VIBBPHIA) =2, 0% A(VTSB4+AA ) ~A( VTSBO+1A)
A(VHMTRHAAM)=A(VTRAAA) /DTN
A(VATSB+IA) =A(VESR+AA) /030183
3300 CONTINUL
DO 3310 1I=1,1
A(FBY=A(FB)Y +A(XPo) *DEBY (A(PSCH+I-1)-A( PULR+I~1)*SXPSR)
A(FB+]L)=A(FR+1)4A(NPS+HL)*DRU* (A PSC+I~1)-A(PHLSB+I=1)*5XP5SH)
3310 CONTINUL

C = RUDDLR AND SPELDBRARE LOAD NYNANIICS

A(VRTY=A(VRT+])

A(VSBT)=A(VSE3T+1)
AVRT+L)=A(VATR)+A{VATRHT )Y +A(VMTR+2)
A(VSBTHL)Y=A{VeTUBY4A{(VIITOB+ 1) +A( VHT SB+2)
A(POER)=DYNAA(A(VRT) ,A(POSR),A(KINT))
A{POSSB)=DYNAA(A(VSAT) ,A(POSH3) ,A(KINT))
RIP=A( POSR) *DKGR

SHIP=A(POSSB) *DKGS S

A(VFRY=(RIP/GHH)*¥S57, 3*A(NDVDP)
A(VEP+]1)=(2.0%58IP/GH)*57, 3*A(DKP+])
SPOSIR=RIF=31P

SPOSTL=R1IP4+5BIPV

SPOSIR=5POS1IR/GH

SPOSIL=5P0OSIL/OH

SPOSFR=5PDGTR-A( RPOG R

SPOLEL=5P0SIL-A( RPOSLE)

STR=SPOREPR*DEHC

STL=SPOSFL*LRIIC

A(FSTR)=5TR-ALROT]

AMESTL)Y=5ThL~ALn0O7T2

CALL CRFRIC(A(POSTRY (FEREP,A(VRPDY ,A(VRP),A(FRP+L) ,A(FPRIYDY,
1FRICP, 3R, 3IP)

CALL CPRIC(A{(FSITL), FFLE,A(VLEPY ,A(VLP),A(FLP+1) ,A(FLPO),
IFPRICP,SRP, B

AN FRPO)=A(t"RP+])

A(FLPO)Y=A{FLP+]]
NVRPHI)=A(FSTR)=A(VRP)Y*(3P/D I+ FFRP
A(FLPHLYSA(FLPLY -A(VLEOY A (BP/DIPY+FFLE
MNVRDPO)=A(YRP)

A(VLEQ) =M VI.D)
A(VRPY=DYNAD{A(IFRP) ,A(VRDP) ,A(KINTY)
NVLRY=DYHAO{N{ L) ,A(VLP) ,A(RINTY)
A{VRPD) =2, 0* A VRP)=A(VEDPO)
AVLPPY -2, 0%A(VELP)--A(VLPO)

.



6.107.7 (Continued)

A(RDPL)=A(RP1+1)
A(RP2)=A(RP2+1)
A(RP1+1)=A{VRP)/DJP
A(RDP2+1)=N(VLP)/DJIP

| A(RPOSRS)=A( RPOSR)
A(RPOSLS)=A( RPOSL)
A(RPOSR)Y=DYNNA(A{RPL), A(RPOSR),A{KINT))
A{RPOSL)=DYNA.i{A(RP2),A(RPOSL) ,A{KINT))
A(RFOSRDP)=2.0%A( RPOSR) -A( RPOSRS)
A{RPOSLP)=2,0*A( RPOSL) -A( RPOSLS)
DT(16)=(A(RPOSL) -A( RPOSR) ) *57,3

C

S GEAR EFFICIENCY CALCULATION —=~-=-me—e—ee-
S ———— HINGE GEAR EFFICIENCY =—-=—=-—m——oeoooao
¢ .

TRY=5TR/GH
TLP=CTL/GH
IF(STR*A{VRP).GL.0,0) 50 TO 3410
TRPH=TRP/EFFY
GO w9 3420
3410 TRPH=TRI* LW
3420 TV(STL*A(VLP).GLL0,0) GO TO 3430
! TLPH=TLP/ LI Y
GO TO 3440
3430 TLPH=TLP*LFEFI

<
C mmmmmmmmmm e WIXLR GEAR LFFICIENCY ~==mm=mc—eea——-
C

! 3440 TGAR TRPUATLPH !

' TGUST=TLRPH=-TRPH
TeiR=( TGOR/GMR) /S
TAS= (TGAB/Geis ) /GS

( mmmmmmm e SUAMER GEAL BFFICIENCY =mem—mmemcm—e———e e

DO 3490 K=1,3
MA=N~-1
TU(IOR*YA[VATRENA) LGL. 0.0) GO PO 3450
- ACTRINAY=TAR/LFEG
GO 3460
3450 A(TRENA) =T R*LPFG
3460 TF(CTHSI*A{VIVTSRENA) (GEL0.0) 30 TO 3470
A{THIANA) = TAS3/EFFG ;
GO T 3480 5
AT A{FORERA) S THSS*EERG
34170 CONTLAUL
$490 COUTINUE
DTV =A(RPOSR)*57,3
DT(RY <A (RPOBL) *57. 3
DI(10)=A(VFD)
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6.107,7 (Continued)

DT(11)=A(VEP+]1)
DI'(12)=A(VRT+1)*60./(2.%3.14159)
DLP(13)=A(VLTIT+1)*60./(2.%3.14159)
RETURS

LND
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7.0 OUTPUT SUBROUTINES

The output subroutines comprising, store, graph and scaled are currently
dedicated to producing print plots of the data calculated by the program.
Current options allow maximum or minimum calculated values to be substi-
. tuted for plot values in event these max or min values occurred between
plot intervals. This assures that the max or min values calculated are
reflected in the output plots. Another option allows tabulation of all

calculated values for each plot variable.
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7.1 SUBROUTINE STORE

Subroutine STORE, which is called by HYTR, reads output requirements
and stores data required for output plots.
/.1.1 Math Model

Not applicable.
7.1,2 Assumptions

Not applicable.

7.1,3 Computation Methods

Section 1000

Section 1000 rcads in all the plot information for line and component
plots.

Section 2000

This section first performs a test to determine if the curvent time
step 1s also a plot time, if so line or component data is stored. If it 1s
not time to store but the MAX/MIN option has been exercised, tests are made
to determine if the current calculated value is less than or greater than
(depending on which option was exercised) the previous value stored, if so
the stored value 1s replaced by the current calculated value. 1f the LIST
option has bLeen exercised every calculated plot variable 1s printed., Once all
or a max of 101 points have been stored, GRAPH is called to plot the points.
A test is then performed to determine if more than 101 points are to be
plotted, if so the additional points (up to 101) are calculated and stored as

before. GRAPH is again called to plot these points. Thils procedures is

repeated until all points have been plotied.




==

7.1.4 Approximations

Not applicable.
7.1,5 Limitations

Not applicable.

7.1.6 Variable Name

Variable
I

INDEX

IPLT

IPTS

LIST

LPT

M

My TREM
N
NABSQ
N1STEP
NLPLTC
NOGRAF
NOMSG
NOSTOP
NPT

NXTREM

Description

Counter

Line Number Assocliated with Pressure and/or
Flow Plots

Number of Plots
Required along Line INDEX

Dummy Variable
Counter

Input Integer Value O (No List) of 1 (List
of all Points)

Distance in DELX's, of Required Plots from
Upstream End of Line

Counter

Dummy Variable

Counter

Not Used

Counter

Numbevr of T.ine Plot Points
Not Used

Not Used

Not Used

Dummy Variable

Input Integer Value 0 (Normal Plot),

+1 (Plot with Max Values) or -1 (Plot
with Min Values)

Unito

Coh wh e

e e

ih—.———.——-uv—‘:— ——e
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7.

1.6

(Continued)

Variable

N1
Y

Yy )

Description Units

Counter
Dummy Variable

Arrar Used to Store Line Positions of
Required Plots
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7.1.7 Subroutine Listing

Chhix

1900
C
130
140
142
C
144

DTOET At NNy
ToAT A ')
' B 5 y ,, 5
2 bana Lh) vt L

SUBRJJTINE STORL

REVISLD AUSUST 5, 1975 ****
DOUBLE PRLCISION OO

€00 NPELPL,NTOL?L, IPT, IPOINT,NPTS, INEL, KNEL, MTOPL,NLPLT(6],
1 YSTORE(])
COddCM/SUB/PARJ(lSﬂ,O),Pu(lSOO),Q&(lSOO),P(300).n(370) C(302)
1,2(300),R40(20),5209REQ(20),VISC(2N),BULK(20), TLiP(29),PVAR(20}
2 \TPIES,L,DLLT,’FI”\L.”LTD&L,PI,TITLE(20),LLGW,ICO!

3, %TeaR(39), LSTART(150) ,NLPT(150) ,LTYPL(92) ,KRC(99), 15K, IN7
4,18V, I3TLP, LIdE, ILL, I\D,IENTR,HHLINE,MNEL,mNLLG,ANNODE,u
S,AMLPTS,NDS

NI AENSTION 2Y(17),0D(1400) , ITICLE(4Q),IR(AN),IY(40),
1TTVICLE(40) , ICHAR( D)

OO /rolpr/w(aqao),n(lsno),La(99,4)
LQPIJ\L*“P;(DD(I),D(I))

w3 skt
HPLOT

OATA OAR/ARTLING, ARDIST, 4004, 4]IVAR ,2UTN, 20 9,20 7,24/
IF(IENTQ) 1205, 1003,2900

CONDINYE

IPI=0

IS '.')—fJ

IPTE=PTS
IF(NPTE,.OT.101) YPT5=121

HTOLEPL="
GCAD(S, 279)
Tp(.wlr'?u.l.c’l.-'.loﬂ) 370 e
no 1140 1=1,NLELTC
KEAD(5,3290) I4DLX,IPLT,
no 139 u=1,IPLY

J=1

IT(YY(.4).UT.D.D) J=-
LEPP=(YY(S)*T/2ARA(INDLY,5) +0,5)
TF(L2T.GEAL2T(IINER) ) LPT =HLPY(INDLY)-1
TOLPL=MTOLRL+1

112

(YY(:1) ,.i=1,TPLT)

HLOLY (UTOLPL, 2) = I096X
ST (0LPL,3) = LT

ALPLT(RTIL?L, 1)
COAPT ST
C?JTTJU;

(LSTART(IADEX)+LPT)*]

CONTI UL
SATCPL=i T 2LPL4ANTLLPL
IF(ATILAL,,SP N PLOT) NI2LAL=010LY

T#(TeLPLL, e, 0) G0 T 144

READ(5,279) ((HMLPLT(I+STOLRL,2) ,NLPLT(I
TONTInUL

IF (I DOLPL+HILELPL, 3T, 19PLOT)
IT(HTOLPLANTLLPL L i TORPL)
NTAPL=NTILPL+ITiLPL
IF(STeLPL.E2.9) GO TO 1750

+TOLOL, 3)) ,I=1, 50U LPL)

NTLLPL=1NPLO -
ARITL(6,529)

STOLRL

7.1-4

NLPL IC “II!..L?L'P‘erLn ,LIJJ.' N -'Jl)' RO 'D‘;,:JU SUAF e RRARICH '

N

ITIC(40),IC(42),

e e Ve s i

PO

g S W, 7T



D T ead e A L O R TSP

7.1.7 (Continued)

1150

1160
1170

1130
1200

(3]

11

1229
1250

15

2500

1790

LPT=NTOLPL+1

DO 1200 I=LPT,NTOPL
UPT=HLPLT(I,?2)

N =NLPLT(I,3)
IF(N) 1150,1180,1160
Nl==LE(NPT;3)+K+1
GO TO 1170
Nl=LE(WPT,2)+N-1
NLPLT(I,1)=N

GO TO 1200
HLPLT(I,1)=1
CONTINUE

WARITE(6,14501)
WRITE(6,1603)
IF(NATREY) 5,112,190
WRITE(5,1506)

S0 ™ 122)
WRITE(6,1507)

GO TD 12210
GRITE(6,1508)

GO TN 1229
WRITE(6,1403)

JI=0

ITI=NTOPL

no 1370 1=1,I1

J=1

JI3=JJ+1
H1=NLPLT(I,]1)
NPT=ALPLT(I, ?2)
N={LPLT(I,3)
IF(I.CU.NTOLPL) GO 0 2500
ITITLE(JI)=ICHAR(])
IN(JT)=NPT

IY(JJ) =.‘]*P]‘1T’x:( neT, 5)
IITITLAE(JT)=ICHAR(2)
NI=0N

IF(WN1.LT.0) odI=1
IC(JJ)=ICHAR(A+NI)
TIC(JII)=ICHAR(S)

50 TD 1700
ITITLE(JJ)=ICHAR(3)
ITTIVLL(JT)=ICHAR(4)
IN(JT)=PY

I1Y(JJ3)=u
IC(JJ)Y=ICHAR(])
TIC(JJ)=ITHAR(S)
IF(JJ.LT.19,A0D,I,LT.RTOPL) GO TO 1300
III=1-3J+1 »
WRITE(A,1500) ((J333),33J=I11,7)

7.1-5 p‘ECT




7.1.7 (Continued)

IF(I.GT.HIOLPL) GO TO 75
URITE(6,1500) ((IQIYLe(J3J),IN(J33),1C(J3T)),d73=1,37)
WRITE(6,1600) ((IITITLE(JIT),IYV(JIIT),IIC(333)),T3d=1,37)
GO IC 15
| 75 ARITE(S,1404) ((ITITLE(JIIT),IN(JII),IC(IIT)),TII=1,3J)
b WRITL(6,1694) ((IITITLE(JIT),IYV(IIT),II1C(IITV),TIT=1,37)
| 16 WRITE(6,1505)
13=0
1300 CONTIWUE
WRITL(6,1602)
VRIPL(6,1503)
20070 CONTIWNULE

'@

IF(ISTLEPLEQLR IJT:P) GO TO 2010
IF (HXTREw . O NNELLIST.LNG D) RLTURY
IﬂFi*w([hu:
g :o TC 2029
i 2005 NISTCP=NISTLP=-IRPCINT
: 2010 X7 ELG=D
< IoT=IPT+1
NIGTEP=SISTLYP+IPOI Y
; VOTORE(IPT)=T
: NN SPT=I0T
Nl= 0
DO 2200 I=1,%TOPL
\PT=d PT4PTS
i=WLPLT(I,1)
IF(I.OT.9TOLPL) GO TO 2050
IF(:1) 2030,2150,2040 ‘
2039 Y= ( =)
30T 2030
2040 ¥=pi(N)
' 30 T 2039
i 2050 IF(:1) 2060,2150,2070
‘ 20649 Y=d0(=t
' 30 TO 2139
2070 v=2()
2027 IF(LNTRES)2090,2095,2100
2095 IP(ISTLP+IPOIIT.LN, ”ISTFP) 50 TO 2110
cO T2 2120
2090 IT(VSTOML(NET).3T.7) 30 T2 2110
20 TH 2120
2100 IF(VSTORL(IPT)..OE.Y) 6 10 2120
2110 vATORL(IVr)=Y
2120 IF(LIST.CLN.0) G0 TO 2200
IF(I.EN.1) wRITL(G,2211) 7
2130 1=N1+1
YY(sl)=Y
IF(N1.NL.19) SO 20 2200
WRTTE(R,2210) YY

BEST .50 Loy
tJ K kh ‘.II \ua"u.{\. bur
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7.1.7

2159

2200

2300

2310

2350

2710

370

520
2210
2211
232N
150%
15nn
1601
1602
1503
1404
1-7Q%
1606

1607

1508

(Continued)

¥1=0

GO 10 2200

WRITE(5,2220) T

y=7

GO TH 2040

CONTIWNUL
IF(WI*LIST.HE,N)WRITL(A,2219)
IF(IPT,NELNPTS) RETIRN
INV=NATS"

CALL 5GRAPH

IF(IPT3-¥PT3) 2309,72350,2310

(Yy(ry,I=1,x1)

UPT3=1PTS
IPT=0

30 TO 2005
{PT3=111
I9T3=1PT:3-190
IPT=n

GN T 2105
CONTINUE
BLTIRN
FORGAT (15I5)

151

FORGAT (21I5,7F19.1)
FORGAT(5M,42iTO0 ANY PLOT:S REDDmsTul
FORGAT({5X,10K12,.5)
PCPAAT (X, 2500A0A CALCULATED

X NULZER IS 61

IR
BPEA

Am M

AT TIAL =, p':-.'q)

PORLAT(S, 450VALULE OF B I 2090 SECTINY OF CCuP I8 ZERD I=  ,I5)
FOFIAT(5X, 1N(693RAPE , 14,24 1))

POMGAT(SX, 10(A4,14,32,2H )
PORAAT( Liil, 42¥, 3SHVARIAJLLES SLLECTED FOR QUTPOT PLOTS)
FORAAT(1A41,53%, 13H4YTRAG OUTPUT)

FORGAT(1110)

FOPUAT(5%,10(N4,16,A2))

FORGAT(15 )

FORAAT(2R%, 714VALDES PLOTTED REPRLILMT ATNIads VALOULS CALCULATED I
1% THE TIakE INTERVAL)
PORIAT(29Y, 71AVALNRES PLOTYUN REPREGINT HALILTS VALYES CALIULATLD I

2°1 THL TIk INTERVAL)

TORGAT(21%, 75VALULY PLOTTHD REPRESLADY T4 ACTUAL VALULS CALCULAT:
30 AT ©ACH PLOT IATIRVAL)
Lus 0
1
e
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7.2 SUBROUTINE GRAPH

Subroutine graph produces print plots of the output data stored in
VSTORE ( ).

Most computers will have their own version of this subroutine which
could be used if necessary. ilowever, since the plotted output is such an
integral part of HYTRAN, this subroutine has been added to avoid the problems
involved in changing from oue computer to another.

7.2.1 Theory - Not applicable.
7.2.2 Assumptigny - Not applicable.
7.2.3 Limitationy

The program is executed once for each plot,up to the total number of
plots NTOPT., The DO 901 J = 1, NTOPL controls this loop.

The first section which sets the X scale, is only executed on the tirst
pass, when J = 1,

The program currently uses TIME (1) as XMIN and TIME (NPTS) as XMAX.

In the second section a DO loop 1s used to find the maximum and minimum
values of thé Y data to be plotted, using the functions AMAXL (YMAY, VSTORE,
(L+LADD) Yand AMINL (YMIN, VSTORE (1+1ADD)).

With the maximum and winimum values established, a check is made to
see if they are equal, {f they are, 25 is added to YMAX, and YMIN is set at
50 less than that, to avoid a fruitless search for a sultable scale.

Subroutine SCALED is then called to obtain a pretferred scale for the

Y axis, and returns with values for YMAX and YMIN.

e
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The next section find.: the type of plot and sets the plot character, $ :
P, Q or C and the data to be written at the bottom of the output plot. fﬁ
The routine then starts the output plot section by going tu the top of
a new page, and proceeds to plot the output data, line by line until the plot
is complete. A more detalled explanation cf this section will be added at %¢>
a later date. )
At the bottom of the plot a descriptive line is written which gives the
line pumber and distance along the line for line pressuxe or flow plots or
the variable numbur and the component number if it is a component data plot. .
The next printed liae is the title of the run, which was inputted on

the first data card.

When all the plots have been completed program control returns to HYTR.

7.2-2




7.2.4 Approximationc - Not applicable.

7.2.5 Limitations

The basic limitation of a print plot is the number of points that can

be plotted on a single page graph and the resulting inaccuracy in reading

the graph. To an extent these limitations can beovercome by use of the

MAX/MIN and LIST options noted in Section 2.4 of Volume T of this report.

7.2.6 Variable Names

Variable
AVS
DIST

1

IADD
ICHAR
ICHAK( )
ISy

ISPACE( )

1TEST
J

L
L1NE

NABSQ

NCHAR

NVAR

5P

Description Unite
Absolute value of VS
Distance of Plot l'oint Down a Line IN
Counter
Address J*NPTS
Plot character
X and Y Axis Write Characters
Counter

Tewporary Variable for Writing X and Y Axiw
Scales

Counter

Counter Indicating Plot Number

Dummy Variable

Integer Counter for Plot Line Number

Integer value 1 ov O
Used as Indicator

Dunmy Varlable Representing Plot Character

Dummy Variable Representing Point at which
Line Plot {s taken or Component Number

Column Mumber Nearest to the 1th Value of
Z-Variable

Dummy Variabhle




Variable

XAX

XDELTA

XMAX

XMIN

XSCALE

Y

YDELTA

YLAST

YLO

YMAX

YMIN

YUV

Description Units

Temporary Variable for Writing X Axis
Scale Values

Distance Between Stored Points on
X Axis

Last (Largest) X Axis Value

First (Lowest) X Axis Value

X Scale Range

Temporary Variable (Y Axis Scale Value)
Distance Between Stored Points on the Y Axis
Last Y Axds Scale Value

Lowest Value Iin Search Range

Maximum Value to be Plotted

Minimum Value to be Plotted

Highest Value in Search Range




7.2.7 Subroutine Listing

SU3ROUTINL GRADI

Ch**k REVISED AUGUST 5, 1975 **%%
CUMION NTLLPL, NTOLPL, IPT, IPOINT, NP3, INEL, KNEL,NTOPL, HLELT(61, 3),
1 VSTOREL(1)
COMAON/SUB/PARA(150,9),Pa(1500), 00 1500) ,P(300),0(300),C({300)
1,72(300),RHO(20),320RH0{ 20) ,VISC(20),BULK(20), TEAP(20),PVAR( 20)
2, ATPRLS, T, DLLT, TFINAL, PLTDEL, PT, TTUTLE( 20), LEGN, ICOU
3, XTEAP(99), LETART(150), NLPT(150) , LFYPLE(99) ,NC(99), INX, INZ
4, 1HV, T5PLP, NLINE,NEL, IND, TENTR, iHLINE, ANEL, NLLG, GNNODE, MHPLOT
5, ANLPT:S, 103
DLAENSTION ISPACE(101),XAK(A), ICHART(R)
DATA TCHART/1.40, 1HP, 1UC, 1841, 1=, Li+, 11, lu*/
DATA I'CLST,XSCALE/0,0.0/

e . — g AT W5 e o

Cmrmmmm BLGLH OUTHR LOOP, FIID X PARAGLTHES ON FIRST PASS ONLY
1 D0 901 J=1, WTUPL
IADD=J*APTS

IF{J.NL.1)530 TO 2

NAAX=VSE TORL(NPTS)
XAIN=VEIRL (1)

ITTLST=ITus' T+l

IV (ITEST . NLLY) XuAX=Xa TN+ X5CALY
XGCALY =X AN~ X 11N

C CALL SCALBD{XHAX, Xaly)
XDELTA=( RMAX=-Xo TN} /100,
Commm- FIND Y PARAGLTHERG

2 YAAX=VSTORE(1+TADD)
YilIN=YAAX
DO 902 I1=2, WPTS
$ YAAX=AAALL (Y AAS, VOTORL(I+1ADDY))

902 Yaltd=A 1N (Y I, V3TORL{I+1IADOY)
(I, G0 TOLPL DR NLPLT( T, 1) .GH.0) S50 1D 905
IP{INV.1LO,.0) S0 T 205
IR (Yeln,JT.n) GO ') 105
NANGD=1
ITFCARS{YAT V) 0T YOAAX) YOAX=A0S (Y (IN) |

NG TE{YVANGE LY L)) 0N 9Nn2n

Y. iAX=YAAX 4+ 25,
YaIM=YaAx - 50.
GO T 9Ny

9020 AUAX = {YJARN+EYL T * _ 0n]
18( (Y IA=YATN) LT AGAX) GO T £025
YAAX = YOAX+AAAX
YAIN = YAIA=-A AN

93025 CALL SCALEN{YC-AY, Yl )
YDLLTA={YAaAN=-YHIN) /50,

Comme = =PIV LINL/COAPOSET N'LAB0L R, TY P OF PLOT, OUTPUT OATA

LaNLPYP(T,2)
18 {(J.3TRTOLPLY A0 a5
IR(EdLPNT (T, 1Y) 3,5,4




7.2,7 (Continued)

3

4

5
Commmnm

]
Commmn

7
Commmmn

9

19

909
Cmmmmn

11

12

n12

13

411

Commm

14
Cmmmmm

14%

ICHAR=TICHART{ 1)
DIST=NLPLT(J,3)*PARi(L,5)

GO TO 6

ICHAR=ICHART(2)

DIST=HLPLT(J,3) *PARI(L,5)

GO TO 6

ICHAR=TCHART( 3)

NVAR=NLPLT(JI, 3)

GO TQ TOP OF NLXT PAGL

WRITL(6,601)

LOOP FOR LACH PLOT LIWE.

Y=YAAX + YDELTA

DO 9Nn7 LINk=1l, 51

YLAST=Y

Y=Y-YDLLTA

YUP=Y+YDLLTA/ 2.

YLO=Y=-YDELTA/ 2.

FIRST + LAST CHAR, ON LINL = *I*
ISPACL(1)=ICUARYL(4)

ISPACL(101)=ICHART(4)

SIRGT 4 LAST LINES ALL *-*, bXCLPYL *+* IN 11,21,31,41,...,81,+91
IF(LINL.NLE.D JAND, LINL.NL,.S1)GO TO 11

NO 909 150=2,190

IF((I3P=1).,LO.{13P=-1)/10*%10)GO IO 19
15PACH(ISR)=TCHART(S)

GO TO 909

ISPACL(ISP)=1CHART(6)

CONT1MUL

GO TO 14

ISNITIALZE COL. 2-100 Od LINLES 2-50 TO * *, OR *fecewpak T AXIS
[F(Y.Lbo0u JANDLYLAST.GT.0.)GO TO 13

DD 912 15P=2, 100

THPACL(LUDY=TICHART(7)

GO TO 11

hO 2173 1T.50=2,190

ISPACL{I5P)=1CHARD(S)

IF({I5P=1) L0, (I5P=-1)/10%10)15PACE{ISP)=TCUART(6)
SEARCH Y~-VALUL ARRAY FOR THO5LE 1IN RANGE YLOJLT.VALUE.GE,YUP
B 914 I=1, MNPTS

VS=VSTORL( IT+1AND)

NCHAR=ICHAR

IF(V3.GT L0 JAND, VSLLELYURYGO TO 145
IF{NA3SO.MLE.1) GO Tn 914

AVS=ABS (VS)

IF(AVS, LT, YLO.OR,AVS . GU.YUPY GO TO 914
HCHAR=1CHART( )

FIND COLUAN NUGIER RLARLSY 10O I-T VALULE OF X=VARIAULE whlN SCALED

SP=(VSTORL(T)=XATN) /XDLLTA + 1
IF(SP=ANINT(SP).OGT.0.50) 3DP=5P + 0.5%0
IsP=5Pp




7.2.7 {(Continued)

Cmmmm= CHECK ISP, IF LT 0 OR GT 102, HERROR; IF 0, ADD 1; IF 102, SUBT. 1
IR(ISP) 914, 15, 14
15 IsP=1
GO TO 18
16 IF(ISP-102)1%,17,914
17 15P=191
) 18 ISPACE(ISP)=NCIHAR
914 CONTINUE
oT—— LINES 1,11,21,31,41,+51 HAVE Y-VALOLS; THRSE LINES, PLUS LINES 6,
C 16,26,... ALSO HAVE *+* IN COL. 14101 IF LdPTY
IF((LINE~1) ,NL.{LINbL=1)/5%*5)GO TO 19
IF{ISPACE(1).NheICHAR) ISPACL(1)=ICHART(6)
IF(ISPACE(101) NL.ICHAR)ISPACE(L101)=ICHART(6)
IF((LINL=1).Nt, (LINE-1)/10%10)G0O TO 19
Cmmmme WRITE OUT PLOT LINL, CONTINUE
WRITE(6,602)Y, ISPACE
GO TO 907
19 WRITE(6,603)TH$PACEH
307 CONTINUE
Commmmm CALCULATE + PRINT X-AXI3 VALULS
20 DO 920 I=1, 6
920 XAX(I)=XAIN 4+ (I-1)*20.*XDLLTA
WRITE(G,608) XAX
(o WRITL LOWER TITLLS + VALUES, RLENTHER QUTER LOOP
IF (J.CT.NTOLPL) GO IO 23
IF(NLPLT(J,1))21,23,22
21 WRITE(6,605) J,DIsT,L
GO TO 900
j 22 WRITE(6,606) J.DIST,L
GO TV 900
' 23 WRITE(6,607) J,NVAR,T,
900 CONTINUEL
WRITL(A,608)TITLL
901 CONTINUEL
1000 URITE(6,601)
ARITE(6,610)
WRITE(5,611)
IF{T.LT.TRFINAL=-DELT) RETURN
DO 1250 J=1,NTOPL
. L=NLPLT{J, 2)
' IF(J.GT.NTOLPL) GO TO 50
" DIST=HLPLT(J,3) *PARA(L, 5)
. IF(NLPLT(J,1)) 25,1250,30
. 25 WRITE(6,605) J,DIST,L
GO TH 1250
30 WRITE(6,606) J,DIsST,L
GO TO 12950
50 NVAR=NLPLT(J,3)
WRITL(6,607) J,NVAR, L
1250 CONTINUL




e

71.2.7

(Continued)

601 FORMAT(1H1)
602 FORMAT(1X,15%,F12.4,1X,101A1)
603 FORAAT(1X,28X,101A1)
604 FORAAT({1X,23X,5(F9.3,11X),F9.3)
605 FORWAT(1%X,23X,6HGRAPH ,I3,1%,534 FLOW (CU.IN/SEC) VS, TInk (SEC.)
+ FOR A DISTANCE OF ,F8.2,26l1 INCHES ALONG LINE NUWNBER ,I5)
606 FORWAT(1X,28%X,6HGRAPH ,I3,1X,53H PRESSURE (PSIA) VS. TIJAL (SEC).
+FOR A DISTANCE OF ,¥8,2,26fl INCHES ALONG LINE NUUBER ,I5)
607 FORMAT(1X,29X,6HGRAPH ,I3,1X,18H VARIABLE NUMBER ,13,21d OF COdMPO
+NENT NUMBER ,I3,388 VS. TIHE (SEC.). THE VARIABLE IS =--- )
603 FORMAT(1X,28X,20Aa4)
610 FORAAT(1HD, 65X, 27HIIYTRAN PROGRAM OUTPUT PLOTS)
611 FORAAT(110)
RLTURW
END




7.3 SUBROUTINE SCALLED

The subroutine SCALED is used by GRAPH to obtain a preferred scale for

s the X and Y axis of the print plot graphs.

The number of divisions ou the X axis = 100 and the unumber of divisions
on the Y axis = 50, a preferred scale system was chosen which would give a
difference between RMAX and RMIN of either 1.0%10%**N, 2.0%1Q0%*N or

5.0*%10*%*N where N can be +ve or -ve.

The graph data MAX and MIN is cenitercd berween RMAX and RMIN unless
either RMAX or RMIN can be set to zero.
An overriding requirement is that the scales should be at some reasonable
1umber for easy reading hence with a range of 5000, the MIN can be set at 3
v intervals of 500, or range/10. This sometimes leads to a larger scale being
used than would expected fruom the actual range. ,
The goal however was graphical readability and scalability without
the need to resort to a calculator to find the value of a point, and in
meeting this goal we have payed some penalty in the size of the actual graph,
7.3.1 Theory Not applicable.
7.3.2 _Assumptiong— Not applicable.
7.3.3  Computation - To be added later.
© 7.3.4  _Approximatfon - Not applicable.
" 7.3.5 Limitations
In its present form SCALED gives inconsisteut answers for small values

of RMAX and PMIN, and is noct currently used to scale the X axis,
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7.3.6  Yardiable Names

NAME

AMAX

AMIN

IBOT

TEMAX

LEXP

1TOP

MANT

RANGE

RMIN

SCALE(-)

DESCRIPTION

Maximum value
Minimum value

Variable used
scale values.

Variable used
scale values

Variable used
scale values

Variable used
scale values

to

to

to

to

to

to

Integer counter

Variable used
scale values

to

be plotted
be plotted

calculated Y axis

calculate Y axis

calculate Y axis

calculate Y axis

calculate Y axis

Range of values to be plotted

Maximum Y axis scale value

Mininum Y axis scale value

Scale factors for Y axis

DIMENSION




7.3.7 Subroutipe Listing

SUAROUTINVE SCALLN(KAAK, Re1TN)

DIAFNSTION SCALL(6G)

DATA SCALKF/e5,1.4,2.,5.,10.,20./
Crm——= PIND THI. RANSGE OF VALULS *RANGE*, AGD PLACK ACTODAL SMAX ABD aIN
Comm=- POTINTS IN *A4AX* AND *N TN

RANGE=RIAX=-R TN

AMIAX=RIAX

AATA=RIT
Cr====FIND AN INTEGER EXPONENT *TEXP* AND BASE *UANT* 5UCH THAT 'THL
C-m=m= VALUE OF JAANT**TLXP I8 .Gl. RANGL

TLEXP=ALDGIO( RANGT,

AANT=RANSGL/ 1D %% T LK

IF(RANGHOT e IAVI* 1 0. Y TLXP) I ANT =1 ANT+]
Commm=— USTNG ANt, SeLBECY it O ik PROPLRRLD SCALELS

IF(UANT.GT. 1) 50 1 70

TH{AANT LT 1) S0 o 79

GO TO(80,90,100,100,100,110,110,110,110,70), MANT

70 S ANT=1
TEXP=1kXP+]

q0 J=2
GO TO 120
40 J=3
GO TOo 120
111 J=4
GO T 120
110 '.]'_'5
v SLT *LiLGAXY LOUAL TO e CXPONLNT 217 10, CORRLIPOMIDI NG 0 wIAX
' 120 IF({RadX.60,00) GO 19 121
‘ TLOAXEALIC LI (RS RAAX))
i R NSE AGAX AND TEAAX 1O FLADR A POSS LI, AAXTAUG VALUL POR Pdl,
- C-m===- SCALL,.  VLACE DML YALUEL 1o NGAY, AND COAPARL NT'TH il ACTJATL
C """"" |ll’\XIl"”-\.l P\)I "'l‘o
RAAZ= 1T ABS (AOAX) /1IN0 F LEAXY * T ¥ * TUGAX* S TON (1. 0, AdAX)
121 1F(ROAX.GLLAGAX) GO TO 130
Ce=m=- IR RetAY I5 L0, ACTIAL SAX POTNT, INCRLAGL 1T 3Y %
Cm—-=- PERCLITY AND RECHECE==RULPEAT AS NMECHSZEARY

- BUAX=RAALH, O5*SCALL(T)*1 ), * X TLXD
; GO TO 121
Com e =GET ™dE SCALER'YS 110 3Y SUBURACTING SCALE(J)**10XP £ROI ReAY
Comm—m TF OOUE ACYTIAL AL ITaa *A0IT* L1LS w1T 1IN Tk RANGE 0w DREFTARD
Cmmm BY RelAX A 1D Bals, CONTINUL,
130 RATN=RAAN-SCATL(T)*10, **TLEXD
TE(RALNLLEL AT G0 O 150

Cmmmm- GO O Pl NEXT DARGEST SCALe, RLCALCULATE RAIA, AND RLCHICK
J=J+1
TF{J.LT.5.5)00 79 130
J=1

TLXe=TLXP+]
GO TO 130
Crem—= IFP THE SCALE'S Td 1o JUT. 42RO, 08 L ACTUAL G1W 15 BOsITIVE,




7.3,

C

7 (Continued)

====SHI¥FT Tk SCALL UP S0 THAT Tdl SCALL BLGINS ATl ZERO
150 IFP(RAIN*AMINLGT.0.)GO TO 170

RMIN=0.
160 RNAX=SCALE(J)*10,**TLXP

————— DUE TO THE SHIFT, IT J4AY BE POSSIBLE TO DECREASE THL SCALE TO

————— THE NBXT SAALLLST SIZh
IF(AMAX.GT.1.000N01*SCALL{J-1)*10.**ILXP) RETURN
J=J-1
IF(J.Gre1.5) SO TO 160
J=4
ILXP=IEXP-1
GO TO 160
----- IF RAIN IS POSITIVE AND NLAR ZERO, SHIFT THh SCALE DOwid 0O 0.
170 IF(RAINLLT.0.)S0 TO 175
IF(RIINGGT,  1*RUAX)GO TO 180
RMIN=0.
RMAX=SCALLE(J)*10,**1EXD
----- IR THE SUIFD DOwN CAUSLES RudX 10 LIE 3bLOW Tdi ACTUNL =IAX,
————— INCREASLE THE SCALE RANGE TO THO NEXT LARGLST
I (RAAX LT AMAX) RUAX=SCALL(T+1)* 10, %% [ |, XD
RETURN
------ IF RIAX I NEGATLIVE AND NLAR Z2BRO, SHIRT Td4h SCALe UP 79 0,
175 IF(RIAX.GL.0.) SO TO 130
1IF{(=RAAXGT. =0, 1*RNIN) GO TO 180
RaAX=0.
RATN==SCALL () *10, **TEXP
————— I THE SHIF'T UP CAUSLS RLIN TO LIE AROVE 'Udb ACTUAL I,
—————— TNCRLASE T.1v SCALE RANGE TO THE NMLXT LARGLST
IF(RAINZGTL AIN) ROTY==SCALF(J+1)*10.%*TLXD
RETURN
————— CLNTER 'Tdh SCALE ABOUT Ul ACTUAL RANGL OF POINTS
180 ITOP={RAAZ=AAAX) /( « NH*SCALE(T)*1 0, *¥*ILXP)
I30T={AAIN-REIN)/( LOS*SCALE(J)*10,**1EXP)
IDLF=( ITOP-130T) /2
IR(IDIV.EN.D) RETURN
RAIN=RATIN-IDIE* (05*SCALL(J)*10, ¥ * I XD
RAAX=RAINFSCALY (T *1 0. ** T X P
RETURN
END

R
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8.0 UTILITY SUBRGUTINES

The utility subroutines have been added to avold some of the amnoying

At s nia®

problems encountered when a program 1s transferred to another system which

may have similar but incempatible library routines.

P

; INTERP and LAGRAN both of which started as library routines, have been

modified to cut running costs wierever possible,

A skilled user can probably replace these routines with local library

routines and operate efficiently.

8.0-1




8,1 INTERP SUBROUTLME

The INTERP subroutine provides interpolation for continuous or discon-

tinuous functions of the form Y = £(X). INTERP is a shortened version of a

MCAUTO library functional subroutine named DISCOT.

INTERP uses two other subroutines, DISﬁRl and LAGRAN, to derive the depen-
dent variable from tabulated data input by the programmer or already existing in
the program subroutine. Subroutine D1SERL gilves the data points around the X vari-
able. Lagrange's interpolation formula i{s used in the subroutine LAURAN to
obtain a Y value. For an X value lying outside the range of the tabulated
data, the Y value will be extrapolated. ¥Yluid viscosities are calculated
using a modified Walther equation.

8.1.1 Solution Method. ‘The INTERP subroutine provides the necessary control

parameters to DISER]L and 1AGRAN to yield a dependeni variable. The sub-
routine arguments are:

Subroutine INTERP (X, TABX, TABY, NC, NY, Y, 1ND)

where:

X

i

Argument of function Y = f(X)
TABX - X array of independent variables in ascending order

TABY - Y array of dependent variables in ascending order

NC Control word

Tens Digit - Degree of intervoliation
Units Digit - = 1 Walther equation
= 0 LAGRAN interpolation
NY - Number of data points in the ¥ array

Y - Dependent variable

8.1-1
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IND - Error indicator k

0 = Normal interpolation
1 = Extrapolation outside range of data points.

8.1.2 Assumptions., Not applicable

8.1.3 Computations. The degree of interpolation will be decoded from the

control word NC in the INTERP subroutine argument and passed to DISERI, The

error indicator IND 1s set to zero. On finding the data point closest to the X

value from DISERL, it 1s entered into the LAGRAN subroutine argument. 1f the

modified Walther cquation is to be used for a viscosity calculation, 1DX will

be set equal to -1,

8,1.4 Approximations, Not applicable

8.1.5 limitatdons., The X and Y data points must be entered in an escending
order, When tabulating a discontinuous function the independeit variable (X)
at the puint of discontinuity i1s repeated, i.c.,

Xpo Xy Xy Xy Xy Xy

Yoo Yoo Y4 Y, Yo, Y

Ny
Ll

Thus for discontinuous functions there must be K + 1 points above and below

the discontinuity, where K is the degree of interpoiation,




8.1.6 INTERP Variable Names.

Variables Description Dimensions
IDX Degree of interpolation -
IND Solution indicator -

= 0 Normal interpolation

=1 Extrapolation outside of data range

NC Control word -
NPX Dummy array -
NPX1l Location of data point X, Y for interpolation -
NY Number of Y data points -
TABX X array of data points -
TABY Y array of data points -
X, XA Independent viardiable -~
Y Dependent variable -

! 8.1-3




8.1.7 Subroutine Listing

SN0 LT (K TASK, PASY, NC, MY, Y, T
ALl T TSR (1), TARY (1), HRR(D)
ToX=(9C-(2C/190)%190) /13

14n=0
: WA=y
g SALL DISLST (A, TARY, 1, WY, 19X, 0P, THD)

MPUI=NDV])

TO((IC=II%*10) . L7, 1)1 0%==1

1E( (=T 10) LY, 2) ITN==2

CALL LASEA (AN, EAIR(5PY 1), Ta™Y(1PY1), 12741, Y)
WL

el




8.2 DISEk]l SUBROUTINE

The subroutine DISEKl will return the array location of the lower bound
value of the interval in which the independent variable lies. DISERL is a
modification of a MCAUTO library subroutine named DISSER,

The arguments for the DISER] subroutine are as follows:

Subroutine DISERl (XA, TAB, 1, NX, 1D, NPX, IND)

XA <~ Independent varilable

TAB -~ X array

1 = Tabulated data location

NX - Number of points in the independent array

ID - Degree of interpolation

NPX - Location of lower bound {ov data point XA, in the TAB array
IND - Indicator

8.2.1 Solution Method. Not applicable

8.2.2 Assumptions. Not applicable

! 8.2.3 (Computations. On entry of the independent variable, XA, and the tabu-
lated data form the TABX arvay, DISERL will find the tabulated data values
that bound XA, and return the smaller one to the calling program. If XA were
to lie outside the lower end of the data, DISERL would return the first data
point as the lower bound. Should XA lic outside the upper tabulated value,
the second from the last data point location will be returned by DISERL.

8.2.4 Approximations. Not applicable

8.2.5 Limitations. Not applicable




8.2.6 DISERL Variable Names

Variable

IND

1, ID, IT, J, NLOC,
NLOW, NPB, NPT, NPU,
NPX, NUPP, NY, NXX
TAB

XA

Description

Solutilon indicator

Integer counters

Array of independent variables

Independent variable

Dimensions




8.2.7 Subroutine Listing

SUBROSUTTAL DISERI(EN,TAN, T, X, IN, NOX, THD)
DIOENSIOg 243 1)
IF(XA=7AS(TYY71,73,72
s 71 TAN=TYD+]1
NDPR=]
RLTHRY
73 LA=TAB(T1)
DUN=T
NI
72 T=I+NK-1
IF(RA=-TAI(IT))L,77,76
76 I N=110+1
HDPY=T-10
Riariil
77 NA=TA3( D)
pn=J-10
RPN NN
1 HeP=TNn+]
Npl=1pn/2
Bt EF U S HEE]
==y 4,5,19
4 IN= %=1
U rae 1
i [RX=1
RE TN
1N WY 2 =1 40P
MR =THIK= (M O+])
Ir(%=29)1%,12,11
| 11 AR |
: TE(RA=-A3 (Y12, 17,13
17 NSY=INY=-1R/4d
, [P (A=A %)), 17,17
13 NX=i (/A
TV (RA=DA(NY) Y4, 17,17
1a IO I= 1=K/ 4
DD 12
17 L 0 IR k4
17 ) 17 TI=icL e, nann
. ’ LIC=T 1
T V(3T -2AY1D, 20,20
" 12 CO L.
' RERCT FUREIN R T

NLPIRY

2N APV ARSI
R TINN
PN PR
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8.3 LAGRAN SUBROUTINE

The LAGRAN subroutine will interpolate or extrapolate a data point from
two known tabulated values, 1In addition, LAGRAN will calculate viscosity using
‘ a2 modified Walther cquation. The LAGRAN subroutine arguments are:
" Subroutine LAGRAN (XA, X, Y, N, ANS)

XA = Independent variable

X - X array
Y - Y arzay
. N -~ Degree of interpolation

ANS - Dependent vavraible
8.3.1 Math Model. LACRANGES interpolation equation is used in this subroutine

to calculate the dependent variable. The LAGRANGE formula is:

m
P (x) =3 L &)y @
1=0 i 1
Where:
J Ly (x) is the Lagrange multiplier function.

_ , (oxy) Gex )70 Gexy ) Qx0T (o)

o ETRRC Rl gy Wy vy Py iy sy ey cupgs CEEY ypeay SRR CY

- 170 i1 1 Ti-1 1 71+l 1

The LAGRANGE equation will gencrate a polynomial between two data points.
The degrees of the pclynominal will be that specified by the index value N.
The dependent variable will be returned as ANS in the subroutine argument.

A modified version of the Walther equation dis used

in the calculation of viscosity. The ASIM charts are based on this equatilon.
1L0G [LOG (v+c) 1 = A LOG "R + B N

Where: ’

¢ = g constant




R = Temperature, °RANKINE

v Viscosity, cSt
A,B = Constants for each fluid
LOG = Log to the base 10

The ASTM chart expresses ¢ as a constant varying from 0.75 at 0.4 cSt o 0.6
at 1.5 ¢St and above.
8.3.2 Assumptions. The Lagrangian equation generated by the subroutine will
only use the data points arcund the dependent variable to generate a polynomilal
for interpolation. The last or first set of two data poinis will be used
for extrapolation. The equation used to determine the viscosity uses a
coustant factor that is applicable to viscosity values of 2 centistokes or more.
8.3,3 Computation. The procedure LAGRAN will perform whether it be inter-
polation or the viscosity calculation, will always be recognized by testing
the N argument in the subroutine statement. If N is equal to zero, then the
viscosity will be calculated using the modified Walther equation. Otherwise

¢ N will specify the degree of interpolation to be used by the Lagrange formula.

| Both results will be returned to the calling program through the variable
named ANS. The LAGRAN interpolation 1s a direct application of equation (1)
to the given data.

Before evaluating the viscosity equation (3) for the viscosity value at

XA tewperature, the constants A and B must be calculated. They are solved
using the data points that surround the dependent variable, or the first or
last set of two data points if the dependent variable lies outside the range
of the tabulated data. With the counstants calculated for this fluid the

viscosity can be computed from Equation (3).

8.3.4 Approximations., In the viscosity calculation, 0.6 was used as a

constant factor for all ranges of viscosity. See refereuce 9,6 for a more

thorough discussion.
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8.3.5 Limitataions.

Since the LAGRANGE method only uses two data points to

interpelate it can become inaccurate for remotely spaced tabulated data

points.

results.

Any dcgree of interpolation greater than two can lead to erroneous

For the viscosity equation, any computed value of viscosity less than

2 centistokes cannot be considered accurate, and should be weighed

in the final results.

8,3.6 LACRAN Subrourine Variable Names

Variable
A

ANS

"y

Y

Pt

Fl

Description

Constant for viscosity
Dependeni variable
Constant fer viscosity
Integer counters

Method of solution

N 0 Viscosity calculation
¥ > Pegree of interpolation
Lagrange partial product

1.0G LOG of (Y {L) + )

LOT LOG of (Y (2) + C)

oC - T (D
LOG »f v 2 2)
X-array

Indepena -nt variable

Y-array

g.3-3

Dimensions

cSt
cSt
°R

°R
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8.3.7 Subroutine Listing

3ROYTINE LAGRAN( XA, X,Y,N,ANS)
AENSION 2(1),¥(1)
L~.~1) GO O 21

EC.0)GO 7O 10

I G

I

"; o~ pOn LJ
A A
[ - .
|lD

WIS
5

OzZO0um

—
—

-
~

Q
>"‘A‘J\;')w ]
— Lk e
-
PN = b
(W = pod o

L e |

[
3
it o3 1
e~
S 4
e
= g1
o B |

[ES IS ]
T LI LA
[ Rt
",:o
o)
Y
2 d
[ s
(o~~~
A e e
W~ -
~
ot

@]

oSTTY CALCULATION
1n CQ“TIHUG
‘X].:O.

TE(Y(1) e LLo 2o ) R1=EXP(=1.47-1.34*Y(1)=.51*7(1)**2)

Ad=N,
IP(Y(2)Lea2.)A2=CP(=1.47-1,34%7(2)~,
P1=ALNGLIYALGSLII(Y(1)+.7+21))
PR=ALOTINALZIN(Y(2)+.74122))

Tl= \r@’lw(V(1)+4<n.)
“””L‘ulj(K(7)+ 1;)

S=(21- “’)/(“?-ml)

2143%T]
,=10**(lﬂ**(f-1*AL3610(xA+4%0.)))

I (Z.LL.“.7)“) ™ 11

1.—‘(.'
ll

S1*¥Y(2)%*2)

11 i1-—(z- T)=L¥0(=.T127=3, 2954 (2=07)+.5110% (2=, 7) #42

+-.31*1*(u- 7)**2)
AU
IITIJL CALCULATION
20 CONTINUL

P1=ALIILI(ALOCIN(VY(1)+.5)
P2=NLOSLI(ALDGIN(Y(2)+.5)
TI=ALAC1IN(Y(1)+4959.)
T2=ALDGLIN(X(2)+459,)
2-(”l-’”)/(“" T1)

_)1+ *111

VOS1A** (1% (A= *ALONC1I(XA+460,.)))=.6
mE=10%*((,125939+1)/3)

“10,7 La**((=,477159+0)/2)

(@]

)
)

3

JZ1((TH)/100.+1, ) ALOGLO((T119600)/100.41)

n,rv-rr 13070%5
«53/DLTLY

ALPEﬁ*' 23523-11.3805%5413.1735%3*%5-4,0031%5% 5%

de
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8.3.7 (Continued)

BETA=-5.33425+419,9521%3-23,9448%3%5410,155*3*5%3
CHI=3.35452-13,1273%53+17.1712%3%5-7,6551*3*5*C
ANS=ALPHA+3ETA*ALOGLO(VO)+CHI*(ALOGL0(VO))**2
IP(ANS.LT.0,)AN5=0

RETURW

END

8.3-5 e .



8.4 SIMULT SUBROUTINE

SIMULT is a Fortran library broutine (Reference 9.3) that solves

gystems of W linear algebraic equations with N unknowns. SIMULT employs

Gaussian elimination and positioning for size using the largest pivetal

divisor as the solution process.

8.4.1 Solution Method - A system of linear equations may be written:

aj1xq + ay9xy + . tay,, X, T bl

agix] +agpxy t . . *apg X, = b2
. . . . 1
agl¥1  t oap2x2 + . .+ I~ = bm

Rewriting in matrix form:

- - -
ail a1?2 .- g xl.-1 by w
: a1 A2 o 220 2 b2 &) :
:
. : : : = S
| Laml 4m2 dmm i X L o L

I
Equation (2) may be further simplified by writing:

AX = B (3)

where

A =M™ M Matrix of coefficicents

M Matrix of Constants

o
it

M Matrix of M unknowns in the system.

»<
i

i P )
e - g
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The solution of a set of simultaneous linear equations as in (1) is
by Gaussian elimination using pivoting. Each stage of elimination consists

of Interchanging rows when necessary to aveid division by zero or small

elements. The forward solutlo to obtaln variable M 1s done in M stages.

The back solution for the other variables is calculated by successive substi-
tutions. Final colution values are developed in matrix B, with variable 1

in 8(1), variable 2 in B(2),..., variable M in B(M). 1f no pivot can be
found exceeding a tolerance of 0.0, the matrix is considered singular.

The argumeats for SIMULT are as focllows:

Subroutine SIMULT (CALCl, CALC2, M, J)

1;
21
|
1
|

where: 3
A

CALCL = A i

CALC2 = B !

M = number of equations :

J = solution indicator

J 1 when no solution can be found - equations are
singular

J 0 for a normal solution

Both the original CALCl and CALCZ Matrices are destroyed in the computation. '

The answers are returned through the CALC2 Matrix.
8.4.2 Assumptions - The basic assumpticn used in the solution of simultaneous

linear 2quations involves the ability to actually linearize the complex

mathemstical system that is being described. 7If this can reasonably be

done then a set of vquations as in (1) may be written and solved.

B.&-2



8.4.3 Cowputation - Gaussian elimination and positioning for size using the
largest pilvotal divisor 3is used. VYositioning for size or pivoting will
ordinarily reduce some of the roundoff errors in the solution and may
actually allow some 1ll-conditioned systems to be solved. See Appendix

D S3FAN Technical Manual (MDC A3059 Vol 11) for a more thorough discussion
of this method.

8.4.4 Approximations -~ The approximatious are inherent in the use of the

Gaussian elimination procedure as described in Appendix D of the SSFAN Tech-
rnical Manual.

8.4.5 Limitatlons - If no equation 1o the set (1) 1is a linear combination
of the others, the system of equations is sald to be linearly iIndependent
and a unique solution exists for the unknowns. A system of equatlions are
homogeneous 1f each by in B (EQN 2) 1s equal to zero. The Gaussian
elimination method will provide a unigue solution to equatioan (3) when

the corresponding homogenous system has only the solution X = 0. Both
syatems AX = B aund AX = 0 as well as the coefficient matrix A are then
termed non~singular. When AX = 0 has solutions other than zero, the two
systems and matrix A are termed singular. This results in AX = B either

having no solution or an infinite number of solutions.




8.4.6 SIMULT Subroutine Variable Names

Varilables
A
B

BIGA

IA,1B,3C,IJ
IMAX,IQS,IT
IX,IXJ,IXJX,
11,12,J,33,JJX,
JX,JY,K,NY

N
SAVE

TOL

Description

N*N Matrix of Coefficilents
N matrix of constants
Largest element

Integer counters

\

Number of unknowuns

Temporary storage lecation

Tolerance

cc

1~
|

Py

Dimensions

]

=

i
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8.4.7 Subroutine Listing

SU3ROUTINE SINSNULT(A,3,W,XS)
Chhx*x TOVISED SEPTEEBLR 33,1974 **
DIGENSION A(1),2(1)
TOL=0G.0
K5=0
JJ==N
DD 65 J=1,W
JY=J+1
JI=JT+:1+1
3I:5A=0
IT=3J-J
joe] 30 I=J'f,\‘
IJ=I0+1
IR(ADS(BISA)-ANE(A(1.T)))20,30,30
20 3IGA=A(1T)
I.:3X=1
30 CONTINUE
IF(A33(3IGA)=-10L)35,35,40
15 ©g=]
REPIRY
19 I1=T44*(J-2)
IT=I..1\X=J
373050 U=71,4
I1=T1+x
I2=T1+IT
SAVE=A(11)
A(I1)=0A(12)
AIZ)y=3RVL
50 A(IN)=3(I1)/1I5GA
3AVL=3(1.A%)
D(IAVY=2(T)
(. I)=3AVL/ZIGA
I7(J-V)5%5,76G,55
53 Iq&=li*(J-1)
DD 65 IN=JY,u
I¥J=I0S+I%
IT=3-1IX
DoAY JY=TY7,%
IXIX=*(J¥X=-1)+IX
JITY=IXNIX+IY
59 A(IKJX)=A(IXJX)-(A(IXJ)*K(JJK))
63 2(IN)=YIX)=(T(T)*A(IXT))
70 Ny=a-l
IT=i1%
03’1 I=1,7FY
IA=IT=-]
I5="1=-J
IC=N
nd 330 L=1,7
3(I3)=3(I3)-A(In)*3(IC)

* *

8. 4-5
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8.4.7 (Continued)

IA=IA-N

30 IC=IC-1
RETURN
ERTD
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8.5 SBRAN SUBROUTINE '

The SBRAN subroutine is a special utility program which enables the
programmer to input lines without having to separate them with a component
or end them with a component.

8.5.1 MATH MODEL

Not applicable,
8.5.2 ASSUMPTIONS

Not applicable,
8.5.3 COMPUTATION
1000 SECTION

All the cunnection data for the lines is checked in the LC array.
Should a line be dead-ended, a minus one will be in the appropriate address
of the LC array. The number of dead ends are couited and che address of the
downstream end of the line number is stored in the LL array.

Next the lines are checked to see if they are counected to each other.
This occurs when a one is found in the downstream address of one line and
the upstream address of another in the LC array. The address is stored in
the LL array and a counter, NDENDI, is incremented for each line.

If the sequences of -1 -1, 0, 0, or +1, +1 are not followed for the
line data, the program will stop execution.

3000 SECTION

For a dead-ended line the address of the lines pressure and flow data
is found in the 1L array. The flow in the line is set to zero and the end
pressure is set to the characteristic pressure,

The LI array also contains the addresses of the P, @, 7 and L. variables

for any lines thbat are connccted.

a3
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The flow is computed as

Q(I)=(C(T)~C(13)) /{Z(TI+Z(IT)

TPRE -XCPA

Q(JJI)=-Q(I)

e o Sl

where:
I denotes the upstream line end point
JJ denotes the downstream lines beginning
The pressures are calculated easily as
P(I)=C(1)-Q(I)*z(1)
P(JJ)=P(1; ;

8.5.4 APPROXIMATIONS

Not applicable.
8.5.5 LIMITATIONS

SBRAN does not take into cccount the pressure drops or rises that
result from any changes in «ross sectional area going from one line to
another.

} 8.5.6 VARIABLE NAMES :

Variable Description
: I Downstream Line Address
JJ Upstream Lince Address
KFAIL Error lndicator
B NLINE Number of Lines
NDENDS Number of Dead-Ended Lines
NDUNDL Counter for Connected Lines

8.5-2

kTl - e B &



I b

8.5.7 Subroutine Listing

SUBRJUTTIAL 335AT
C *&% RUVISED 2nlLa3ER 5, 1075 ***

CCniDM/303/BAR:(157 3),Pd(l500),?d(1500),
p 2 300) ,RUD(20),520RH0(20) ,VISC(290) ,80LK(23),TEuP
2: P°RLS, DELT, *VI‘\L,°LF“EL,PI,TITLE(2Q),LﬁGH,
LSTAR ”(130),JT°P(150) LTY?E(233) ,HC(29), IﬁX,INZ

2(3308),2

s+ p
3,.1 EaP(2Y),
14y, I TLP NLINL,,BE L, IND, TN TR, GLINE vl LG, o
,,.LJL P, i0E
“IAh MIQJ LL(55),L0(1)
ERJIVAL=GCE (LC(1),C(1))
IT(ILaeR)1INGN,20723,3009
Innn CoamrnL
J=n
03100 I=1,vnIo
Ji=I*2
IV(LC(TIT) e>iia=1) 20 00 190
J=T+1
TL(T)'JJ
105 CosrrTeig
Bip o 3h=g
TEAIL=4

J=dLlInu-1

’u A 1=,

JI=1%2

IM(LS(IT)eiiBe=1) 206 T 1729
IP(LC(TT) . i Uo(TI4+))) S0 o> 130
IF{(LC(T )0 ) 35 70 200

=J+1

LL(T)=J1

RS n,"\ 'Z "’ n

3

(&)

r

19 IZ(LO(TI+1).50,) G5 00 130
27 CoIITn,

w3

TP (TR ATLL L 1)k IFL( 6,0 37)

800 TIIGAT (lq’,J~J7h3:Rl“ L IR T U RGIITI

IT(NTATILLLT L) 300D 4002

2000 R

LR M IR ORENAR SINe
IF0LTN3, 00 ) 32 20 2575
NDOAININ =1, Nl
[=L0L(0)
MI)=r."

1020 P(I)=C(I)

025 TIN50 TY GO D3R
DT3N50 w=atnnl,

) : 8.5~3.

(300),C(300)
(292),Pvap(20)

ICOA

IIOD’J' lu -')1.4-)
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8.5.7 (Continued)

I=LL(.i)
JJ=I+1
' AIY=(C(I)=C(IT))/(Z(I)+Z2(JT))
T IT)==2(I)

P(I)=C(I)=-2(I)*Z(I)
P(JJ)=P(I)

3050 COATINUE

39069 RETURN

END
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8.6 SUBROUTINE XLIMIT

XKLIMIT is a utility subroutine which provides the calling program with

information to determine if a limit has been reached. The subroutine is
typically used for components with mechanical movement and returns position
and velocity data.

8.6.1 MATH MODEL

; Not applicable.

8.6.2 ASSUMPTIONS
Not applicable.

8.6.3 COMPUTATION METHOD

Minimum (POSMIN) and maximum (POSMAX) limits are input along with the

current values of position (POS) and velocity (VEL) from the calling

;
1
1
|

program. Initially the siyn is sct to zerc and the position is compared

against POSMAX.

|

If POS is greater than or e¢qual to PCSMAX, the position is set to

.

POSMAX and ASIGN 1s set to 1. Should VEL be greater than zero 1t is zeroed

LT e e e e e DL

\ B
; and a return is made to the calling program. ﬂ
§i If r0OS is less than POSMAX it 1s checked against POSMIN. When POS is A
(E less than or equal to POSMIN, POS is set to POSMIN, ASIGN cquals -1 and the %
i velocity is zerced if it i{s less than zero. #
:f Should POS be greater than POSMIN a return is made to the calling E

[

program without any poslition or velocity changes.

8.6.4 APPROXIMATLONS

Not applicable.

8.6.5 LIMITATIONS

Not applicable.




L

-8.6.6 VARIABLE NAMES

Variable Description
ASIGN Sign (-1, 0, 1)

POS Position

POSMIN Minimum Position

POSMAX | Maximum Position

VEL Velocity

8. 6-2
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8.6.7 Subroutine Listing

SURROUTING XLIMIT(POS,VEL,ASIGN,POSMIM,POSMAX)
ASIGN=0,10
IF(P05-POGiiAX) 29,1%,10
10 pPO3=P0G.1AX
ASIGN=1.0
IF(VEL.GT.0.2) GO TN 40
53 TN 50
20 IF(PCS-POSIN) 30,30,50
30 PRB=POSJUIN
ASIGN==1.0
IT(VEL.GE.N.0) 3C TD 50
A0 VEL=0,0
53 RETURE
EXD

8.6=3 ... —



8.6.7 (Continued)

13

SUBRONTINE DLISIT(POS,VEL,ASIGN, POSHIN, POS5.1!

DOUALE PRECISION POS,VEL,ASIGN
ASISGN=0,0D0

I7(POS-FOSAY) 20,10,10
PO3S=POB.INY

AS5IG3=1,.0D0

IF(VEL.GT.0.0D0) GO TO 47

GO TO 50

IF(POS~POSiiIN) 30,30,50

N PC53=POGnIN

ASTGI==-1,0D9
IF(VLL.GE.0,.0D0) GO TS 50
VEL=0.0D0

RETOR

L&D

8| 6-4
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8.6.7 (Continued)

FIRICTION SQRABS(X)
IF(%)100,290,300
SQRARS==SHRT(~X)
GO 70 4190
SORABS={.1

GO TO 400
SORABS=S)HRT(X)
RETURN

END

8.6-5



8.7 SUBROUTINE TUSTIN/FUNCTION DYNAM

The Tustin subroutine provides coefficients to approximate difference
forms of continuous transfer functions for digital simulation. The 2Z-plane
equivalents of the integrator, lag, or lag and washout for S-plane
continuous functions can be selected.

Function DYNAM performs the actual computation for the chosen transfer
function.

8.7.1 MATH MODEL

For a general functiorn G(s) with input X and output Y,

X «—>{ G(g) —» Y

The output at any time Yn can be approximated by a difference equation

Ta=Cy Iy + G Xy *+ Gy Xy
where Cl’ C,, C; are constants for a particular set of time constants (T)
and clock time (AT) and need only be computed one time, in the initialization

section of the program.

Thé derivation of the integrator, lag and lag and washout are presented

below.

8.7-1



DIGITAL SiMULATION OF CONTINUQOUS TRANSFER
FUNCTIONS USING TUSTIN'S METHOD

Substitute [—',1; [ l_—(’-:r*J for 1/8

I, TINTEGRATOR

X el 1/ — Y

; Yy _ 1 oM __l___t.[:] ,
-. X 5 2 1 - ool
5 | 1
. vy[1-67"]= x =5 [1+677]
: Y-y o= -‘-"-'l'-[x + X . ]
- -1 2 1
= .
bt
. AT -

Yy = Y—l 4 o []\ 4+ X 1]

For Y = CIY—I + (22 X + (13 X_]

¢, =

=

(,2 = /T/2

C, = ;T2




i<

PII

[

pg<

- ——— 1.___._.‘.—-
.izﬁ, 1 -0 -1 )
\ AT ( 1——~1+C - j\+ 1

(a7 <) {1+ ) ,

h

(1 - c'l) + oy 0Y

S CYEITR i
(1+ 0m/2)/7) - (1-a/D/) ¢

-1

we/2y /10 /(1 + (1T/2)/13 (1 + c'l)
[/ 3

e

5 el

1 - (1~ /2y /)

e e S e —_

(1 + (m‘/z)/l) 2

1 -1

i Fy T e
- | (e - 1)

e e e -1
(1/C2)y % 1)
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f TAT/2) - 1 _
: Y o r- R Y 1 (L+ ¢ h
1/(AT/2) + 1 T/AT/2) + 1

Y /(AT/2) -1
———— e v - 1 ( .
1/ (AT/2) + 1 '} /(M2 + 1 X+ h_l)
For Y= €Y FC, X+ CyX
. ¢, = -t :
T/ (rT/2) +1
T S
- T/(0T/2) + 1
Cy= €,

e e




3 LAG AND WASHOUT

S
X — 1S + 1 — ¥
- EU U S
X T5+1 1+ 1
- 1
, !
1+ AT 1 + ¢
2 L - r-1 '
-1
Y . L S S0
X -1

’ i‘ = o a-c)
1 (1+A-“2—)—(.—"‘—2) -1
1 -1
N X 7N N
1 =2y |
14+ (AT/2) ’

i

L 1/ eT/2) +

[' )T/ - 1
Y A——] Y—l _ 1/(aT/2) o - X_l)
1/(AT/2) + 1

8.7-5
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For Y= C

(@]
1§

o/ /) -~ 1

-

9]
1

l/(l‘\'ll/Z) vl

1/(A1/2)




8.7.2 ASSUMPTIONS
Mot applicable.

8.7.3 COMPUTATION METHODS

.

Given below are the values of the constants for the three transfer

n s M

functions:
1 - Integrator

2 - LAG

Ly pgem T

3 - LAG and Washout

1. INTEGRATOR - G(s)=1/s

¢ =1

C, = A1/2
c, = 47/2 a
2. LAG - G(s)= 1 ¥
Ts+1 1
1
C1 =1 - (AT/2) [ T 4 AT/2) i
k|
02 = (t/2) [/ 1+ (DT/2) §
¥

| =
.z 37 G E
{ 3. LAG and WASHOUT - G(s)=_s '
\ 15+l :
| |
c, =t - D [ T+ (AT/2) }
c, =1/ T+ (AT/D) ;
. Cy =G

8.7.4 APPROXIMATIONS

Not applicable.
8.7.5 LIMLTATIONS
The sample frequency must be 10 to 15 times larger than the largest

system [requency. Should lower sample frequencles (larger time steps) be

§.7-7




PO

selected discrepancies will arise between the Z-plane and S-plane frequency
responses. With a fairly large sample frequency the Z-plane response is
almost identical to the S—plane frequency response and continucus design
techniques may be used. However if the sample frequency is 15 to 40 times
the highest system frequency, there are numerical difficulties with the
Z-transform technique which will cause the frequency response to deviate
from the continuous case,.

8.7,6 Variable Names

Not applicable.

8.7-8




8 7.7 Subroutine Listing

QOO OaGH0O0 o X9

SEONe!

OO0

YO

SUSROUTINE TUSTIN(JI,TAU,C,DT) -
COEFFICTENTS FOR DIGITAL SIJULATION OF CONTINUOUS IRAISFLR rcucmro

FUACTION IN THL FORSD (APPROXIAATE DIFFERENCE FOR.)

Y(a) = Cl*y(il=1) + C2%X(d) + C3*U(H-1)

J =1 IETEGRATOR
J = 2 LAG
.J =3 LAG AND WASHOUT

DINENSION C(3)
nT2 = DI/2.0
IF (71.5T.1) GO 70 10

_____ TITLORATOR
C(l) = 1.0
C(?) = 172
C(3) = nDr2
50 T3 5N
19 CORTINIL
TAUP = TAN4DT2
LA = PAU=DT2 o~
G0 Lo (2qI2”130)IJ Lﬁ%&% f %}{
oD
————— IJ:\ 3 %ES‘ AVA %
20 CONTINIE :
C(l) = TAU./TAUP
C(y = DT2/TA0P
C(3) = Z(2)
50 8D 50
_____ LAS ARD LASHOOT
3n COTTHTL
C(1) = TAJu/TAUP
C(2) = 1.0/" gp
c(3) = -°(2)
50 CoWTINJE
2LTIRN

L
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8.7.7 (Continued)

OO0

FONCTTOR 2YRAL(X,Y,C) _
CALCJLATION CF CONTIAUCUS TPAISFER FUNCTIONS 2Y TUSTINS uETHID
FUHCTION IN ‘Tili FOPi (APPROXIMATE DIFPFERENCr FOR.)

T(M) = Cl*Y(8-1) + C2*X(nN) + C3I*X(1-1)

DIopNSION X
DYMAL = C(1
RiTORY

£

(7,
)*/

Ao—s

3)
S(2)*X(2)+C(3) *x(1)
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8.8 SUBROUTINE LUCUP

Subroutine LUCUP provides linear interpolation of data points for a
three dimensicnal table. Two coordinate points are input and LUCUP returns

the third value.
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8.8.1 Subroutine Listing

50

69

7N

29

139

117

[
1
bk |

1407

179

130

190

209

210

SUBROUTIHE LUCUR(RD,NA, X,
DIviLiRSICH n(l),d(l),ﬂﬁ(l) Kﬁ(l)
NT=:A(1)

L2=3A(1)

T=XA(1)

P=X\(2)

Ir=1
IF(I=-%(1))30,20,50
NG 69 1=2,02
IZ(T-X{1))70,90,50
COWPINIL ’

IT=L2

KOnkE=1

GO 1O 196

Ir=I

ToGlL=1

GO T 190

Ir=2

KChh=1

a0 00 190

Irt=I

onh=2

G5 20 110

CONTIUE
RATIOP={T-Z(IT=-1))/(X(I1)~-X(I1L-1))
CoM7THUL

L1=L2+2
L2 -T7+ ‘(")
I=L]1-1

IP(o=-4(L1-1))134,
20 169 I=L1,L2
IF(O-T(I))17O,1QW,130

laXati
.'.zu ™ IJ!'

173,150

K9;L° 1
30 00 290
Ie=1
10DEP=1
o0 o 210
COLTINTL
RATIDP=(R=Y(IP=1))/(5(IP)=2(IP=-1))
COnTI Uk
IP=IP-2"70
IF(KODL LY, 1o AD

8

e DN PL LN, 2)Y30 T2

8.8-2
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8.8.1 (Continued)

TF(KODL.LN. 228D, KODERL LD, 1)E0 TO 600
TO 800

492

THM

399

1299

IE(RODL LD 2, AND, KODLPL DL 2) 5D
IZ-~T*(IP—2)+(I£ 1)
T1=2(I2)+2ATIOD*(2(I2+1)=-2(I%))

' ~Yin
L= /J WL

T2=0(I2)+3ATIOT*(2(I2+41)-2(1%))
ZR=T1+RATIOP* (T2-11)

20 TO 1200

CoORTINIL

IZ=JE*(I°-1)+(IL-1)
ZR=Z(IZ)4+RATIONN(2(I%+1)-%2(17))
50T 10“0

CONTING

IZ=~P*(I”-°)+IC

IZ2T=I2+N7 '
ZR=Z(IA)+DATION*(Z(I2D)~-7(1I2))
TCOUG 101D

Or DT AT

=T (IP=-1)+1I7
,W=Z(IZ)

SO YT

HLP” R

Ll
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8.9  FUNCTION HYSTLL

HYSTLI {s a function subprogram which determines wvalues of torque motor

output within the aysteresis limits specified by the calling program.

e 1t St Lo
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8.9.1 Subroutine Listing

FUNCTION YSTLI(X,H,T)
DIAENSICH T(5)

3
i
‘
]
%
H

C
C TORA0L OTOR HYSTERESTS

IZ(T(1).0L.9.9) 36 T 50

T(3)= +

T(2)= =8

c(A) = 0,9

T(S)= 9.0

59 COISN,

c
S (1) = +1 VOLGVINS I8 POSITIVE DIRECTION
c (1) = -1 DOVING IN NAORTIVE DTRECTION

ir(r (l)) 209,125,190
c ¥OAOVIAN I 9SS ITPIVE DIRLCTDIONN
C

100 COITTHDL
A (4=T(5)) 120,119,110
119 CONTIIUR
I (X L2.T(3)) 39 T 390
I(4) = X=4

1 = T(4)=+
GO o 23N

AOVI Y I SeGATIVE SIRLTIIN.

O ) O
<

200 CUe T g

IT (A=7(5)) 227,220,219
210 (1)
T(3)

(.}
S

o272 119
230 ZOIT NI
4 L;.L(ﬁ)) G T 00

"\(r' =-;..‘:
.\"‘lLT - w(C)
PETORNY

£
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6.10 CFRIC/CFRIC2 SUBROUTINES

CFRIC/CFRIC2 provide for the inclusicn of coulomb friction into the
simulation of a mechanical svstem. Coulomb friction is that which occurs
between a block sitting on any typical dry surface. If the block is in
motion (sliding on the surface), the friction force is assumed constant and
opposite to the velocity. If the block i1s at rest, the friction is equal to

the applied force (but with opposite sign) bounded by the stictiun ratio

times the running friction value,
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8.10.1 Subroutine Listing

SORROUTINE CFRIC(FDRIVE,FF,XD,XDS,kDD,XDDS,FRIC,SR,BF)
IT(XD.NEL.DL)GO TO 25
FEP = <FDRIVE
IF(AES(PF).GT.FRIC*SR*BF)FF=SIGN(FRIC,-FDRIVE)*SR*BF
GO ™ 55
25 - CONTINUL
MERN=5I3MN (1. ,XD)
. MPXDA=SIGN(1.,X0S)
IF(NPYD,.EQ,NPANS)SG0 TO 50
IF(ABS(FDRIVL).GT.FRIC*SR*BF)GO TC 50
n=3,
ns=0,
oo=n,
NoD3=N.
FF=-FDRIVE
30 23 55
59 CoONTINDE
FP=3I3N(FRIC,=-¥D)*2
5% COMTINYE
RETIAN
LD

P])
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8.10.1

5N

N i o el s~ SR O T K R LTI

(Continued)

SUBROUTINE CFRIC2(FDRIVE,FF,XD,XDS,%DD,XHNS,V1,V2, FRIC,S5R,3F)

IF(#D.,ME.0.,)GU TN 25
FF = ~FDRIVE

IF(ABS(FF) . Gr. FRIC*SR*3F) FF=SIGY(FRIC,~FDORIVE) *SR*3F
G0 TN 55

COUTINGE

WPXD=5IGH(1l.,%D)

NPXNS=5IGC(1.,¥D3)
IF(HPXD,EN.NPXDS)GED IO 50
IF(A3S(FORIVE) ,AT,FRIC*3IR*IF)CO 10 39
XN=1N,

XD5=0,

ADn=0,

ADDS=0,

V1=0 .

V2=0.

TR==F22IVLE

37 0 58

CHOITINYL

FFP=3TI2{FRIC,~AD)*ap

COITINUL

RL2URN

LND
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