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1.0 INTRODUCTION

The hydraulic transient analysis (HYTRAN) computer program is intended for

use by designers with an interest in the detailed performance of an aircraft

hydraulic system or the response of a load, where the supply system is an

integral part of that response. 3
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 unsteady !low conditions which

are more normal, cannot be analyzed using simple 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 load aud 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 sitaulation, component simulation, and output.

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

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.

/1.0-1



Fortunately there are only a few components like this and often these

are co~mon to many systems, e.g. DC-1O pumps are used on the 747, LIOll 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 leT gth of each segment being

greater than or equal to the velocity of sound in the line divided by the

time interval delta T. There is a whole number of segments for each line.

Once the new pressures and flows have been established for the line

junctions, the program calculates new valuet for the state variables 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 it is not always

necessary to plot every value that was calculated. When the program calculations

are completed, the output is then printed and plotted.

The controlling 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

which have been disturbed by the controlling input.

1.0-2



I

Since the program actually advances in discrete time steps, it can be

integrated into other simulations, if the cost of running can be tolerated.

This report is a technical description of the HYTRAN Program, including

a detailed listing of the main program and subprograms, end the theoretical

basis and assumptions made in the calculations.

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.

1.0-3



2.0 TECHNICAL SUMMARY

The HYTRAN program is intended for use by engineeLs with different

interests. Some will be concerned with the 7erformance of the hyeraulic

system as a whole, while others will be interested in -he detailed performance

of individual components.

HYTRAN uses a building block approach which allowi the programmer to meet

these needs by adding special component subroutines as required to the

exiating component subroutine library.

The program is supported by a number of specialized 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 components 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 nonlinear friction. The fluid line

equations art solved with the help of the method of characteristics. The

dynamic equations of the components are either algebraic or ordinary differential

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

ultaneously with the associated line characteristic equations. A numerical scheme

is used to make the grid of characteristics compatible with the integration

techniques used by the componenxws.

The input to the system is normally a valve motion, which causes a

disturbance to propagate through the mathematical model. The output of

the program is the time histories of pressure and flows at any point in the

system and other variables of interest such as actuator positions.



In the simulation of the components, the precision of the model used

will depend upon its use. If the user is studying the dynamic stability of

a pump system, then an accurate model is required. It, howýver, the user is

studying an actuator out at the end of the line system, the pump reoponua could

be simulated using a simpler model; hence saving some running costs. In a

similar manner, actuator friction has a significant effect on its small amplitude

"response, but such friction is of little interest if the actuator is being

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

The dynamics of components such as pumps are very dependent on the

dynamic properties of the connecting lines and components; hence it is

important in simulations involving these components that an accurate system

simulation be used.

The results which are obtained from HYTRAN are solutions of the differential

and algebraic equations used to describe the system dynamics. The solutions

are obtained by methods of numerical analysis, such as Runge Kutta numerical

integration procedures, method of characteristics, and 'agrange interpolations.

They are, therefore, subject to the errors which are inherent in numerical

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,

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 computers.

The numerical aspects of digital simulation are described in 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 line subroutine.

2.0-2



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

this section.

HYTRAN is a program that has evolved over a number of years, with changes

being made from time to time to Gimplify the programming procedures and

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 savings 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

L. .3.0-1



[

3.1 HYTR Progiam

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

directred from HYTR, but there are -n significant calculations made there. Only

general control data is read in HYTR. The main program card ic set 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 equivalences, so that

care is required in modifying variables that are contained therein.

The first section of IYTR reads and prints data from general control cards

and calls FLUID to calculate values of bulk modulus, viscosity and density.

FLUID subroutine then prints all the calculated data. In event the fluid 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

state 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

called to do the transient calculations. That; step is repeated until the sum

of the time intervals is equal to the input total run time. During this

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

3.1-1



READ PROGRAM TITLE

IREAD AND PRINT GENERAL
CONTROL DATA

CALL FLUID

ISTEP 0

CALL LINE

CALL COMP

CALL STORE

ýALL SSDATA

I1ENTR =0

CALL LINE

CALL COMP
[CALL STORE

FIYE

S{ ~T - T+DE•LTr
" " ISTEP - ISTEP+l

[ CALL LTNE

L CALL 
COMFP

CALL STORE

NO .IS ISTrEP GRAE i

S~YES

HYTR FLOW DIAGRAM
FIGURE 3.1-1
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When time T exceeds the final tive specified in 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 is such that the "thin wall" case is valid.

o Pipe and liquid are perfectly elastic (all energy dissipation 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 Limitations.

HYTR currently has the following constraints:

o Temperature range ... -65 0 F to 300OF

o Pressure range ... 0 psia to 5000 psia

o Maximum number of components ... 60

o Maximum number of lines ... 79

o Maximum number of legs ... 70

o Maximum number of nodes ... 50

o Maximum number of plots ... 60

S o• ~3.1-3 ,



3.1.6 Variable Names

Variable Description Units

I Counter

IF Fluid type indicator

IFINAL Number of transient iterations

M Dummy Variable

MM Address = LSTART ( ) + NLPT-l

N Counter

PRESS Working Pressure PSIA

X Updated characteristics PSI

3,1-4.
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3.1.7 SUBROUTINE LISTING

PROGRAM 1lYTi7N(INPUT,OUT-L-UT,IJA'1A,TAPL5=DATA,TAPE6G=OUTPUT,
1 SDFN ,TAEl=SDFN,,Al 40CD,TAPL3=i'140CD)

C R EVISiED AUGUST 5, 1975 *
CM1.10N '!TýLL,Wf0OLPL, IPT, IPO I'NT, PTS, INEL,XLEL, NTQ2L,N~LPLT( 1,3) ,

1 VJSTOFRL(6150)
C0;*i:ON/SJ3/PiRI( 150,9) pil( 1500) Q~i(1500) P( 300) Q300) C( 300)
1Z300)),RHO( 20) S20-R~0( 20) VISC( 20) !-),LX( 20) TErIP( 20) PVAP( 20)

2,.ATPRLS ,T, E.L'.r,T PI illAL, PEJTDE.L, P1 I,TIT LE:( 2b) , LEGN, I CON
3,r~P(9)LSTA'RT( 150) NLPT ( 150)LTYPE(99) NC(99o)1 NX, I 1Z

4, IE'W, IT HP, NLI Xý,L,N'LL, IND, I LNlTAR, ANLINNE, Nl, NLEG, iTh'NODE ,,AN PLOT

i-ORITE(6,480) PI-fLE
IS T- L P= 1)
?I=3. 1416
T=0.0

c C HI. flbA-D ST~ LT I\JPUJTS rqL POLLOiWI!NG DATA
C IhT =DkLTA TLI.iE, E"Li CALCULATIONS SEC

TF'I!','AL=FIiýAL TTi1'6 s bc
C PTtLDIP IiL3~~L PLOT POINTS' 1 Si.C
c T~l E. i ?RT3Yt OF OIL D I G F

REAFDr( 5, 4 50) ")LT, uTF INAL, PL~rn- L, TEL.iP( 1) ,DTiLP,ý PR(ESS, PPLS R, ATPYU2S

IF(DLiLT FZ0) GO TO 251
M'PTS=1 (11 +TLA/?'D;

C '~5~ \ TTi,~ I;NPUT13 TýM]h FULLOWJING1( OAT'\
C r1P I F HT. 1Lh 013' LI L S
c ILL E. I E OF C0-ip3NLl4TS
C IF FLUTTTT TY-3E
C -V~ I FLUjID. VISCOSITY
C ? ý7 r) =FLtTT7kATT

C 111. =PL7i.]II ' :3L T( L*iODULLf~l%

c TPLRESS IS IUSL2; TO LP311 LUID PRPTI2 SIG
C 'IET SYS'Pr.i TrSUR ) II'S DEFAULT VAýLUE-

- ~ r FK2!P1QP~kSS~ILTO ITS DUFAMTJT VALUL

C !3 T THE. VAPO'rJTZ P -UP1 TO It'fS OL~'AULT VALMI:
I( V,? 1)%?l *0)PA( 3. )=2. a

c SLT Ar..ý;0s?mI1IRIC PRS LT tSiLTAuLTr VA LU E

c Sl-.T P ANID DTL~iP '20 TiiIl-,R DhFAULT VALUELS

3.1-5



3.1.7 (Continued)

N=20

DO 100 I=1,'N
.100 S2O0-'HO( I )=S')RT(2./R1O( I))

C

CALL LINE

INUL=0
C ALL1 C O.'iP
CALL SI3RAN

C
C

CALL. SI:-CO;)A)(CP'J)
'W,7ITl'( G,c9999)CPTJ

CALL SS-DATA
CALL SECONCD(CU)

C
C TH1 'LC £TrA CALLS LINIL COmP TO IIITIALIZE ALLT THI]

SYST~~4V. PT AU L.: TO T~ STLAr)Y STALTL VXLtILS

C I

I k! fl L2= 0

p ~C-ALL I,

C.7.LiL CO'i2
C

CALL STORE

CR' 4 S :~T t. 1`2 CA LCTJ LA 'j.' I i3LC T 1 i

150 C 0 7 I1U:

T=T+nE LT
IS F~L. P= I ? P+ 1

C (. .. )C 2o 251
C

CALL T~iIL

C AO L T, G 1 ~') R. IN: .1>
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3.1.7 (Continued)L

CALL COO'P

00 2530 I=1,NLI:AL

LI=LSTART( I)

P.- I) ~P( N)
PolA( i) = P(N +1)

250 (111(A)QN4)
C

CALL STORE~
C

IP' (TSTI-;P.L'P.IFIQ'IAL) GO TO 190
C

~Top
251 CON'TIr'1LL

STOP 31n0
450 FORAA'P (Ul13.l)
46F)0 PORriAT ( 4 1, 6 L10.1))
470 FOMINT( 20M4)
480 FlOR:-.,AT( 25"X,20\,
43-) F-.p.-T( 20x, 44H Trii, rRA~vS)I7'T RISP0NSL IS F, Tr=0o.0 '20 Tn=

1 F7.3, 359i :3t:hCOIIn-, V' TI.A rim l- iJRVALUQ OF fLT
2 F7.9,//, 30N, 4kW-TH JTfpfU PoI'.T,3 PLOT'Thfl AT 1JiftRLVkLS; OF
3 F7.5,9ki Y, C )N S

END
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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 ONLINE, MNEL,ANLEG, MINNODL,MNPLOT,MNLPTS, MDS
+ /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/
DATA L2430/8,12,0,12,0,0,8,8,0,0,60*0/
DATA L31/6,6,0,3,0,,2,2,1, 0/
DATA L32/6,5,0,4,0,0,3,3,1,0/
DATA L33/1'),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/
DATA L4250/90*0/
DATA L51/37,43,0, 10,0,5,3,3,1,0/
DATA L52/1I*0/
DATA L53/37,31, 115,34,0,5,3,3,1,0/
DATA L54/37,43,0,10,0,5,3,3,1,0/
DATA L5560/60*0/
DATA L61/2,0,0,12,l, 1,10, 1,i0,0/
DATA L62/6,10,0,7,0,2,5,2,0 ,0/
DATA L63/10,13,0,9,0,2,7,12,0,0/
DATA L6470/70*0/
DATA L71/5, 11,0,2,0,1,2,1,0,0/
DATA L72/5, 11,0,2,0,1,2,1,0,0/
DATA L7380/80*0/
DATA L81/8,8,0,2,0,1,2,2,1,0/
DATA L82/24,25,0,8,0,3,6,6,0,0/
DATA L93/9,5,0,4,0,1,4, 2,0,0/
DATA L9490/70*0/
DATA Lq1/0,1001,0,3,0,0,1,1,0,0/
DATA L9293/81,1,0,5,0,3,0,0,0,0,24,3,0,5,0,3,0,0,0,0/
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DATA L9495/10*0,112,15,0,7,0,2,0,0,0,0/
DATA L9697/20*0/
DATA L98/81,1,0,13,0,2,0,0,0,0/
DATA L99100/0,50,0,12, 16*0/
DATA L101/32,20,0,12,0,2,2,2,1,0/
DATA L102/12,15,63,32,0,2,2,2,1,0/
DATA L103/40, 100,0,12,0,2,6,2,0,0/
DATA L104/5,13,0,5,0,1,2,2,1,0/
DATA L105/40,100,0,12, 0 ,2,6,2,1,0/
DATA L106/0,16,0,15,0,0,6,6,1,0/
DATA L107/2,18,0,15,0,1,6,6,1,0/
DATA LEND/430*0/
END
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;I

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 is used to pass plot and steady state variables

COmL4iiON NTELPL,NTOLPL,IPT,IPOI\qT,NPTS,INqLL,KNhL,NTOPL,NLPLT(6l,3),
1 VSTORL(6150)

2. Common SUB is used to pass arguments concerning fluid, time,

constants, addresses, characteristics, pressures, flows, compc-

connections and program input limitations

CO,'iu.:ON/SU3/PAR,1(150,9) ,Pi'i(1500) ,Qu'i(1500), P( 300) ,Q( 300) ,C( 300)
I,Z(300),RHO(20),S2ORiOC(20),VISC(20) ,B3ULK(20) ,TFiiP(20),PVAP(20)
2,ATPRES,T, ELT,TFINAL,PLTDLL, PI,TITLE( 20) ,LLGN,ICON
3,4TEL'P(gg) ,LST.'RT(150) ,'LLPT.(150) ,LTYPL(99),IqC(99) ,Ill,ý,IHZ
4, T NV, I STEP, N• LI :q E, N EL, I 11D, I ENT R, WN?. Ll Aq L, AL~qEL,MNi" LEG, tiNN 005j, j,INq PLOT

5, ,,iNLPT:3, IDS

Subroutine COMP uses one labeled common statement.

Common COPD is used to pass variables used in component calculations

COMz4ON/COŽ1PD/D(4500) ,L(1500) ,LL(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.

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

dimension of the C array divided by 2 minus 2 since array elements MNLINE

and MNLINE-I are used to store "blanked off" pressure and atmospheric

pressure, respectively.
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It should be noted that arrays inttially allocate storage for specific

data (e.g., PARM(N,l) is input line length for line N), however these

arrays, or portions of these arrays are frequently "updated" or used to

store entirely different data as the program progresses. This is

quite often done when values of it, array are needed only for the early

phases of the program. In view of this, the followina description of

Common arrays (and variables) may only apply to first or primary usame.

Array Initiali.,-.tion For Components

Used In BLKDTA

Array Location

I Number of real. data points, D( )

2 Number of temporary variables, DT( )

3 Number of double precision variables, DD( )

4 Number of integer variables, L( )

5 Not used

6 Minimum number of data cards

Maximum number of connections

Minimum number of connections

9 'onnection default O-Blocked

1> Open to Atmosphere

i0 Not used
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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 Entry Point Indicator

IND Number Assigned to Component by User

INEL Plot Point Address

INV Number of Component Active Connections --

INX Counter

INZ Number of Elements in Leg --

IPOINT Counter for Number of Points Stored

IPT Counter

KNEL Plot Number, - 0 When Plots Are Not Required --

L( ) Compownnt Integer Data Array

LE(N) Address of Real Data 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 Description Unit

NPLOT Maximum Number of Plots

MPARME Maximum Number of Component Real Data Values

NC(N,I) Line Number Attached to Connection I of Com- --

ponent N, and Temporary Storage Area

NEL Number of Components Input

NLINE Number of Lines Input

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

NLPLT(,2) Line Number from which Pressures and/or
Flows are Plotted/or Component Number

NLPLT(,3) Point of Plots - Distance from Upstream
Line End in DELX's/or Component Variable Number

NLPT(N) Number of Line Points in Line N

NPTS Number of Plot Points

NTELPL Number of Element Plots Input by --

User

NTOLPL Number of Line Plots --

NTOPL Number of Total Plots

P(-) Array of Line End Pressures

PARM(N,I) Length of Line N IN

FARM(N,2) I.D. of Liae N IN

PAEM(N,3) Wall Thickness of Line N IN

PARM(N,4) Modulus of Elasticity of Line N PSI

PARM(N,5) Length of Characteristic Line Segsient IN
for Line N

PARM(N,6) Characteristic Impedance of Line N PSI/CIS

PARM(N,7) Velocity of Sound in Line N IN/SEC

• i 3.3-4



Variable Description Unit

PARM(N,8) Laminar Flow Constant of Line N for
given Diameter, Viscosity and Density

PARM(N,9) Turbulent Flow Constant of Line N --

for Given Diameter, Viscosity and Density

Pl Constant 3.1416

PLTDEL Plot Time Interval SEC

PM ( ) Array of Preseures for Points of all Lines PSIA

PVAP Vapor Pressure PSIA

Q ( ) Array of Line End Flows CIS

•M( ) Array of Flows for Points of all Linas CIS

RHO( ) Density Array LB/SEC 2IN4

S2ORHO( ) SQRT(2/RHO)Array

T Current Main Program Calculation Time SEC

TEMF( ) Temperature Array 0F

TFINAL Final Calculation Time SEC

TITLE( ) Program Run Title Array

VISC( ) Fluid Viscosity Array IN 2/SEC

VSTORE( ) Array for Storage of Line and Component --

Variable Data Required for Plotting

Z ( ) Characteristic Impedance Array PSI/CIS
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3.3.2 Variables Eguivalenced In Co mmon -These variables which share the

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

section of the program.

Name Description Dimension

PQLEG( ) Real Data Storage for LEGCAL Variables
and Formulae

LCS( ) Integer Storage for Steady State and
LEGCAL Counters

ILEP( ) Same as above in CALC

ILEC( ) Leg Element Numbers, Arranged in Pairs

PN( ) Calculated Node Pressures PSI

P( ) Same as abcve in CALC

QN( ) Overboard Flo.. From Nodes CIS

QL( ) Same as above In CALC

PEX( ) Equivalent External 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

IP( ) Counter Array

G( ) Leg Conductances CIS/PSI

QNEW( ) New Predicted LEG Flow ciS

MLEP( ) Node Integer Data

QL( ) Leg Flow Guess used for Interation

CALCI( ) Only in the SSDATA Common
Used in CALC and simult. with varying dimensions
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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 main program input data. Data

are currently included in FLUID for three hydraulic fluids; MIL-H-5606B,

MIL-H-83282, and SKYDROL 500B. FLUID is presently dimensioned to accept data

on three additional fluids. Fluid data sources and calculation of properties

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 FLUID.

The FLUID subroutine argument requires the input data values for the

maximum 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 nixie input data points and six fluids. Data statements are then

used to input the name of each fluid, the nine temperature data Foints for each

fluid, and 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 line ..tcrpolation is used over the. entire temperature range for density

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.
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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 fluid property at operating conditions from the tables of

FLUID property data.

3.4.4 Approximations - Not applicable.

3.4.5 Limitations - Not applicable.

3.4.6 Variable Names

SYMBOL NAME UNITS

A Temperature ratio

ABULK(-,-) Array for ten adiabatic bulk PSI
modulus input data points for
six fluids

ATEMP(-,-) Array for ten temperature data OF
points for six fluids

AVISC(-,-) Array for ten viscosity input data CENTISTOKES
points for six fluids

B Viscosity correction exponent

BRHO(-,-) Array for two density inpu' data LB*SEC**2/IN
points for six fluids

BTEMP(-) First and next to last temperatu'e OF
input points

BULK( ) Bulk modulus at operating conditions PSI

COEFF Viscosity 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 PSIG
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3.4.6 Variable Names (Cont'd)

SYMBOL NAME UNITS

RHO( ) Density at operating conditions LBS*SEC**2/IN

TEMIU( ) Input data fluid operating temperature OF

VISC( ) Viscosity at operating conditions IN**2/SEC
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3.4.7 Subroutine Listing

C*k** PEVISIL1) -)L.PTtL413iR 3, 1q75 **** .
0I.I1:N1SION ATLLo.P(10,6),AVISC(10,6),ABrJLT<((1f,6),?lfthO(2,6),

rLlP( 20) ,VIS-( 20) ,RHO( 20) ,i3UL,(.20) ,PVAP( 20)
c
C SICONO jOS~CYRIPT'1' FFPRS TO FLUID~ rYPE (Ii" PARM~Lr'Lil)

1 41:i l, i-1~ j4
2 411 'aIL,fli-H-1,4113142,
3 4liSýY0, 411ROL 4,145003,
4 9*411j

C
CAVA ATLA /l

430*10./
C

[)/VU I3TE:LIP
1-65.,275./

*C Fl!U), i3ULL( A~ND Viý: ')AT% NRIl. PO:-', . PSIIl

*C 1-,'jrC RL"ut3R'T O2Y6T ATi-) 4/74
C 2-i.!T C l~r-DRT 06F3G r"V"LO 4/74

* ~~~C. 3-,n,1f 'W.4~TO) DATA\ Sril. T DAI'.n066 )3GA;R0W A1,
ýA-rA i3N110

23. 49!t-5,7. 3L-5,

C 1-Gii~1 . A.!Ti, PEO.-, 1 .3. DI. I)A1'i: 11/70
C 2-TLCHNICAL kNLP3W PT 1-i-33 Y.Pi'L 4/73
C 3-LL.T'TLP '~~ .Ik) O"AJ 'I ./'

DATA AIUL( /

23 4. 25L 5 4 .0 5 3. )21.5V32. IIL-.5 2. 7 L 5 2 3. 2151 .94L 5 1. 6 t.5, 1. 3L~

1\1. 3 R 1,5, '30*l10./

c VISC DAM~ SO(IiýClc:
C :Q~P ' 1P00tr ' .2Ci,36 OATI-rj 1/74e
c 2-.1 DC RlCiPO'jI 6,2696i '1ATLD 4/74

c 3-.i3NSATV:r' IA'rA SlitL ITDAf]L-j f,/jG7 ( lO'LiLAS) VID .1AX~JAL)
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3.4.7 (Continued)

DNTA .AVI1C /
11993.5,431.3,134.4,34. 95,14.47,7.45,4.58, 3.19,2.39,2.39,
211446.9,2019.3,269.45,48.87,15.95,7.46,4.24,2.83,2.04,2.04,
33495.5,598.07, 104. 19, 27.9, 11.7,6.5,4. 1 , 2.89,2.15,2.15,

Nn10./
C

DrAv IK/3*9,3*10/
DATA COLPF/.335,.33,.42,3*l0./

IF(TF.LQ.0) GO TO i"0
00 50 J=1,10
CIP( 3 ) =TLL .- PTR 1- (J-i) * n i(A i.,i P

C.AL, lTL•'L<P- ]i.[(1) ,TVP6T.,P( P ,I1') ,AIJLK( I 1[ , )2(I1 ),

' I U,4 , INID)
CALL I.TII (TrA..,p(.) ,ATI..,l( 1,IP) ,AVI'SC( 1, 1P) ,11,

I 1 I., ) ,TVL1sC, I 'O)
C LL I'AT o, P ( rl:.iLD (3 J ,AT-I'L, , P( 1, I') F , VI SC I , I F) ,12,

1 IK( I V'), CO-lt'V.( IF ), I,' )
c
c VIsC IS CO1 JVLi',Tli.) FR.O., CLTIS.TKLS TO' !iL,.T;

TVI SC=TV I C * 1.55 51,- 3
C .'2ITY , V".C ,'IO r', AA. '.iS M.) f, p g 'Pi<L,.'

• 11 T'] 7 0
PP

60 =3l./ I l(J+46.
7) COT'1fl;U1.

RJ1O( I) =ThhI V* (1. + ,P I+S/2. SL5)
"3 J L. ( I) =T'."IL +4- 12 . * Pl,
,•qr,0./( -ýl111(J)+460.)
7=( (COuF7( IF))**A)*PrL3*2.3k:-4
VT:-C( 1 )='.VIC*LXP(0)
PVAP(1)=2. 9
IF(I(L'T.11) GO rO 60

50 C 0:ý T N li L:
30) n :RIT T ( h ,601) 1 I LJI•(l , I ),. I, 3) ,P3LP .;,nLPIZES I:,iP( 1) ,O 1l,IP,

1 VISC( 1) ,VISC( II) ,RHO(1) ,p)ui( ii) ,I1I]L()1),gLL)(II),
"2 PV P(1I) ,Tii1:(1)

601 FOP4,.OAT(//16X, 151FLIID AI'A R'0, 3A,4t! ',T ,i7.1,91 PSC, -',

1 17. 1,9i ,3 - "ul ,P(6.1,71h i)L( ,41 F.1 ,P[; 1,121 , Fc I' .. I. ," //,
2 35X,1411VISCO.$ITY -,LI0.3,5X,LIO.3, 3i,'**2/)j.LC ,/3 '3 5X, 14tID ;L.N'S ITIY -,[,19 3,5x,tl1O.3, 17"U(L3-SLC**2)/I1**4,//,

'1 35X,14W3ULK{ <,OIULU5 -,L1IO.3,Y(,LIO.3, 3WIPI,//,

5 35Y,14t]VA0UPOUII( L"k..-,.I].3,41! V ,i?6,I,7i10LG ')

*.) TO 222
100 CtcTI 3U4-

j. • ,. 3. 4-.5



3.4.7 (Contined)

602 F'OPl~AT(//25X,1Gf1 FLUID) OATA FOR ,3A4,20[i AT PSIG AND4'F6.1
A71i DLG F ,//,35X,
1 14HVISCOSITY ~LO32,iI~*2~C/3X
2 141IDLI'13iTy ,1.,X1HE~&*2/I*4
3 /,35X,14H30LX• .i0r)lJLrJJ3 -,UlO.3,2X,3HPLI

22? C O-A 1T NU L
L rU i

L il 1)
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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 is input after the component information. The input data used

gives great flexibility and is very easy to modify.

The steady state program can cope with system configurations that are

very complex and it is particularly valuable with closed loop sy-steims and

intertwined flow paths.

4.0-1
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4.1 SUBROUTINE SSDATA

The SSDATA subroutine reads the input data which specifies one or more

system configurations. Each system is input and worked on separately.

SSDATA is 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 su, routine CALC is then called which calculates the steady state

conditions throughout the system. After the call to the CALC subroutine,

the pressures at 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, NSYST.

Subroutine CALC requires a variable size array with an NNODE x NNODE

dimension. The LCS array contains the leg number, the upstream and down-

stream node uumdbeis, the number of elements in the leg, 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 ILEG( ) in data pairs. 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

number. There are LCS (I, 5) pairs of data for each LEG #1 with the first

4.1--
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value stored at LCS (I, 4) in ILEG.

If there are any zero flow legs in the system, the pressures at the

leg ends are initiali•ad 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

pressures and initialize all the zero flow legs.

4.1.4 Assumptions - Not applicable.

4.1.5 Limitations - The steady state data is essentially a restatemennt 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

system components.

4.1.6 Variable Names

Name Description

I Do Loop Counter

II Do Loop Counter

JJ Number of Elements in a LEG

J Do 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

4.1-2
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4.1.7 Subroutine Listing

SUBROTJTIN1IE SSDATA
C** REVISED AUG7UST 5, 1975 **

CO-10.1O UiTLLPL,'4TOLPL,IPT,IPOI.'iT,NýPTS,IN1LL,K.4EL,NTOPL,NýLPLT(61,3),
1 POLF;G(90,12),LCS(90,10),ILLG(1400),PN~(90),Qt\(90),PEX(90)
2 ,G(90)
3 -)L(90),CALCl(55,55)

COi-l1AO1'1/SU3/PARA.( 150,9) ,PII( 1500) ,Q-( 1500) ,P( 300) ,Q(300) ,C( 3C0)
1, Z(300) ,JHO( 20) ,S2ORHiO( 20) ,VISC( 20) ,1JLV( 20) ,TELIP( 20) ,PVAP( 20)
2,NTPIE,.3,T,D)ELT,TrINAL, PLToEL, PI TITLE( 2r. , LEGN, ICON
3,r(Ti-iP(99) LSTART( 150) NL?T( 150)L,rYPL( 1-1))iNc( 9,)),INX,IIQZ

5, -iNLPTS,AT)S

DATA NZE'/1/

C ~ RLAD 'H~L 'MME 3IR~ OF' NODES,LEU;,ANr) CO;iS'iA;-,T PRLS3SUbE

50 CO;ITI-.rJE

C ** E*'\D 1.4 DATA F'CR t£ACH- U~G

DO 200f II=l,',LEG

t.CS( II ,7)=lJ

.I.j 3J=J3* 2
C LAr L1.G,' Lu~ilhl'T D)ATA

iPEAD(5,Y60) (ILLC(Y+CJ),.J=1,.JJ)

20.1 'ý=X+jj

C ORv3ITLE OUT THE. IT,*PrTTL,) )AT.4.
C

IF(N'ZF.ELQ.') GO TO 55

60 F'OPAAT ( 1 15
70 P0PiiA'r(fii, 55'?, 23HSrEA0Y STATE 14PUT 'r ',/

1 30X, 17!10f:,,ID);R OF 400L.S =,13 5X, l.SJU"3E OF Li:~GS =, 11,
2 5X 5NLiROF' CO'-STANT PiRLSSURE; ilODGS =,13,;/)

-71 PFll,--iAT( 15X, 25dTA-,G C0O'NECTIG-iI I%!POT v'ArA,
4 //,10X,6r1LEG M0,9X,1211r]PST :JODY ý1O,4X,12HDvJSr1 \10,0E N04i
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r 4.1.7 (Continued)

5 141P10 OP' ELE.ALN-TS, 5X, 1011FLI.Ový GUES3, 5X,10lOtSTPL.,5X
6 101;DWST PRESS)
',.;ITE( 6,80)((LCS(I,J) .7=1,4) QL(I) PQLI-G( T,9) ,
1 PfILEG(I,10)) I=1,N.LEG)

90 FORLiAi-T(1O)X,I5,JOX,I5,1OX,I5, 1OX,15,gX, 5X,F'10.5,
1 5X,F1O.5,5X,F1'i.5)

ql FORAAT(1HO,9X,30HLEG' NO) EL&IL;>TS I:'N LEG----)
00 300 II=1,NLEG
'(=LCS( II, 5)
JJ=LCS( II,4)*2-1+"x

300l CONTI14tJL

+,//,2TX) )
154 !'ORŽ,;,A( 1ýJ1,50X,31'43;Ti"tADY SMTAEt CALCIJLATIMIi 0\;TA ,/

1 49X, 33ILE; F3ORUL0AiE GE9ERATU) '3Y LEGCAL
2 OX, 46HLG !,UvlRER--FLO0j GUES3S-L0',-l.:R LV-Uii LI..IT
3 50Fl-CONS3T UfLTp -------- ni~?*.7T.,;4~Q* ~L
4 ,/

IP(W~ZF.U(ý.0) GO TO 380

CU

31 001 ~( NlZFULG. L-) 0 * ) iO-, To 5 n
IF' (i'ZP.EQ.0) .7O r) 4.00
NZF'=0
.'PRI ( 6, 3 90) -N ZFLLG

390 F 0 , 1A T( 3 9X , 2 5 H NU 1'3 L K OF Z R ?L 0,Ir LLG 13)

.30) TO 1111
400 C01NTI-ýU[.

DO 450 I1=i,NZ~'I,LC;

T'.!Lla( Ti1) =0. 00flOol

IF( LTY Pl, (.3:) /11. ý11L. 1. A[.13r. LP~Y Pit J.J) .NL..3 32) k..PI~ C*ý G, 99 9)

JJ= L L ( . , 2)

P -ýLF JIa., 12) PR LS

q rV 1OR.hiXP( fl~, 33;1PF,,)GER~i- STOP' TI\ ST. ~PROUTJI b. SSDATA)
IF'PPIS.E.0.) SOP41m;

J.J=LC5'( I WE l, 4)

00 450I=,2
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1 4.1.7 (Continued)

SIND=ILEG( I)
:NISL=ILFEG(I1+1)

IF(IND.LQ.0) GO TO 430
CALL COiPiE
GO TO 450

4313 1.11 =LS TA RT (;<IJLýL)

I N2= I A1+rI+LPT (KNMt;L)-I1

P.;(1.2) PRLS
QA.(IN1) 0.0

Q:I( IN2)=0.0
450 CO TIiqUL
500 IF([4SYST.En.0) '.h'URN

GO TO 50 4.END

I
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4.2 SUBROUTINE CALC

The CALC subroutine is responsible for the steady state calculations in

the system. CALC is called from the SSDATA subroutine. The subroutine will

compute the pressures at all the system nodes and flows in all the legs,

using pressure drop data obtained from LEGCAL. Figure 4.2-1 is 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 initialization, 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 then usee to calculate the new flow

rates for the legs in the system. When all the flows pass the convergence

test, the flowu and pressures are written to r labeled common arrays and

program control is passed back to SSDATA. If the number of iterations

exceedu 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 subroutine to analyze complex

flow systems results from the assumption that all resistance factors in a

line can temporarily be assumed linear. The net flow around any node can

then be written as the sum of all the flows entering and leaving that node

or QNET " 0.

If R12 is a resistance factor used to describe a resistance in a I.eg,

then R.2 - AP12 IQ12.

4.2-1



CALLED BY
SSOATA

CALC
SUB ROUTI NE

INITIALIZATION PHASE

INITIALIZE ARRAYS
FOR ANY CONSTANT
PRESSURE N OULES

COMPUTATION PHASE

fCALL LEGCAL TO
COMPUTE CONDUCTANCES
FOR ALL LEGS

ASEMBLE CONDUCTANCES

AND CONSTANT FACTORS
IN MATRICES

CALL SIMULT TO
SOLVE FOR PRESSURES-

FOR ALL LEGS

ALL I S NO
I-LOWS IN LES
CONVERGED

YES

FSTORE FLOWS AND PRESSURES

RETURN
TO
SSDATA Mallo

FIGURE 4.2-1
CALC GENERALIZED FLOW DIAGRAM



where:

R - Resistance from node 1 to node 2 of the leg

AP - Pressure drop from node 1 to node 2 of the leg

Q12- Flow in the leg

Conductance is then defined as:

12 R12

where:

G12 - Conductance from node 1 to node 2 of the leg

Then:

Q12 - G1 2 F1 2

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

zero.

Therefore the flow requirement is satisfied if:
£J GIi [PI - PJ ± AP1 J - EK + Q IK 0

Where:

- pressure at node I

Pj -pressure at node J

AP IJ -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 solution pressures are used in conjunction with the

calculated conductance (G) to calculate a aew flow guess in each leg. When

twu successive flow guesses for all legs in the system are withia a specific

tolerance such as .001 CIS, the solution has converged. Refer to Appendix A

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

development.
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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 in

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 is upstream of a leg and -l if it is downstream,

and PEX which is set to a constant value for every external pressure node.

Figure 4.2-2 descibes phase one operation. If there are no constant

pressure nodes, this phase is omitted, otherwise PQLEG (1, 9) and PQLEG (I,

10) are searched for any constant pressure values. If the constant pressure

is in an upstream node, NODEX (J) is set equal to the node nunber, 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 except ISGN (J) is set to a -1. Also for any constant pressure node

found in PQLEG, LEGEX (J) is set to the leg number an&. a constant value is

added to PEA (NODEX (d)). With this sort completed the first phase o( CALC

is finished.

Phase two operation of the CALC subroutine begins with initializing the

conductance matrix - CALCI, 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 in the unlabeled

common.

Af er all the conductance values are calculated for each leg, they must

it- 
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IF NO CONSTANlT PRESSURE NCDES
BYPASS PHASE I

I-1
FCOUER FOR ARRAY LOCATON1

ML-# OF LEGS'

SEARCH PQLEG (1, 9)
AND PQLEG (I, 10)

FOR CONSTANT PRESSURE NODE

SIN UPSTREAM IG j-

NO:NOEEX (J)(NDDE)-D

)CP ss (J)-PRE 
S)SSURES

E SGN (J)--S

LEGEX (J)-LEG #
PEX-CONSTANT

J J+l

LCONTINUE

ISTART PHASE II1
FIGURE 4.2-2

CALC SUBROUTITNE PHASE ONE OPERATION
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,.i,

MATRICES TO ZERO

ASSEMBLE CONDUCTANCES AND ALL FLOW IN
CONSTANT FACTORS INTO THE LEGS CONVERGED

CALC 1 AND qN MATRICES

SOLVE FOR PRESSURES
CALL SIMULT

SET CONVERGENCE INOI YES 50
COMPUTE NEW FLOWS ITERATIONS
IFAIL-O

vML-NUMER OF LEGS[ NO

FO"(PUPSTREAM DOWNS TREM

SEST CONVERGENCE IFAIL-l YES

InTývw NO
YES ABS(Q(TT)-FLOW)

ABS (FLOW)+I.

S. CALL LEGCAL TO i

UPDATE PRESSURES AND FLOW]

Q (IT)- (Q(IT)+FLOW)/2 JTRTOSSDATA

CONTINUE

FIGURE 4.2-3
CALC SUBROUTINE PHASE TWO OPERATION
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be entered into the CALC1 matrix. This is accomplished by a simple DO loop.

The main diagonal element of CALCI contains the sum of all the leg conduc-

tances surrounding a node, Each off-diagonal element equals the sum of all

conductances around a node 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 le6 it is 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 is G(6), making the resulting term a flow. Thus, all external flows

have no multiplication factor.

With both CALCI 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 constaLit

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 (IVLOW) are within a specified

tolerance. For all flows if

ABS (LOW-Q(IT) <.001
"ABS (FLOW).l "1

then the flows have converged.
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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('T) - 1q(T) + FLOW2 (3)

These new flows will then be given to LEGCAL for computation of new conductance

values for another iteration, if all Lhe 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

steady state values in CALC is the calculation of FLOW. The purpose of this

of course, is to establislh an error tolerance in flows that is reduced

through iterations to meet the convergence criteria as discussed in 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 fluws.

4.2.4 Approximations. The coefficients of the CALCI matrix are linearily

approximated to represent the system conductances. Inherent approximations

Sexist in some of the constant data in ON.

4.2.5 Limitations. Most limitations exist in the areas of physical dis-

continuities. CALC was written to solve a flow balance in a system. Any

flow 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 Orops to be continuous over a specified flow range.

When this does not ocur, as in 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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conditions. Please refer to Appendix D SSFAN Technical Manual for a more

thorough discussion on the limitations of CALC.

4.2.6 Variable Names

Variables Deaexiption Dimensions

CALCI M*M matrix of conductances

EXPRESS Array of constant pressures PSI

FLOW Latest value of leg flow CIS

G Array of conductances CIS/PSI

IVAIL, IFLAG IndicaLors

ILEP Array of leg numbers with the corresponding --

pressure on each end

ISGN Array giving location of constant pressure
node in leg
+1 - upstream
-1 - downstream

ITER Iteration counter

LEGEX Array of leg numbers connected to constant
pressure nodes

M Number of nodes

ML Total number of legs

NCPN Number of constant pressure nodes --

NODEX Array of external pressure lodes --

P Array of node pressures PSI

PQLEG (J, 5) Location of pressure drops or increases PSI

PEX Array of external pressure constants PSI

Q Array of leg flows CIS

QN Flow gain or loss at a pressure node CIS
changed to an M matrix of con&zants
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4.2.7 Subroutine Listing

SUBOUIPIN- CAt1C(fli,.vjL, CMrC1 ,NCPN)
C**** REVISE.D AuuGIsT 5, 1974 **

2 ,G(90),'.(90)

DoQ 5 1=]I vi~
P(I)=0.

5 PIZx(I)=0.o
J=1
D0 100 I=1,i,'L
IF LAG = 0
IFfPQLEG(I,9).GT.0.) GO TO 110

50 IF(?Qr.)CG(I,10).LfE.0.) IGO TO0 100
Ir(IF'LAG.UE')X) GO TO 100
IF'LAG=1

EXPRESS(J)=PfL'G( I, 10)

rO TOI 12 0
1, 1 NO 01,X (J.) =I Lf2P( I ,2)

LX? L S(J) = PLL

120 L hGX (J )= I

10n CONTIwUEJ
I T--P = 1

C INJITIALIZE, CALCI ANO~ ARR'kAY5 Tro 47Lr,,

200 00 220 E1=1,.,i

210 CALCl(L8 1,;()=0.
220 lt4(Ll)=O.

C CO0iPUTE G*S F.OR CALC' ARP.AYS
CALL T4EGCAL,( CýL)
DO 311 R=1,.iLL
I=ILE2P(K, 2)
-J=ILbP(v, 3)
CALC1( 1, 1) =CZLCl( I, I) G!;
CALC1 (J,,J) =C.7 LC1( 7,3) +G(',,')
CAL.C1 ( I,.7) =C-ALClI( I,.7) -C-(7~)
CALC1(J, T) =CALC1(I .7)

310 COITLI'NUI.
C .IUILI) ON4 AR~RAY

00 400 JM=1,fiAL
IF(P0LE~G(JX,5).E0.0.)G0 TO 400
JY=Il UN .X, 2)

JY=1Lh( J%, :3)



427(Continued)

QN(JY)=Q,)(.JY)+PQLLG(JX, 5) *G( JX)
400 COq]TINUL

DO 30 I=1,d,
CALC1( I, I)=CALC1( II)+PEX( I)

3n CON'TIN~UE
C WRITE(6, 2005)( (CALCI( I,J),=i')I1)

2005 FO~raiAT(1X,10E12.5)
q ~RITE(6,.2005) (PLX( I) ,I=1,;-i)

C W-RITU(6',2005)(PQOLEG(I,5),I=,tviL)
2010 FOR~IAT(1X,10I10).

IF(%MCP4.LQ.0) GO TO 610

LX=LFGbX( J)

0610 CONTINUE
CALLJ C:ýSOLV(CALC1,9oN],..1,K:3')
DO 500 I=1,,*i

500 P(I)=-2;Y(I)
C CArJCULA'ft NL. :LJ0RAL

WR~~~rL(. 6,O R00)ATES =,~i

v IT ( 6,9001)
9000 FO',,-iAT,(16i0,(5X,14HiF4rDL PRESSlURE-S, 2X,- F12.3,/))
9001 '70 ,',RAT ( 1-f! )

IF'AIL=0
DO 435 I'T=1,.iL
I U= ILE P IT, 2)

C TEST I- Ev'tOlv TRA'17S
IF(AuSFO-(')/~rS(~~+..T001G TO 434

C RECATJCUIJATF. FLOO RATbS
I) I)FL,0`1

'GO0 TO 435
431 IFAIL=1

C)( IT)=("( I'r)+FL~v,)/2.
435 C-O!ýTINUhE,

IF(ITiF.R.E,-).5fl-70)TO r 520
IF(IF'AIL.EQ.0.)GO '20 520
ITb~P =IT ERP+ 1
GO TO 20n

520 CONTINUE
IF( IrIR. LO. 50) ,-nI'r,( 6, 9999)

990)9 FrOR.-AT( lOX, 35VLXCLL0k.0- 50 I'fi.RATION~S i.f, b~iaADY .;TATL,
+ 1911-PROGRk;i CONTI*0PIIG)

C ..lAKE A LMAST CALL To "iLLrJ L5 GS T11 0I.STRI 3tTL. PRLSSUi~l
C OROPS A:¼; PL~OWS CALCUJLATED) FORZ a-TtbADY STATL COMOfITIONS3

KM~LL= 1
DO, 5000 I=1,.iL
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4.2.7 (Continued)

500n ILEP(I,7)=5
CALL TjhGCAL(LiL)
RETURN
£E 0
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4.3 SUBROUTINE LECCAL

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

pressure drops for a given flow guess for a particular leg.

The call variable ML is the total number of legs in the system. The

constant pressure drop such as that across a check valve, relief valve,

actuator, or pump, is passed via PQLEG(NLEG, 5) in common. A positive

PQLEG(NLEG, 5) is a pressure rise 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.

LEGCAL has two ways of obtaining these values, the first is by calling

all the elements in the leg. The second is by using a formulae generated

for the leg previously.

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

should be used.
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CALLED FROM CALC

- - •DO NLEG=-1, ML

FORMULA YES

VAI

I [ RESET COUNTERS IN

LCS AND VARIABLES IN
I PQLEG

CALL LEG ELEMENTS
TO BUILD A NEW

[FORBMULA

FCALCULATE AND STORE

CONDUCTANCE AND CONSTANT
PPIESSURE DROP

RETURN

FIGURE 4.3-1

LEGCAL ORGAN I ZATION
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-3-2

4.3.1 Theo

LEGCAL calls the elements in a leg to build up a formulae for pressure

drop for a given flow. The formulae takes the form

DELTP - -PQLEG(NLEG,5) + (PQLEG(NLEG,6)*Q

+ PQLEG(NLEG,7)*Q**l.75
* PQLEG(NLEG,8)*Q**2 ) *QS

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

PQLEG(NLEG,5) is the constant pressure drop (+ ve for gain, -ve

for loss)

PQLEG(NLEG,6) is the constant for flow depctndent loss

PQLEG(ULEG,7) is the constant for turbulent losses

PQLEG(NLEG,S) is the constant for square law losses such as orifices.

The formulae is valid for

PQLEG(NLEG,4) _> Q -? 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**I. 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, hence

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

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 resistance, would then be added in to PQLEG (NLEG,6), as though

it were a linear function, with the counters set to prevent re-use of the

formulae for a different 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 made to see if a flow formulae

exists or can be used.

The formulae does not exist if PQLEG(NLEG,2) - 0.0

and cannot be used if LCS(NLEG,7) - 5.

Additional tests are if the new flow is 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 be 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 built up by calling each element in

turn starting at the element connected to the upstream node. When the element

is a line, 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 -2onnection

number respectively.
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The common variables INZ and INX are set equal to 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 connected to, and hence which node is located at the component.

4.3.4 Approximations

The use of a formulae requires some approximations but these are usually

related to approximationu in the component model and are an integral part of

the componen model. In general we think this method is ,,utte 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 technique used in

LECCAL itself.

However, some of the component subroutines called by LEGCAL such as the

bootstrap reservoir pump and actuators, are complicated by the interaction

between the flow guesses, flow direction and node pressures.

Some of these subroutines use calculations which, though conforming to

the basic calculation technique, do not fall into any simple category and have

to be treated individually.

43
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4.3.6 Variable Names

Variable Description Dimensions

DELTP Line Pressure Drop PSI

I Ith Element in a Leg --

KNEL Component Connection Number

IND Component or Line Number --

K Do Loop Counter

LCS4 Number of Elements in Leg --

LCS5 Address of Leg Data in ILEG --

ML Total Number of Legs --

NTYPE Integer of Comp Type #/10 --

P Flow Dependent Leg Pressure Drop PSI

Q ABS Value of Leg Flow CIS

QT Leg Transition Flow CIS

Qi Leg Flow Guess

QS Flow Sign CIS

For variables in conmuon refer to Paragraph 3.3.

4.3-6
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4.3.7 Subroutine Listing

SUBROUT~INJE LEC~CAL (.'iL)
C* ** REVISED) AUTGUST 5, 1975 **

CO.LIiON NTL,,LPL,I'iTOTJPLIPT, IPOIt.JT,;iPT"S, IiA, '.T.LL,NIT0.'PL,,.*LPLT( 13)
1 POLE.G( 90,J2) ,LCS ( 90,10) , I ELG( 14 00) , Pil (0) , ON(9 0) , X (9 0)
2 ,G(90),QL(90)
CO-.0M,*'j1./SfJ3/PAR~i1( 150, 9) , ?A ( 15 00) , Qdl( 150 0' , P( 3 00) , Q( 3 00) , C( 3 00)

1,jZ (-3 00) , RHO( 2 0) , S 2RHO( 2 0) , VISC ( 2 0) ,,31JL::( 2 0) , T EiXP ( 210) , ?VA P( 2 0)

5, ,1i.1LPTS ,:TS
C FINJD TH-L'., SIGN' OF' THE1 F0PLOW GtJS3 ANT) ITS A.3S.OLUTL_ VA7LIrjE

00 200 NLFEG=1,ý'iL
r)1=flL(N'Lr-EG)
'eA=AE3S (01)

C CFH'-CT-* TO, SCL IF f'll F'0Ri-ULAL. IS VALID
c

I F( Pr)f,-:(4LfF.r(N, ) . E,(0..0. O.UC23( LEG, 7) .L0. 5)
7\ GO- TOJ 400

GO TO 4000
7 O T-(03r.' O T4000

C

400 C" 0 ",I'rl"

P'OL E "j ri:JG, 4) 1 .* OL 6

PCýL L "(-JLEG, rW-1 )=0. 0
401 LS1L~~)

c crCAU7ULATL 'FTHE Po1-'iirJrTAF FOR T'IE LtgJ J. flP~

LCS ( NT 4 G,7 ) 1

LCS34=fC-S(11L6C, 4)
LC S =LC S( ,'~L FG, 5 )
P L E.G(N LLG 11 ) = PPi LC S( 1,I, G , 2)

IZ = LC -; 4

c tj r~'
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4.3.7 (Continued)

I=LCS5+( T%'-) *2

I ND=ItA.G( I)
"Zt LLf= I LrFG( 1 +1)

z: TF 1IL, f',LEA 1.LN;T IS~ A LM\I GCO TO 500
IF(IND.E-).O) Go9 fo 50fl

10 TO lion
C ** TrJIS SE~CTION AiDi)S '13E VALUrLS i';,rv r;!L IMLAtLAL F*%fll T;L. 1. L~L
C
5nn' CON411'TPJL

IF(CNA.ST.QT)GO TO 505
Ir(:Cr. LT.PCf LA4) ) Pl~;,( z\Lt3, 4) =2?T
P,%LG(.AE",]ZWLJ:,).?~,q)?~LC

Go TO 59'3

30 1 ( OT. G~T( P""Lr~ ) L' G:, O , 3) ?,,, E ,i Lit) . ý

~ILLS2\T L Q~~ +:6LT GLL -1 7 A r L LS r

51)q C 0...TT,'.-I ~j F

C,- TE S~~.rL\ P: LTA K' C~ ILL) P' L Ef7 (1D1

PTTI(( 6,50) ( JIL +N'?Lt1C( *'J)lLC ),=, ),()

S0 0 C 0.,T 1 T F.
rc;J~U

c F~~n,--T)T.,%F7., Pi:~ OL T." P CA 3t-IE

*;c
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5.0 LINE AND ASSOCIATED SUBPROGRAMS

Subroutine LINE and associatod subprogram calculates the flow and

pressure conditions foe all interior points within the line.

The values of the flows and pressures at the ends of the line are calcu-

lated in the 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 has been extensively

documented, but is often described in terms that are not readily understandable.

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

A detailed derivation is given in Appendix A.

I2
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5.1 SUBROUTINE LINE

LINE divides each line into segments, the length of each segment being

greater than or equal to the velocity of sound in fluid multiplied by the

time step, DELT. LINE then calculates the flows and pressures for all the

interior line points as well as the end point characteristics. These

characteristics 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 Model

The equation of motion and the continuity equation, describing the

one-dimensional unsteady flow of a compressible fluid in an elastic fluid

line, equations (1) and (2), involve the actual distributed parameters

and include the nonlinear viscous terms. These partial differential equations

are transformed into total differential equations by use of the method

of characteristics. A finite difference method is then used to place the

total differential equations in a form suitable for numerical solution on

a digital computer.

3Basic Equations

The equation of motion is:

-I- + F(Q) 0()
ax A 3t

$ The condition of continuity yields:

a + A I( P-! (2)
DX RHO* a** 2  (t

where P - Pressure psia

Q - Flow cis

A - Flow area of line in 2

t - Time sec

5.1-1



II

RHO Fluid mass density (lb-sec**2)/in.**4

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

a - speed of the wave propagation - (BULK/RHO)*I/2 in./sec

BULK - Bulk modulus of the fluid psi

X - Distance along line in.

Method of Characteristics

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 convenience let

IRHO*a
A

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

let

C left: CL P[ - Z [F(QWT) + F(Qvw)](3)

C right: C R PWZ*Qq + L"I-[F(QQwT) + F(Qw) ](4)

then P + ZQp C R 0 (5)

CR PWT - Z * QWT

Pp - ZcQp - CL = 0 (6)

CL = PWT + Z *QWT

PWT + cR + CL (7)
2

QWT =CL - Clk

2*Z (8)

I I--9



T (TIME) LEFT CHARACTERISTIC

CMRIGHT CHARACTERISTIC C(1+l)

T + ATN

AT <-

T i Vf -- -- -- X

X(LENGTH)-a*AT -*--A**AT--

-WN--AX -- AX

UPSTREAM FIRST INTERIOR SECOND INTERIOR DOWNSTREAM
END OF TUBE LINE POINT LINE POINT END OF TUBE

FIGURE 5.1--l GRID OF CHARACTERISTICS WITH
INTERPOLATION

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

line. Points at the boundary use only one of the characteristic equations

to be solved simultaneously with the boundary condition. CR and CL are

still funuLions of the unknown, QWT" Therefore, an iteration is used to

calculate QWT" CR and CL are first determined using only a rectangular

rule to approximate the friction.

CL - PVW +Z*QVW - a*At*F(Qvw) (3a)

SCR PWX - Z*QWX+a*At*F(Qwx) (4a)

This gives a very close approximation of 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

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

in each individual line (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 11YTRAN and is discussed

in more detail by Streeter and Wylie 0).



t

(CU

x-- 4A. &

FIGURE 5.1-2 CHARACTERISTICS IN X,t PLANE

5.1.2 Assumptions

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

Reynolds number of 1200.

2. Friction factors used are based on circular cross-section, smooth

I.D., drawn tubing.

3. See Appendix A for assumptions associated with method of character-

istics.

5.1.3 Computation Methods

Section 1000

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

impedance are calculated

IF(LDN(N,1).EQ.I) GO to 70

A = 1.8*(PARM(N,3)+PARM(N,2)/2.0)*BULK(IT)

A = BULK(IT)/RHO(IT)*(!. O+A/(PAYýM(N, 4)*PAPM(N,3))))

GO to 75

70 BULKH BULJLK(IT)*PARM(N,4)/(BULK(IT)+PARM(N,4))

A = BULKHIRHOi(IT)

75 A=SQRT (A)

PARM(N,6) RHO(IT)*A*4.0/(PI*PARM(N,2)**2)



If the speed of sound is not large enough to produce two line points, 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 = 1O0.-CONST*100./A

WRITE (6,300)N,PC

A - CONST

78 PARM(-oT,7) - A

NLPT(N) - CONST/A+I.01

DELX is then calculated

PARM(N,5) - PARM(N,i)/(NLPT(N)-I)

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

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

LDN(N,4)*57.0+LDN(N,5)/45.*

4.65+LDN(N,6)/90. *7.5)

The equivalent line length is then added to the actual line length and

is used to calculate the laminar and turbulent flow constants

PARM (N, 8) - 128. /PI*VISC (IT) *RUO (IT) / (DIA**4.)*

(PARM(N, l)-+EQU.TVL)

PARM(N,9) .213*RI'O (IT)*(VlSC**.25)/(DTA**4.75)

* (PARM (N, 1)+EQUIVL)

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

This data Is 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 connections are ini.tialized.

Dynamic friction entry DYFRI is called to calculate and store line

constants for the dynamic pressure loss equation. The returned value

of DYVRI is not used.
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Section 1000

N 0

N -N+1

READ LINE INPUT DakAT

CALCULATE SPEED OF SOUND (A) AND
CHARACTERISTIC OMREDANCE FOR LINE NT
CALCULATE SPEED OF SOUND (Al) NECESSARY
FOR 2 INTERIOR LINE POINTS. STORE WHICH--
EVER VALUE (A OR Al) IS LARGER. PRINT
PERCENT ERROR IN SIPEE OF SOUND IF Al IS
USED

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

.11IIS N EQUAL TOjINEj~~ NO

YES

PRINT LINE DATA

FNN

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

_ _____
IS N EQUAL TO NLINE? NO -- '>-

INITIALIZE VARIABLES FOR OPENED AND
CLOSED CONNECTIONS

FIGURE 5. 1-3 LINE SUBROUTINE FLOW ITrAGIRM
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II
Section 2000

INO -0

NO -INO+

UFDATE TURBULENT AND LAMINAR FLOW CON-
STANTS TO ALLOW CALCULATION OF FRICTION
FOR VEL OF SOUND *DELT LENGTH FOR LINE

IND

DIVIDE FLOW AND PRESSU'RE DIFFERENCI OF
LINE IND BY NLPT(frl,-i)-l -

I-

I-1+1

1:+

CALCULATE AND STOUE PUPSSREAM AND FLOWN-
FOR INTERIOR POINT I OF LINE IND N

13IS 1 EQUAL TO NLPT(IND)-l? NO

YESL
.CACULATE AND STORE UPSTREAM AND DOWN-

i'. ,i..' TREAM END CHARACTERISTICS FOR LINE IND

•,,•.i•. [s iNO •QU L 'TO NLINE?. N-- ,o --

YES

FIGURE 5.1-3 CONT.
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Section 3000

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

SYES IS N PT(INo) EQUAL TO 2?

NO

INTERPOLATE PRESSURES AND FLOWS ON THE

UPSTREAM AND DOWNSTREAM SIDES

C (PASS UPSTREAM FLOW)

CALL FRIC (PASS DOWNSTREAM FLOW)

CALL DYFRIC]

FCALCULATE LEFT AND RIGHT RUNNING
CHARACTERISTICS

F CALCULATE PRESSURES AND FLOWS FOR POINT
NPT

CLLcA FRC (PASS NEW FLOWý)

CALL DY•FRICU (PASS DELTA FLOW)

RE~CALUAE CHRA~CTERIS3TI 5CJ

RECALCULATE PRESSURES AND FLOWS FOR
POINT NPT

CALL DYPRICU (PASS DELTA FLOW)i FIGURE 5.1-3 CONT.

kL. 5.1-8



Section 3000 (Cont)

[NPT -NPT+lI

IS NPT LESS THAN OR EQUAL TO NPUNE? YES-

NO

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

I1EQUAL TO NPLINE? NO

YES

IS INO EQUAL TO NLINE? NO

YES

FIGURE 5.1-3 CONT.
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Section 2000

The laminar and turbulent flow constants are updatud to allow

calculation of pressure drop for velocity of sound * DELT length of

each line.

PAM (IND, 8)-PAM (IND. 8) *PARM (IND. 7) *DELT /PdM (IND, 1)

PARM(IND, 9)-PARM(IND,9)*PARM(IND, 7)*DELT/ VARM (IND,I)

The pressure and flow differences for each line are divided by the number

of line increments (number of line points -I).

DELP - (PPMl - PPM2) / (N-I)

DELQ - (QQMI - QQM2)/(N-l)

The pressures and flows are next calculated and !tored for e•.ii

interior line point. Pressures aLLd flows on the upstream and dowlistream

sides are interpolated then upstream and downt~ream en.d point characteristics

are calculated and stored for all lines

C (LUP) - PP ] -ZC*QP ; +FRI C (OQP1)

C(LDWN) - PM1+ZC*QMI-FR1C(QMI.)

Section 3000

A DO loop is used to calculate the values for ceach line,

DO 140 IN, - 1, NLINE

Pressures and flows - n the upstream ind downstream sides are irnd-eipclated

PPI = PM(M) -PARM(IND,3)*(PM(M)-PM(M+l))

QPl = QM(M)-PARM (IND, 3)* (QM(M) -(M(M+1))

PMI = PM (M+N-I) -PAhM (IND, 3) * (PM (M+N.-l) -PM (M+N-2))

QMI - QM(M+N--I)-PARM(IND,3)*(QM(M+N-I)-QM(M+N-2))

4~~ ~ .....-.- - ..........



Upstream and downstream end point characteristics are calculated and

stored.

C(lND*2-l) - PPI-ZC*QPI+FRIC(QPI)

C(IND*2) - PMI+ZC*QMl-FRIC(QMI)

If there are only 2 points for the given line, control then passes to the
Ii

end of the DO loop.

IF (N.LE.2) GO to 140

If there are interior points, the flows and pressures it these points are

then calculated. Pressures and flows on thu upstream and downstream sides

of interior point NPT are interpolated and steady state friction for each

of these flows is calculated by calling FRIC.

FRICM - FRIC(QMI)

FRICP - FRIC(QPI)

The decayed dynamic friction value is calculated by calling DFRICD.

DYFRIC - UFRICD (QMI ,MPT,JJ,H)

The characterititics are now calculated for interior point NPT.

CL .- +PMI+ZC*QMI-FRICM-DYI'RIC

CR - +PPI-ZC*QPI+FRICP+DYFRIC

The first approxiaation of the pressure and flow at point NPT are calculated,

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

Q (NPT) - (CL-CR)/(2.*ZC)

Friction is recalculated tit. ig the new flow.

FRICR-FRIC (Q(NPT))

Dynamic friction is updated using the difference between new and old flows.

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

"Jim. e'-.---~t.5.1-11 -



The characteristics are updated using the average of the new and old

valueu of friction along with updated dynamic friction.

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

CR - CR÷(FRICR-FRICP)/2. + DYFRIC

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

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

q(NPT) - (CL-C10/2.*ZC)

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

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

are stored in the PM and QM arrays.

DO 130 1 2, NPLINE

I'M(M+TL-1) - P(l)

QM(M+i-1.) - Q(I)

130 CONTINUE

5.1.4 Approximations

See Appendix A

5.1.5 LimLtations

See Appendix A

5.1.6 Variable Names

A Velocity of Sound in Fluid iN/SEC

BULKII Equivalent Bulk Modulus of Hose PSI

CL Left Running Characteristic PSI

CONST Constant-Line Length/DELT IN/SEC

CR Right Running Characteristic PSi

DELP Pressure Drop for DELX Length PSI

I 1-19



DELQ Flow Difference for DELX Length CIS

DIA Line I.D. IN

DYFRIC Dyi-amic Friction PSI

EQUIVL Equivalent Length of Line IN

FRIC Pressure Drop for DELX Length Using Flow QMI PSI

VR.cP Pressure Drop for DELX Length Using Flow QPI PSI

IRECR Treasure Drop for DELX Length Using Flow Q (NPT) PST

I'i Fluid Temp/Pressuru Number --

INO Counter --

JJ LSTART(IND)4+NLPT(INU) -l

LDWN Downstream Line End Address --

LLPT NLPT(lND)-l --

LUP Upstream Line End Address --

M Dummy Variable

MPMl Addrees of Current Upstream Line Point --

MPP1 Address of Current Downstream Line Point

MPT Addruss LSTART(iND)+I

N Counter

NPLINE NLPT (IND) -l

NPT Current Interior Line Point PSi

PC Percent Error

PLAST Past Pressure Value PSI

PHI Interpolated Pressure on the Upstream Side PSI

PPI Interpoloated Pressure on the Downstream Side PSI

PPM1 Dummy Variable

PPM2 Dummy Var table -

Li



QLAST Paut Flow Value

QMI Interpolated Flow on the Upstream Side CIS

QPT Interpolated Flow on the Downstream Side CIS

QQMI Dummy Variable

QQM2 Dununy Variable

REN Reynolds Number

zc Dummy Variable
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5.1.7 Subroutine Listina

SUB1FROr.1rIiL LINE
C **RLVISCTD vlAY 1, 1976**

COL'hIA. NI ,,I0LPLT(6 1, 3)

CO.'ilOW/StJ3/PAPM( 150,9) , ?Li( 1500) , riLi( 1500) , P( 300) 1r,2( 300) ,C( 300)
1, Z( 300) RfU,( 20)-S20Rfi0( 20) VISC( 20) ,rjrm6( 20) '.LlNP( 20) ,PVAP( 20)
2,-ATPR:3),T, DELT,TFINAL, PLTOLL, PI,TITLL( 2u),L1GNICON
3, tTE---P( 99) , LSTART( 150) ,NLPTr( 150) , LTrYPcII9) ,NC( 99) , IN~X, ItZ

5,mNLNEPTS ,J'DS
C THIIS SU3ROrJTINE 3IAUrLATES I,'iqL.S AS DISTMU3TE;D Ph~RAALLTER SYSiTLL';S

C S~. H~ t io'r!]') OF' CHARACTERI.TC
7DI,-IE MS ION LDN (15 0, 7)LC(3 00)
E( ' U IVA LE 1C E( I U G ( 1 ) , LDN( 1)) (C( 1) LC ( 1)
IF( IENTR) 1000, 200l, 3090

1900 CO.'TINUL
C
C T'IlS 01) RE?\DS LIqL; DASH NL'jU'3E'RS(Lr)Nl) AyjiO LINE AAiELSPi~~-E
C N =IN'DIVTDUAL LIŽNL ;ý4rJ'3ER
C LDN( . ,1)=LIIEYP

C LD(.,)=P:.'~EN¶A~EI'lCI'RLASE IN LI"L' L~OSS
C L~N.,3)Nki3LROF 45 DEG~ t.Lr'30JS

C LON (. . , ~Ah<OF 9~0 DEG; EL~l)v~S
C LON(., 5)=*'OTAL OF i3END ?xNILES .LT. 90 DE-' OL
C D(.,:''LOF' 31iAD ANOGLfS GCL. DO0 DLG T) ; c

C**P RL.DN( . , IL )½U = 3 GT JA

C PA-RL,( . 2)=LitýL OD Ii't.
c V'MRi (. 3) =-.7ALIT, -IKLSCOiTi]
c * Q-(, 4)=etiOr1JLUS 0$' Lr.,A3TICI'TY PSI/i Al.ANI"TI(N' CLU) FOP cGIVLX',
C PR.li,D~IA + 3L'ST I*3/;.iC

T)3 11-00 =,LN

1300 FOcRiAT ( 9I5,4L11.0)
IL'(LDN(Nr, 7)) 10,72fl, 30

2.1 LON (N, 7)1
30 CONTINUE

430 FOR,,AT ( 431-T1 I LI~lh CARDS ARL, OUr OF i: AT 175:L ,I)

C REN =!RlaYAOrD*3 NU-'3L$'
C VE')UI'JL=If;'UIV~AILEXT t~o,L'ri-

C.*** PA R-(,6=C H A kAC T E Ti TlIC TPL;kA)N C E
1* A 1AR~. ' . ,7)=V;Lr-OCIT1." OF' L3OUND 14' TAL LI:JL

0- PA- .,)= *INArý rL%)h CO:PST.\1 T F09. GIV/LA IA,VISC +i t~3T
C R*!. ,9)=TTJP3lJUiNT FLO~lv CUJSTANTvr. FOR GIVU.' D1 7 \,V1C + D.L '4 S I

C ?',. ,2) I'S I.A?EJTý; AS LTINL 3'JD A;0CO.'ýVLJATFL- TO tLIL'11m IT,

5.1-15



5.1.7 (Continued)

REN=1200
N=1

DO 80 N=1,NLINtL
IT=LDN(N, 7)
•.=N* 2

LC ( 1) =1

It'(LDN(N,I).LTI.lO) ('O TO 65
LD (N, I) =LDN(N, -)-10

65 IF(LDIM(N, 1) .U. 1) GO TJ 70
PARi( N, 2) =PARi(;4, 2)-PARI:-(N, 3) *2.0
A=1.8*(PARA(N,,3)+PRý,( N,2)/2.0)*3UJLK(IT)
,=IULX( IT)!( RfO( IT) 1. 0+A/( PAP~i ((N, 4) *P 'IR( (N, 3)))
7,0 TO 75

7) ;3ULVI1=m3UL( IT) * PA I( N,4)/( BUL\( IT) +PAR-,-( N, 4))
A=3UJLKH/RHO( I )

75 A=SORTV)PA i(16)}•O IT) *A*4.0/( ? -PM•PAR1(N., 2) **2)

"%.0NS-PA Fil ( N , 1)/DSLT
I F (COiST.GIN.A) GO TO 7 3
PC= 110). -CO-1ST* 1 90. /A
-R IT f 6,30 0) N, PC
A -11 ~

7.9 PA .( •, 7)=
;i L2( N) =CO!0.: ST/A+ 1.0 1
PAR', , 5) =PAR( t", 1) /( 1ZLT( (N) -1)
E- UI VL= ?f\R•:'( N!, 22) * (Lr.,I (:\•, 3) * I 2+LDN•( ' , 4)* 57. 0+L0,N (N•, 5) /4 5.* 4. A 5+

1 L f~l(1], 6) /140.'*7. 5) +PAd ( Rli 1) *LD;, ( >, 2)/10 0

TIA=PNR.; ( ', 2)
PARr 3)(N, =)=129../PI*VI 3C( IT) *R1O( IT)/( DIA**4.)*( P7\?(J(, 1)+-L'MIV[.)
PAR, (N, 9)=. 213* • (I?)*(VI3C( IT) **25)/( DIA**4 75) (PAR.i(', 1)

1+f.QUJIVL)
,) C ,OMTI 'Ul-

RI[I., T , 3 4 1)
.• I' T E , 3 50) 1( ), P .( ,J),J=1,7),1=1,N L r:,JI )

LSTA RT( i)=1
DO 90 M=I,iWLINL
IT=r-Dri,(N, 77)
PAP.! ( N,3)?A R;i( ,7) *Di:'T/PA;., 1,5)
P\R1 i(N, 4 )=. 7354*RL'•'1*PA,\LI( 4•,2) *VISC( IT)

IP( Ls' R'( .') +rNLPT("1 .;)..q•. INLPT5q-2) '3O T 2.3?

LSTART( Ns+ )+=1 LPT () +LST' v (N)
OP 1=07F RI (D LLQ, I T, I ,'I

Z ( P ) = R.i ( 1, 6)

q0 CONTINUE
C***
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5.1.7 (Continuei)

C IN4TTT.,%LIZE VARI.13LEA; USEO r'OR PLUGGED AOD OPEN
C COWNEOCTIONS, (i%.lLItNL)=PLUGGE'O, (MrMLI`N-1)=OPLr-.T

LSTAPT( -,l 1LI-lJ,) =.A'NLPTS-1
N LPT ( .-"I AL'I'-lE) =2
!4 =AiN L I I L 2
C (N) = 0 0
C(I--1 )=ATPRES

**JU-N!" '-ItL Ui STRE.,)o 1,-, PA NLT-4 ilrO P.i~~'S1
C** LIKEFOISE FOP, Q~m( )

IF(LIN.GT'INI~h1)GO TO 252
RE TURN

252 WiRITL(6,475) LTA (Nr)NP(LI)
W4RITI ( 6,999)

9ncl FO 1,T~(1-IX,31aPROc3PAA'.,. ST-OP IN StJ3ROrJTLIh LI!iL)
STOP 5101

475 FORL'1AT(5,91HRROPO 15 ,31I0)
2000 CO*NTIN90fi

D)O 12020 I>4O=1,11LIMLW
IN 0=I*
?NRA( IND, 3)=PARi-',( IND, 0.) *PAIRL,.,( IND,7 ) *DL'L~f/PtyfJ..( IN'D, 1)
PA'Ri-( Nn-, 0) =PAR-i (I OrD, 9) *PiRl"V( I IT, 7) *Df.,L.&"/ PAR?,(I. lD, 1)

.i=LSTM.RT( I'D)

DEL?=( )C)!11-CY)P112)/( fl-1)

DO 2013 I=2,t.LP-P

L T)P= I %)* 22- I
L 7.!1 = I:.1D* 2
P (LLIIP) = P. i ( "!)

I ( LUP~) =-,).' (rl+. -

C***

C CALCUJLATE CR FOR UIP!ST!Rii L1W-POI-NT
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5.1.7 (Continued)

C( LrJP)= PPI-ZC*,QPI+FRIC(Q)PI)
C CALCUJLATE CL FOR DOINNSTREM E,10 POINT?

2020 CONTINUE
R~E T URN

3000 CONTINUE
DO 140 ID1NI~
I NT)= I NO
Z C ?A R,-A( IN D, 6
N :L PT ( I MD)
il=LS'rART( IND)

C CALCULATE. CR FOP, UP3TtkL;.:, EiNT)POIN'T

C(INDL*2-)1)=PPI-I~%C*QPI+FRI C( API)
C CAL3CULATE CL POP Dl0SMEA- E2ýT) !?017'1

Ii'(;I.LL,.2) -70 111 1.40

C AL-30RIT11i FOR I:LIF PIT~0'I.,?NLS
N1PT= 2
,,,PT =,,+l

10COINTINUý,*

C I T,~r. ,POLA'TIO;'N -9rjUTIii-.
C PLPI -ITPLAb)PPLS,3*!jRL kOi-I 'j:L, ?IJ2( SDO;.i:L\ST',".h';AA) SIDLt:
Cl P.1-ITPPOL',T!1,D PPL.SSURE3 ON T'Il, -,I,,US(U?--*lkLA.;) 33TC>.:
C SI.-ILAP, ýiar'MTOM ISi TJST) FOR, FLO)4S

C FIRST APPROXI;AATU CL + Cfl
FRIC1=FPIC( 1,41)
FRIC 1=FPIC ( -('P1)

CP=-PPI 4+, C*()PI-FRICTPlDYP RIC
C CALCULATE PREhS-SrJRL(P) AND' FLO'J(CIr)) TI A-.')VL AP?R':1XJ~iATI0NS

C. P(NPT)= -(rCF.+CL)/2.
.(lPT)= (CR-CL)/(2!.*ZC)
FRICR=PRIC.(n(MPT))
DLL0=Q(MNPT) -Q..i( :.PT)
DYF!RIC=DFR1CU( lL, iT 5 J,)
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5.1.7 (Continued)

c PLAST=P(NPT)
QLT\ST=Q( NT)

C RECALCMlATE CL + CR USIN1G PREVIOUS ESTli'1ATU OF 0
CL=CL-( FRICM-E'RICR)/2.+DYFRIC
CR=CR-( FRICR-FRICP)/2-.-DYFRIC

C RECALCULATE P + 0, USIN1G It4PROVET) CL + CR
P(\JPT)= -(CR+CL)/2.
Q)(LNPT)= (CR-CL)/(2.*ZC)
DELQ= O(NPT)-rQL.'ST
DYFRIC=DFRICU( DELQ,$-PT, JJ,..1)
MiPT =.I PT+ 1
N PT=N'PT+1
IF(NnlT.LE.tNPtI'E) GO TO 110

C AFTLR FI14DING' P + Q~ FOR '73i% YMOLE LINL, PUT THCSE VALfILS'- I'L:Z20
DO 130 T=2,APLI'NE

130 CONIJTNMU
14nl CON-I 1IUE
300 FOR.-AT(/,5:<,41HFI.',-rJP TAl"LN AT L-114E 19,VLL OF SOUNID IN r.JNE, -' 2 X,

12HISISF8. 1, 17HPER CU.--NT Il EiMRR)

1,7X,4'rT',ALL,11X,1f],1hO)rJLCrIS OP,5X,4-Ir)m:LX,11X, 141iCCHl\RA,'CTE'RISTIC,
21211 VtALOCITAY OF ,/,32X,

4, 1 S SOJ.-Jo)
350 FOR.IAT(/1X,15,1JX-,FQ.4,7X,F8.4,7X,E'8.4,7X, f-10.3,5'X,Fq. 4,7X,F3.4,

360 FOP.lAAT(1.X,5X,I5,6;l12.5)
RETU RN!
E71 1)
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5.2 SUBROUTINE FRIC

"FRIC is a function subxatine that is used 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-Weisbach

equations4 FRIC - Q*l28*VISC(IT)*RHO(IT)*PAIpM(INfl,I)/(Pl*DA4 
) for laminar flow

FRIC = Q*Q.75*.213*RI O(I)*VISC(1T)2*PARM(lND,I)/DIA turbulent flow

Note: The equations assume a Reynolds number of 1200. Since in each

equation all variables except flow are actually constants for a given

line and fluid, laminar and turbulent flow constants PAFIM(IND,8) and PARM(IND,9)

"are calculated in the 1000 section of LINE subroutine for use in this

•:- subroutine. The transition flow for each line PARM(IND,4) is also calculated

* in LINE's 1000 section.

The pressure drop equation can then be written

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

'3 75
FRIC = Q*Ql *PARM(IND,9) for turbulent flow,

5.2.2 Assumptions

1. Transition from laminar to turbulent flow is assuamed 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 factors used are based on circular cross-section,

smooth 1.1)., drawn tub ig.

5.2.3 Computation Methods

* .Not applicable.
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5.2.4 Approximations

Pressure drops 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 presoure drops across

non-circular cross section passages or across rough I.D. tubing.

5.2.6 Variable Names

Variable Description Units

Q Fluid Flow IN3 /SEC

Ql Absolute Value of Fluid Flow IN 3 /SEC

FRIC Pressure Drop PSI or PSI/Length
(depending on the
form of the constant)

SIS Q1 GREATER THAN '

NO PARM(IND,4) YES

CALCULATE AP CALCULATE AlP
FOR LAMINAR FOR TURBULENT

FLOW FLOW

0 RETURN -

FIGURE 3.2-1 FRIC SUBROUTTNI FLOW DIAGRAM
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5.2.7 Subroutine Listing

FUJNCTION' FRIC(QA)
C RE~VISE~D AUIGUST6 5, 1975**

COU1.i--ON/0-U2/PAR:.l( 150,9) P,P*I( 1500) ,Q~fl 1500) , P( 300) 0,C( 300) ,C( 300)
1,g(300) ,RHiO(20)) ,S2ORHO(2I) ,VISC( 20)) ,f3tJL(29)),TE;ýP( 20) ,PVAP( 20)
2,ATPflLS,T,DELT,TFINAIJ,PITDIL,P1,TITLE(20),LLG1..,ICOPI

5, LiNLPTS, ADS
O11=ABS(QA)
IF(Ql.GT.PARn(I'ND,4)) 1-O TO 1I)

REI~TUJRN

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 siubroutine is described in the

paper noted in Reference paragraph 9.4. Equation (29) of the referenced

paper is the expression used to descrIbe the combined steady state and

dynamic pressure losses under laminar flow conditions.

f(t+At) 2V (t) + P_ (y + y + Y3 )
a a

Substituting equation (35) Into equation (33) produces the following expressiont&

for Y1, y2 and y

-~8OOO*A*v/a2

Y t (L + At) Y, (t) *e + 40.* (V (t + At) - V Wt))

-200* At*v/a2
Y2 (t + At) Y2 (t) -Le 4 8.1* (v (t + At) - V (t))

-26.4*At*v/J2

Y3 (t + At) y3 (t)*e + (V (t + At) - V (Q).

Each expression for y at time t + At contains a decayed pressure at t

added to a pressure, loss caused by a change in fluid velocity.

Converting velocity to volumetric flow rate and I.R. to I.D. yields

5.3-1



f(t+at) . + 16 *
,ti , 4 D2

1T * D D

-8000 * At*v*4/D
2  4*40

[1k (W*e + wr*DZ tt) W

-200 *At *v*4/D 408.1

+ Cy. (t)*e + 2T*2 (t + At) -Q (t)) ]

+ [Y3 (t)*e + 2(t•+At)

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

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

equation can then be written

t t)2 * •8000*,t*•*4/D
2

•!•:f(t+At) 16 v * (t)*e

'+ 16 *160 * (Q (t+.At) - Qkt))

ir*D2

16*P*v -.200*At*'J*4/D

+ 16 * 32.4

+ 16 * * (Q (t+tt) -. Q (0)

"____.__-26.4*At*v*4/D2•: ?!:" G *•.,Y 3 (0)*e

+ 16*4 4 (Q (t+At) - Q (t))

ir"* 0

This equation is used to calculate turbulent as well as laminar flow pressure

drops- under dynamic conditions since liU:lo is known about the effects of

dynamic friction under turbulent flow conditions.

in the subroutine, pres;sure loss at tine T to be decayed is expressed, by:
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16*o* and
D2 1,2,3 a

is actually the latest Y value calculated by entry DFRICU. The first time

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 is called from the 2000 section of LINE. The purpose of this

entry is to calculate and store the dynamic pressure loss equation constants 4
for all LINES. The value returned to LINE ,Yl(l), is not actually used.

DFRICD is next called from the 3000 section of LINE. New Y values are calcu-

lated using past Y values multiplied by their decay factors. YI, 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, Y2 and Y3 are next

sunnned 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 is in itsalf

an approximation of the exact expression. The method was chosen to

conserve computer cere and computation time.

5.3.5 Limitations

See Reference (4).
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DFRICDI -

CALCULATE DECAYED VALUE
OF PRESSURE LOSS FOR YI, Y2
AND Y3. SET YTOTAL EQUAL
TO SUM OF Yl, Y2 AND Y3

ID=RC YTOTAL

ENTRY DFRICU

FYOLD = YTOAL__~I_

CALCULATE UPDATED Y VALUES
USING DELTA FLOWS. SET
YTOTAL EQUAL TO SUM OF
Y1, Y2 AND Y3

=YTOTAL - YOLD0

DFRICD FLOW DIAGRAM
FIGURE 5.3-1
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ENTRY DYFRI

LINE NO. = M1

I CALCULATE AND STORE

YI, Y2 AND Y3 CONSTANTS

OFAQ TERM FOR LINE M

LINE M

ENTRY DYFRI FLOW DIAGItAM

FIGURE 5.3-2
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5.3.6 Variable Names

Variable Description Units

CONST Constant in dynamic pressure loss equation --

DELQ New flow - Old flow CIS

DFRICD Dummy variable

DIA I.D. of tube IN

EXi Constant in dynamic pressure loss equation --

EX2 Constant in dynamic pressure loss equation

EX3 Constant in dynamic pressure loss equation

JJ Address LSTART(N) + NLPT(N) -1

M Address LSTART(N)

MM Address LSTART(N)

MPT Address LSTART(N) +1

M Counter indicating assigned line number

YOLD Dummy variable

YTOTAL Decayed value of pressure PSI

Yl ( ) Array for Yl valves

Y2 ( ) Array for Y2 values

Y3 ( ) Array for Y3 values
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5.3.7 Subroutine Listing

FUNCTION r$FIRICI.)(01ýLQ,1,i-PT,,JJ,"I)
C. ** RL~VI.-.E0 Ausus-r 5, 1975

Cr:.i~lON/SU,-3/PAR\I.( 150,, ) ,p1( 1500) ,%( ,1500), P( 300) ,Q(300) ,C( 300)
1, Z(300), if(,lhIO 2) ,S32ORa( %20) ,vISC( 20) ,3rJL'( 20) ,T1.MP( 20), PVAP( 20)

4,1N, ITSTE SP, 14LTrI 'JLlii1,L, IN 0T, 1 pl i,T' INTb, vl 2L L,,NLEGN,ICO-0L,," PO

0IALNS ION vi ( 1500 ) , y 7( i1- o ) ,Y3(150 0)
DATA Y1,Y2,Y3/4f-,0*r0.0/

YT'OT\IL=Y I P V) +Y?2 (v ill'j) +1113 (v- "I"P )
)EPRICJ)=YT"YL'T.
R LTt r R

YOLD=YT)T\ L

D F R I Cf=T L -Y U)
RETURTI-

c I -I 3 5 il - 3 FRMC YI, Y 2, Y3 ARP YS fl L;.L
RA = PA i ( A , 2)1.
.cilTi( A)

Y2( 1 1,)=32. 4*COJS'1.

LX3=-26. *V*!
Y1(J7) =LX?( L\'l)
Y2(J.J) =LXVP( f"(2)

T) F R 1 Y I LI

L IN D

BEST A -VAILA~fCp
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5.4 SUBROUTINE CHARP

The function subroutine CHAR was set up to obtain interpolated values

of the line characteristics, CU( ) and CD( ) between TIME = T - DELTA

and T. 1
The interpolations are required by subroutines using integration, such

as 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 CUARIN which is 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 is called from HYTR after the call to LINE and before

the call to CORP. This call adds the latest characteristic values

and calculates the interpolation formula constants ready for use.

Function CHAR calls obtains interpolated values of the line

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

and TIM = 1.0 when TIME = T,

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

formulas.

5.4.1 Th•ie'y

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

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

formula.

Y(X ) ZLk(X) * Y(Xk)

where 
k=0

L1(X) (X - Xo) '-(X-Xi-l) (X - XI+1) (X-Xn)/

[(Xi - Xo) -.. (Xi Xi-l)(Xi-Xi+1)'''(Xi - Xn) ]
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and y(Xk) is the value of Y at time X.

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

L(-l)(X) = (X + 0)*(x - 1)/ [1(--o)*(--i)]

S(x - X)/2

L(o)(X) = (x + i)*(X-Kl)/ (0+)*(0-i)

(X2

L(Jj(x) = (x+l)*(x+O)I [(i+l)*(1-o)J

2
=- (x +x) /2

Y(X) - *(y(-l)/2 - Y(0) + Y(1)/2

+ X*(-Y(-l)/2 + Y(1)/2)

Y(O)

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

between X = 0 and X - 1.

The fixed time system was chosen to simplify the calculations,

5.4.2 Assumptions

The Lagrange interpolation technique has limitations when applied

to rapidly changing functions, in that it tends to produce overshoot.

Since there is no pre-determined function 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 deficiencies.

Hence the choice of technique has to be based on the advantages and

disadvantages of each method.
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5.4.3 Computation

The function subroutine uses the entries to initialize and update

the data, to avoid time consuming teots in the running portion of the

program. The initializatioz 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 commo,' variable INX. The address

of the first line connection is returned, to the subroutine by the value

of CHAR, which is then converted to an integer address in the calling

program.

5.4.4 Approximations

Not applicable.

5.4.5 Limitations

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 is not very

great.

5.4.6 Variable Names

Name Description Dimension

CHAR Valve returned to calling routine PSI
or integer address

CUCD( ) Array of characteristic values and
formula for interpolation

I DO loop counter

N Line number +ve or -ve 4
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Name Description Dimension

NCUCD Storage for N values

Ni Rotating addresses

N2 Rotating addresses

N3 Rotating addresses

N4 Rotating addresses

TIM No. dimensional time
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5.4.7 Subroutine Listing

FUN'CTION CHA~R (J Tti)

C** REVISED) AUJGUST 5,1175

1,Z( 300) -RHO( 2l) ,,S20PM0i(20) VISC( 20) PULK(20) T,L-IP( 20) ,PV,%P( 2-9)
2,A'rPRES3,T, 0fL.T,TFIPPAL, PLTOLL, PIT 'ITE( 20) LMa, ICON

Ai~V, I-S'r P, ->1IUI~, ,.EtiD, IE~R i.II'h ?j-NL,,-1P4Lb kG, -1N-N 0 1 b , i N P L U-1

5, ANLPTS, iADS
DI.-1LW.3Io-4 CUCD( '1,99) ,NCiUCo(9-))

CCOvlljo!ý /COlIPO/D(a50fl),L(150O),LF.(99,4)
DATA I,N1,`,72,N3,N4/1,1, 2,3,4/

LNTAkY CHAIRUPJ

0.0 300 I=1,*,%CD

C UC 01('-Z3,1) =CITJCD(N1,IT 2 -C!YCC(, 2,1 +C 1C D. r-43,1/2

CHRP=I+. 01

CrJC7)( 1,I1)=C( 1)

%CUC i) ( 3 ,I )=C(N
NCOCD( I)=.A

EN D
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6.0 COMPONENT SUBROUTINES

The components modeled vary from the simple restrictor to a very fast

response 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 complex,

but individually they are usually simple.

New subroutines can be added without difficulty and, if the computer

system can tolerate unsatisfied exteinal references that are not called J

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 is 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 fouaid until the output

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

6.0-1



CALLED
BY

COMP

100 SUBROUTINE

= i J ,.I(IENTIR 
, + 1

S1500 SECTION 2000 SECTION 3000 SECTION

0,--

CALCULATE CALCULATE INITIALIZE ALL DO TRANSIENTS
CONCTANT STEADY STATE VARIABLES TO CALCULATIONSCONSTUATITS

FROM INPUT PRESSURE STEADY STATE FOR THIS
DATA I , PROPVALU-S TIME STEP

S~RETUýRN

FIGURE 6.1-1

COMPONENT SUBROUTINE ORGANIZATION
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6.1 SUBROUTINE COMP

Subroutine COMP which is called by HYTR, readp :,id prints all component

input data, sorts out connection data for all. component s, 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 component 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 component are then read and printed, if any exists. Next, 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 is repeated until all

input components have been called.

Section 2000

This section consists of a DO loop that ranges from I to the

number of input components. Within the loop a compuneat 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 -sed in a computed

GO TO statement to direct control to a statement or section that calls

the specific component. If 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
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resulting value in a computed GO TO staltement. This GO 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 calculations.

6.1.4 Approximations

Not applicable.

6.1.5 Limitations

Not applicable.
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6.1,6 Variable Names

Variable Description Units

I Counter

J Counter

KK Dummy Variable for L4

KTYPE Dummy Variable for LTYPE( )

LDATAC Number of Element Real Data Cards

Ll Data value I

L4 Data value 1

N Counter

NCI Number of Last Active Connection

NDATAC LDATAC/1000

NLIM Nuiuber of Real Data Fields

NN Dummy Variable Representing Maximum Number
of Component Connections

NTYPE Group Type Number

NX Data Value 2

Nl Dummy Variable Representing Max Number of
Real Data Fields for a Given Component

N2 Dummy Variable Representing Max Number of
Temporary Variables for a Given Component

N3 Dummy Variable Representing Max Number of
Double Precision Variables for a Given
Component

N4 Dummy Variable Representing Max Number of
Integer Variables for a Given Component
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6.1.7 Subroutine Listing

0 UBROTJTINE COrIP
C REVISED AUGUSTr 5, 1975

DOU3L.E PRE~CISION DO

1 ?QL~lG(~),2),NC(300)0

1,TIAUU (L( 310 LT(HQ 2,) ,2:1( 2 D) 1) T)-)(20) (CL( 20) ,T%'i?( 20), VP

1001)S1P'~,IL %C. I.",T~ I- 11,'1~ 11Lr~. 1.-t 1 U~~LG f11,'0 ~*~~L

00 1101 T=1,10
1) 10 2 J= 1 ,150

1002 ;ýD(, .1,) =ELP( I , -T)

1003 Cr0! YJ IKU F,

IdI P~!\ Tf~1.~Li f'PJS ~In .9 ULrL 1u I'7 G DATA'
c I =I*3o)V~iowUr. cT ji,•~'i.~
C 'r'.COPLf 'tY 9t.,

~~)13

13 Cf'T7I f t

C***~ LP0f\TAC iJ)UMAS ' T~i", COFJ,.L\ PLAT, 'Wn-' czTiu.

'C I=iDT:-,TYPL 7)
IF( .'C( I) EQO. 0) -10 c'1') 7

.0 4 .=,~
I r(LV)1,,

1L~~=r(N 2..
LC (L )) 1

TO V) 4
2~ L~ 1 A 1,jL,;L -2 -,j r <,r YPL; ,0)
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6.1.7 (Continued)

GO TO0 4
3 L (N') -L(N)*2

LC (L(N) ) =0
NCI='NCI+l

4 CONTiIN~UE
5 IF(L(i4W).LPr..NLaINL*2-1) GO TO 6

N'c I) =NC (I)-
N li qN i.- 1

,5 C 3:ATIN. U E
I 'Z = NC I
IF(N4CI.NiL.'1C(I).Ac'-D.r1D(K\TYPl.,10).NLE.0)G:O TrO 420
7 .4 1=(!T.?,1)mD(TYP~ CINIDXYE
7 2=1 D(NT Y ?E ,21

N 3 N D(T Y PE , 3)

IF ( N.L .-I .iQ.E30 ) -30 TO 15

IN'I[NXiK2.I) GO TO 411)

DO 10 XX=1,LrATVlAC

1.0 C 0,' TIL;-ý UE'
13 1I"!X= 0

IF (LDATAC.GT.,-')(1'WYPL,6)) N'1=tiLI:~i
LE(I, 1)=L1
LE( I, 2)=L1+.%i
GO T!Oj 3 0

21 CONTINUE

Tf(I, 2=l1

30 TF(-NX*N3.ALE. 1) G0 TO 4 0
Lr.(I, 3)= (LL( I, 2)+f42+3) /2
L.1=( LiI I, 3)+N3) *2+1
.30 TO 50

41 L,( I,3)=LFE(I,2)+N2j
Ll=LM(,3)+N3

5.1 LrE(1, 4) =L4I

ENTRY COllpI

,TYPL=LTrYPL'( LADl)
,qTYPL =,\rYpuL/io

!2L( IN'D, 2 )
h3= LE ( 11"Dr3)
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6.1.7 (Continued)

N4=L~E(IWD, 4)
GO TO (210,220,230,24(0,23-0,2r-0,27s0,283,29O,300) ,?',-YL-

C 360 GO TO 400
210 CQIJTINUE

CALL 3RAqJli ( 0('11) ,D_(42) ,DDU':.3) ,t(N4)
GO TO 400

220 CONTINILi
"?ZTYPU=Kr"YL-2 0
GO TO (-221,222,223,224),IKTYPE.

221 CALL VALV~21 ( (N)r( D(3 (4
;0 TO 400

222 C4LL VMTLV22 ((1 DN),(~3 Li4
SO09-TO 40nl

1231 CALL AV((>) (2),(3),(4
GOC TO 4 00

?24 CALL VALV24( D(N1) ,-'~)')r7(N3) ,L(i4)
'30* TO 40 0

"KTY ?12=TYPb-3!)
-:7 r0 (231.,211,2 33,234), KTYPE~

231 CALrJ CV-kL.31 (D(l) (ý'),L04
1-0 TO 40 0

2132) CALL r~~,2(~(~),(;2 D('~),
,;o vDo M1l

233 -CMJTLCVL3((l,)(C),'(3,(r)

240 C '. 0 1 F

(30 TiO 400
250 C 0'77I N:U L

""'Y?
...? (2-S1,252,2153,?94,40r)KT~:YNt,

251 CALL ýUL;P5 1((1),( ),(.:3 rvi)

310 TO 400

-0'Dr 40 0

1:0 TO 40r.
DN( T 1TI'TJ 1

T2Y PL'=T K'i ( PL- 5 0
TO C- ( 261, r2 1'3) "~T Y~i.

251 CA\TL F .'R2;Th1 0 (1) ,D'),~ 3) L(-.1]

3.0 TO0 4 00

26 ALT RSW,6?3T
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6.17.7 (Continued)

27.0 T'%TYPE;=KTY PL-7 0
'-3 TO (271,272,400),'KTYPL

271 CALL ACUH~71((1)(2)I(3)L(4)
so TO 4 )00

272 CALL ACUA~72 (r)(ii1),D(iN2),OiD(N3),L(',,4))
MO TO 400

2qO CON.TIL.."JE~
X<TY ?L=rTYPEi-.30
GO TO' (2891,,282,293,40f)),KT<TPL;

2ql CUTE, FILT11 (DJ(N1),D3(N2),rnD(N3),L(iN-4))

030 TO 400

SGO TO 400
291 CONTINUEC

Xl"Y?E-I(TY PL-
-,o -r, ( 291, 2(2,2()3,2c)4, 22c5, 216,297, 23, 209) , -TYPL

291 CTrIJL rEsT91(Žw),(glo(~)Lw)
C2q 1 C 0 N I AJU

? q)2 CALT, C 109 2 C. 41) D .2) ,DD 3) T,(N 4
,30'TO 400)

193 C 7?'09 C?3 D(P(:. )( r(: 2) ,00(N3) ,L.( 4
00 TO 400

?94 ICONhTI.UEJ
,0 .C'0 iOO

2.95 CALL P0((1)(w)Dn3,(;4)
G'O To 4 0

29rG GO TO 401)
297 (03 TO 400
2 1 CALL CAD993 (0(N1),Th2) , Di3(P3),L(4))

30 TlO A.00
290J CA'LL CATJO9(D(N1) ,D( )]2) ,PD(LN3) ,L(4))

.0 'r 4100

N' L C t='Tr Y PL -1f)00
-C-0 TO0 ( 301, 302, 303, 304, 305, 316, 307, 400) ',TY'?L

301 CM.JL ACrri0l Do( ,1) ,rj'2) 0''(,13) L(i4))
11.0 TO 410 0

31')2 CALL P.CT1O02 D(ifUI1) , (N 2) D ,,,N3) (t, ~1))
O0 TO 400

303 CALL ACT113 0(D(-lU) ,F)&12) ,D(3) ,L(N4))
,_0 TO 400

304 CALL ACT1)4 D(1,1 T('2 ,D;3 ,.:;)
1O TO 400

305 CA L L A CTiO 10 5 n1 ) ,0i2) 0,D 13),L(N 4)
GO( f20 400

30ý CALL ACT106 (0(IA1) , 0 '14 ,D ID(3 ,L( 4)
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6.1.7 (Continued)

Go rO 400

400 00 4 .0I.ýU b

I Fe N ̀21R) 10 03,2 000,2 0 00
410 b4RITE: (6,110)

991) 'O(~3df~~~ ,3'2P 1:4 SUJ3ROIJTLIL CO.-jj?)
3120? Gnfll

190 FOR.-,'Ar( 5X, 42i'TA.i--1F APRE f..ISS I'l3, CONN1iCTIOiNS III Ca-iP --;~o ,

STOP 6O10

1'~ SliA () 35H T!MIT t-,LL::JAT C-ARDJS AlI~L OUT OF OR[iýFý
4 50 Ff 3A' S Y1f.0
500 FOPfI7AT( 1,10, 5X, 65HCO.ý1?4 , 15, 2X, 1291 '"!LOClf DA4TA, 5

Lrq,
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6.11 SUBROUTINE BRANI1

The branch subroutine describes a simple lossless junction in the

system, which can have any of the configurations shown in Figure 6. Ll-l.

The program is generalized so that th-re can be any combination

of upstream and downstream connections.

Junciionf

Y.G3anch

I ~Cross Branch

FIGURE 6.11-1

BRANCH CONFIGURATIONS
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6.11.1 Math Model

Starting with the basic line equations

P + z(I) x Q(I) - c(I) - 0 (1)

where C(I) is the Ith line characteristic

Z(I) is the line characteristic

and Q(I) is the flow out of the line into the branch Junction (positive

flow is into the junction)

Rearrunging (1) we get

Q(l) = PX/Z(I) + C(1)/Z(1) (2)

if =Q() - 0 (3)

I - I,N.

PX*DI/Z(I) - EC>(1)/z(1) (4)

I-1, N

Let DT(3)ZI/Z (I)

1=1, N

CN -2 C(I)/Z(I) (6)
-E--'=l, N

PX = CN/DT(3) (7)

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

Q(T) = (C(1)- Px/z(1) (8)

for cavitation conditions

If (PX.LT.PVAP) or IF (DT(VCAV)GT.O) PX = PVAP

Q(i) = (C(I) -PVAP)/Z(I)

QNEW - Net flow away from the junc'tlIo

DT(VCAV) = D(VCAV) - QAEW

DT(QCAV) = QNEW
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6.11.2 Assumptions

The math model does not incorporate any of the losses which normally occur

at junctions which have changes ir. diameter, flow direction, ar flow division.

Line losses due to steady state friction are incorporated into the values

of C(1) 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 connection.

Section 2000

Section 2000 initializes DT(VCAV) and DT(QCAV) to zero.

Section 3000

This section retrievew values for Z(l) @ C(I), and sums C(1)/Z(1).

From this PX is calculated and then the pressures and flows are returned to

the line ends in P(1) and Q(1) 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 PVA?

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(11CA) and DT(VCAV) are stored for use next time

and the cavitation model will continue to control the pressure at 'he junc-

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

The oaly computatiron approximation is the use of pseudo Z and C for

an unassigned connection # which is less than the number of connections to
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the branch such as blanked off connection will be most unusual in practice

and the error uill 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

so that these losses can be taken into account. This particular subroutine

being fast and simple and should be kept until the other subroutines are added.

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 CIS

I Integer Counter

N Integer Counter

NCI Number of Line Connections

PX Branch Pressure PSI

DT(QCAV) Previous cavity flow CIS

QNEW Net cavity flow toward
the junction CIS

DT(VCAV) Cavity Volume IN**3

For variables in common reter to Para. 3.3.



6.11.7 Subrourtine Listing

SUSROUJTIoM BRAN11 (D,DTDD,L)
* * RE2VISED AUGUST 5, 1975**

DOUBOLE PRECISION DD
DIviLNISION' D( 1) ,DT(3) ,"1DT(1) ,L( 1)

COM~A~ 13

2, ATPRI S, T, rDL, TrINAL, PLTTD1L, PI, TIT'LE( 20) ,L'1ICNo

4I xv, isTE p,: ~LI 1* ,?7 r., I N D, I L.TfiLIL ,ILtiO LJEG, AN PLOT

L'V-A ViCA V, rCA V11 ,2/
I F(-I UflT0) 10 001, 2 00.1, 3 ri'll

D)T( 3) =0.0
O)T( VCM) =0. 0
NC I =lC( I'AT))
')0 1001 I=1,NCI

I001 .)'f( 3)OT'( 3)+ 1. 0/ Z(L(I)

2000D2(V.1~/=.

15000

00 3.11-1 I1

30)11 C3?vrIT:4!JL
PX=%C:J/D-T( 3)

C **CrHECK TOnf bt-L i It' IS- LT ?POR~ A 3.?L IS £~~tU'

C

0,0 3020 I=1,"'CI

3025 '~ 0 . 0
00 30130 I=1,'74CI
P(L(I) )=VAU ('2 : flI:': D)

3031)NE.- := - tI L;':-+C (E 1I
C CALC.UL-%TL TilL 3tYJ.,3Li- S)IZL6

DIN ~CA V) 0 1L 1

Rl L TO. Ri f

6.11-5 B.\NM h~LP



6.21 SUBROUTINE VALV21

VALV21 simulates a simple two-way valve, with 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 systel

transients. It can be used to simulate directly operated solenoid valves,

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

such as two stage solenoid valves and unbalanced poppet valves.

A typical valve is shown in Figure 6.21-1.

v ye Displacement

[Fow

\--Conneciiort No. 2

Connertion No. 1

FIGURE 6.21-1
TYPE NO. 21 TWO-WAY VALVE
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6.21.1 Math Model

The basic equation for flow through an orifice

1 /2Q - AREA * Cd * (2*(Pl-P2)/RH (1)

where AREA - area of the valve orifice in 2

Cd-valve discharge coefficient

RHO - fluid density lbs sec 2 /in4

Q - flow in CIS
P1 - inlet pressure PSI
P2 - outlet pressure PSI

From the line equations

Pl - -ZIQ1 + C1  (2)

P2 - Z2 Q2 + C2  (3)

using a +ve flow convention from 1 to 2

where Cl - Con #1 line characteristic
and Zl - Con #i line characteristic impedance

Assuming no flow loss,
Q - Q1 Q Q2  ' (4)

Substituting 2 and 3 in 1 we get

Q2 _ VFAC(_Z1 Q1 + CI - Z2Q2  0 C2) (5)

where VFAC - (AREA * Cd) 2 * 2/RHO

Equating the flows we get

Q2 + Q*(ZI+ Z 2 ) *VFAC - (Cl - C2 )*VFAC = 0 (6)

Q + Q*VB + VC - 0 (7)

where

VB = (Z1 + Z2 ) x VFAC (8a)

VC - (C 2 - C) x VFAC (8b)

6.21-2
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The rescrictiona on the solution are

when V - 0 Q0

which gives

Q- (-VB + (VB**2-4*VC)**.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 a 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.

To avoid these errors a more complex math model is required, and this

should be implemented in another subroutine.

6.21.3 Computation Method

A call to INTERP is made to derive the valve opening from the input

data which inc!udvs a table of valve pusitions versus time. A first order

interpolation is used in this derivation, second or higher order interpolations

will cause unintended valve motion.

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

and then the flow.
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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

relationship. This apparent limitation can be overcome by inputting a non-

linear valve position versus time relationship which can produce any desired

area versus time.

The conctant 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 width 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 in the

orifice characteristic with differential pressure.
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6.21.6 Variable Names I

NAME DESCRIPTION DIMENSION

AREA SS. VALVE AREA IN**2
CONST SS. VALVE CONSTANT PSI/CIS**2
DELTI SS. VALVE PRESSURE DROP PSI
DIFF CHARACTERISTIC DIFFERENCE PSI
IOD ERROR INDICATOR
LI DU2l4Y VARIABLE
L2 DUMMY VARIABLE
QX VALVE FLOW CIS
SGN SIGN OF FLOW
VALY VALVE POSITION IN
VFAC VALVE FLOW CONSTANT PSI/CIS**2
VYMAG ABSOLUTE VALUE VALVE POSITION IN

FOR VARIABLES IN COMMON REFER TO PARA, 3.3
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6.21.7 Subroutine Listing

SUBROUTINJE VALV21 (DvDToDDL)
C **REVISED AUGUST 5, 1975**

DOUBLE PRECISION DD
COMMON NTELPL,NTOLPLJIPTIPOIN1TNPTSINEL,KNEL,NTOPL,NLPLT(61,3),
1 PQLEG(90rl2),LCS(90110),ILEG(1400)tPN(90),QN(90)
DIM4ENSION D(24)#DT(2),,DD(1)#,L(5)
COMMON/SU¶R/PARNM( 1 50j9) ,PL-I( 1500) oQPM( 1500) ,P( 300) ,Q( 300) VC( 300)
1,Z( 300) ,RHiO( 20)S2ORHO( 20) ,VISC( 20) ,BULK( 20) ,TEMP( 20) ,PVAP( 20)
2,ATPRESpTDELTTFINALPLTDELPITITLE(20),LEGN,ICON
3,KTENP(99) ,LSTART(150) ,NLP'r( 150) ,LTYPE(99) ,NC(99) ,INX,INZ
4,INV,ISTEP,NLINE,NELIND,IENTfl,MNLINE,MINEL,iiNLEG,MANNODE,reINPLOT
50, MNLPTS ,plDS
IF' (IENTR) 1000r200003000

1000 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/RHQ(KTLZ.IP( IND))

0(4)=(Z(L( 1) )+Z(L(2) ))/2.
D( 5)=1.0/D( 4)**2
VAEY=D(L(4))
IF(VALY.EQ.0.0)GO TrO 1100
.DT(1)=~RHO(KTErlIP(IND))/(2.*(D(1)*VALY*D(2))**2)
DT (2) = 0 *
RETURN

1100 DT(1)=0.0
DT( 2)=10.E5
RETURN

C
C**** STEADY STATE SECTION **

C
1500 PQLEG(INEL,8)=POLEG(INEL,8)+DT(1)

C)X=PQ0LEG( IXEL, 1)
PQLEG( INEL,6)=PQLEG( INEL,6)+DT( 2)
PQLEG(INEL,11)=PQLEG(I\NEL,11)-(PQLEG(ItJLL,2)*QX*(DT(2)+QX*DT(l)))
R ETUJRN

2000 CONTINUE
DT( 1) =0 *

DT( 2)=0.0
RETURN

3000 CONTIN'UE

L2=L( 2)
CALL IN4TERP (T,D(L(3)),'D(L(4)),10,L(5),VALY,IOD)
VYMAG= AI3S(VALY)
DIEFFC( L1)-C( L2)
IF(DT(1)+DT(2).GT.0.0)GO TO 3300
IF(VYA4AG.LT.O.00001) GO TrO 3100
VFAC=D(3) *VALY**2
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6.21.7 (Continued)

QX=SIGN(VFAC*D(4)*(SQRT(1+ABS(DIFF)/VFAC*D(5))-1),DIFF)
PLi) =C (Li) -Z( Li)*QX
P(L2)=C(L2)-Z(L2)*(-QX)
Q(L1)=QX
Q( L2)=-QX
GO TO 3200

3100 CONTINUE
P(L1)=C(LI)
P(L2)=C( L2)
Q(L1)=0.0
Q(L2)=0.0

3200 IF(P(L1).GE.PVAP(KTEi4P(IND)).AND.P(L2).GE.PVAP(KTEMIP(I-,1D)))RETURII
IF(P(L1) .LT.PVAP(KTEL4,P(INiD) ) .AD.P(L2) .LT.PVAP(KTE~i1P(I.?D)))

+ GO TO 3230
IF(P(LI).LT.PVAP(KTEi.IP(IND)))GO TO 3220

3210 P2=PVAP( KTEMP( IND))
ZT=Z( Li)
Pl=C( Li)
IF(C(L1).GT.PVAP(KTE~4P(IN-D)))GO TO 3500
P1=PVNP( KTEr4P( IND))
GO TO 3600

3220 P1=PVAP(KTE~iP( I-.D))
ZT=Z( L2)
P2=C( L2)
IF(C(L2).GT.PVAP(KTE"iiP(I-JD)))GO TO 3500
P2=PVAP( KTEiIP( IND))
GO TO 3600

3230 IF(P(L1)-P(L2))3210,3400,3220
3300 IF(DT(i).GT.0.O.TAND.DT(2).GT.0.0)GO TO 3400

IF(DT(1).GT.0.0)GO TO 3220
GO TO 3210

3400 P1=PVAP( KTEMP( IND))
P2=PVAP(KTEAP(IND))
GO TO 3600

3500 IF(VY,4AG.LT..00001)GO TO 3600
VFAC=D( 3) *VALY**2
QV=VF'AC*ZT/2.0*(SQRT( 1.0+4.0*Af3S(P1-P2)/(VFAC*ZT**2) )-1.0)
QV=S IGN (QV, P1- P 2)
IF(P1.GT.PVAP(KTEr-!P(IND)))GO TO 3700
GO TO 3300

3600 OV=0.0
GO TO 3750

3700 P(L1)=C(L1)-QV*Z(L1)
Q(L1)=QV

3750 Q(L2)=(C(L2)-P2)/Z(L2)
P(L2)=P2
DT( 2)=DT( 2)-QV-Q(L2)
IF(QV.EQ.0.0)GO TO 3850
RETURN4

3800 P(L2)=C(L2)-QV*Z(L2)
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6.21.7 (Continued)

Q(L2) =QV
3850 Q(L1)=(C(L1)-P1)/Z(L1)

P(Ll)=Pl
DT(1)=DT( 1)+QV-Q(L1)
RETURN
END
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6.22 SUBROUTINE VALV22

Subroutine VALV22 describes a generalized 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 is derived 'i:Dfu, input data, tabulated versus

time. The actual position is obtained using linear interpolation between

the nearest two data inputs.

The valve orifice areas are derived using 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 first stage flow

for an electro-hydraulic servo 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 returiL 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.

Because of radial clearances between the spool and sleeve, there

is usually a leakage flow when the orifice is completely covered.
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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*Cd*SQRT(2*(Pl-P2)/RHO) * SIGN (Pl-P2)

is used in the form

QNEW - VA(I)*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 combined with the discharge coefficient

and the SQRT(2/RHO) to give an orifice resistance. The formula used

to generate the characteristic curve is

X - (.5 + XT/(l + ABS(XT*2)**Y)**(I/Y)

where 04 X L 1.0 for all values of XT.

when Y is large ie 64, the characteristic curve is almost a

straight line between projected cut-off and projected maximum opening.

Family of curves for different values of Y is shown in Figure 6.22-3
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CON #3 CON P1

-r-
X v e - -_ 

I

CON #2 CON #4

FIGURE 6.22-1

TYPE NO. 22 FOUR-WAY VALVE

Con No. 1 (Normally Pressure)

liz (1)

1z(GG(1)

P (44) C (2)

Con No. 4 Con No. 2

0 (2)

~ILast Segment of
It o-

thp Line Connected

to Connection No. 3

Con No. 3 (Normally Return)

FIGURE 6.22.2

VALV22 MATRIX MODEL

6.22-3



CALCULATION OF PORT PRESSURES

A pseuedo linear admittance G(1) for each vulve 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 i'n Figure 6.22-3

is solved using a matrix method to obtain the pressures at P(1).

The calculated pressures are then used to obtain updated values of Q(1)

and the iteration is repeated until the changes in flows becomes 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 cavitation

model Is added.

The pseudo linearization of the orifice coefficients is valid since it

is updated by the latest flow guess.

6.2Z.3 Oonput't.tior.s

1000 Section

A test is made to determine if a port is not dimensioned, which

can happen if it is a 3-way or 2-way valve. If 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.

There is no need for a 2000 section since it Is not nccessary to

initialize any parameters.
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1500 SECTION

The steady state section is straight forward, the valve impedance is

added to the leg PQLEG (INEL,8) for each call to a particular connection, and

the pressure drop acroh;s the particular valve port is subtracted from PQLEG

(INEL, 11).

Note: When some parts are closed during steady state, it is not essential to

have them in a leg as an element. if the connection is not called it will

only add a small transient flow when the transient section is started.

3000 SECTION

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

The first computation is 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 numbvr

of tabulated values in each of the tables, a first order interpolation

is used. XV the valve position at time T is returned.

In the next section a DO loop is used to calculate XT and the

value of VA().

In the next section QNEW, the new flows, are calculated using the

old pressures which were loaded into CALC2().

The calculated flow is compared with the previous flow value,

if the absolute value of the difference exceeds .01, an error indicator

N is set to 1.

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

A test is then made for too many iterations or If N = 0, if so the

calculation is considered complete. The iteration limit is not normally

needed.

if both tests fail, the next section loads the CALC1( ) and CALC2( )

6.22-6
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3000 SECTION

LCALL INTERP TO FIND VALVE POSITION1

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

CALCULATE LEG ADMITTANCES FOR .--
EACH PORT

ILOAD CALCi AND CALC2 ARRAYST

CALL S-IMULT1,I

K - K+1

FOR EACH PORT,
CALCULATE NEW FLOWS AND AVG
WITH OLD FLOWS. SET N - I
IF THE DIFFERENCE BETWEEN FLOWS
EXCEED ALLOWABLE ERROR. SET
GCAV( TO ZERO.

IF CALC2( ).LE.PVAP SET GCAV( )
l- o.Elo____

IS oR K > 200 NO

YES

SCALCULATE AND STORE PRESSURES

AND FLOWS AT LINE CONNECTION';

VALV22 e"LOW DIAGRAM
FIGURE 6.22-4
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arrays and calls SIMULT to obtain new values for the pressures at the valve

ports and restarts the calculation. The last section stores the flows and

pressures at the line junctions before returning.
6.22.4 AMroximations - Not applicable.

6.22.5 Limitations

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

orifice coefficient, particularly in the overlap region.

An undesireable feature is 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 Variable Names

NAME DUSCRIPTION DIMENSIONS

CALCl( ) Solution array

CALC2( ) Solution array

G( ) Leg admittances CiS/PSi

GCAV( ) Pseudo Cavity Impedance

I Integer counter

K Integer counter

LEE Data address in PARME

N Integer counLur

6.22-8
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6.22.6 Variable Names (cont'd)

NAME DESCRIPTION DIMENSIONS

Ni

N2

N3 Address variables which are rolled during
calculation

N4

N5

PDELTA Leg pressure drop PSI

QCAV( ) Cavitation flow (not used) CIS

QNEW Leg flow CIS

VA( ) Valve orifice impedance array CIS/PSi/2

XT valve position IN

XV Temporary variable

( : l n6.22-9



6.22.7 Subroutine Listing

SU3ROUrINIL VALV22 (D,,DTrOD,rJ)
C** Rifl~V1l1) AUGUST 5, 1975 **

DOU'Mt. PRECISIO"; 00
COilillONI\~ TELPL,N*tTOLL,IPT.,,IPOIiT,ti~pT,r1,I'(NLL,Nýll~tTOPLO,?vLP'LT(61,3),

-0o, - ±O/SU'I/PAfU( 150, 9) 1PL±-( 1500) ~1.500) ,P( 300) Q( 300) C( 309)

2,A'rVRL3,r,T-LLTr,, FI NAL,'.)LT)6LL, ?I,r'2ITLlI ,20) , LI"G,';I ICO,;
3, 'W~i-P(99) . LSTARTr( 150) , NLPT( 15nl) , L--Y'?(99) NC(99) I1%-X, I zp
4, TIN, IMTPr LI*LT.%,lt , INILJTAJI;,lL, :.Ar -. 0r,.1 L'
5, L'NLPT3,LiiDS

D.TALESO C~C2.2LC1A ,),V/24,,A4)*O4).C0/4)(7CV

C * *I'ZIAIMIZE C-O~'NiUNT C' WTl
1000 CO"I~TA.UL

L( (,)=17+LF;I
L(":)=17
L(7)=L(11)
X V= ~L ( 6

SL OP? L VAt.VI, CONGT:*:': CO, 3¶2u'xmi :iTAT

r,10 101 I=1,4
,= 4 * -3

(+)=7,('.'+2) *52G1qRfl( k-PLz ?( I--) * 65
X=(N+1 ) -r)(N )

=( L(X'±.!..) XT=(~) /.0%

IP( r. N+) / L. 0 i0) !3=.

100i4 O1INI)=.I.!)

C **3 TF, .4Y -,TA\TL E 5 CT 10,7

15oo C to:] , rI;,,U j

i , rIi QLF 3(I-1hf IILiG I LL 1 7) ý

-7BESLT M~ AL, LCOPYG 1)I "
'n 1:Lh"( I NLL, 8) +1O. n/"' !3 L l *-



6.22.7 (Continued)

C
2000 DO ?002 1-5,3
2002 DT(I)=0.0

RL~ruRt
C
C ***TRANSIUM'T CAL'CTLATIOU SL.CTION~

C
300r) CO"OTINtJL

C **CALL INT',.P TO PI'i1!) VA\LVE POSITION'

C **SLT UP VALVL ARLA~S AND' GLT VAL'tW,:S P~OR C AfIM Z
C

DO 3100 I=1,4
N = 4*1-3
XT=(XV-0(N) )/DU(T+1)
VA( I) =f(N+2) (5+"%"A/(1 +?JX3' T 2 .)B 0D a+ 3

'^CAV( I)=0.0

K=r)
GOC T3O 3 243%

C' * CALCULATIr, NL, FLO;-S AN'Dh CO0J*-i-T'l FOR~ 20 Lf'%\%,!h Ai, LRUZOT
C **CALCrJLATIL VALULS FORP Oi-*IIICItS ADv!ITTA:'CbS'
C

DO 32'.00 I=1,4

IF' (CAL%- ?M). LF.PVP(TP( I:-D)).OR. oT( 1+4) GT. -1.O) GC.W(I)=1l).i,3
3200 CO!ýTI'T1;~T i

C CKLC RCT L.DICAkOP i.ocv OR "TOO ~r iA--!Y TTLPATIOcI!S
C

I~(1.i~.f.OR~.G.20 Go3 TO 3400
3210 Do 325n 1=1,4

C **LOAD CA'LC1 AW0D 2 AR1RAT-3

TY) 3300r 1=1,4
IF (ryr(I+4) .GjT.f.3) SCAV(I)=10.rl3

6.22-11--



6.22.7 (Continue~d)

CrALC I( Iti4:0Oha
CNLCl(tN=G0MlpI.,)*CV

C.,LC2(I)=C( L'(I) /(LI 
+WPt1L1(I) 

*CV()

N 2=' 3
i3N 4
S4=9~ 9

C **CAT't, 
I.!t TO cnd4 C*JL..T'E vNLVE oR

C'NLL(CL 
C 4

GO-To 3150

C ** P T OR!, P REL 3 14t- A-11 £ t ' .) 1 LI~a \f~ L "~

0 0) . TO 3)

=IF + 11

* A0 2 ~ ~ J CAC()C T

RE.T1R q

6.22-12



6.31 SUBROUTINE CVAL31

Subroutine CVAL31 models 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 number 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 cail take place transiently until the valve closes.

No effort has been made to include the effects of flow forces on the

poppet since these are not very well defined theoretically, and depend

upon the actual valve geometry.

The model used to calculate the sceady 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 divi.ded by the upring preload and the slope, DT(5), i" s:t 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))*S2ORHO

where D(1) is considered to be the maximum valve area.

The orifice resistance at the fully open position DT(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

ii
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Connection No. 1

1-Connection No. 2

•, •Free
1•Flow:0 t

In lex 1. D.- -JLOutlet I.D.

FIGURE 6.31-1

TYPE NO. 31 CHECK VALVE

Pressure

Slope =DT(5) P T()rQ *

DT (1) DT (2)

DT(4) -" Flow GPM o2 loI

FIGURE 6.31-2
CVAL 31 STEADY STATE PRESSURE DROP CHARACTERISTICS
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the normal valve equations , with the valve orifice area being proportional 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* (-l+SQRT(l + CB*ABS(CDIF))),CDIF)

Where: CDIF = C(L(l))-C(L(2))

CA - DT(!) * XNEW**2

CB - DT(2)!XNEW**2

DT(l)-CA*(Z(L(l))+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/Ruio

With Q known the two pressures can be calculated:

P1 = C(L(1)) -QA*Z(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-.05*VNEW

Where: D(IN Poppet area

""D(4) Spring rate

"D(6) Spr ng 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

6.31-3



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 prevent

division by zero in the computation.

6.31.2 Limitations

The model does not account for displacement flow due to poppet motion,

for the variations in orifice characteristics with poppet position, for

secondary pressure drops due to other flow restrictions and for flow forces

on the poppet.

The simple 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 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.

6.31.3 Computations

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

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

istics are assumed. The computation mainly consists of calculating and storing

the temporary variables.

1500 Section - This section is Gallrd from LEGCAL -ia COMFE using either CON

#1, if the check valve is connected so that the free flow direction is the

same as the positive flow in the leg, or CON #i2if the valve is in backwards.

When the valve is closed,

IENTR - 1 & QS - -1 or IENTR -2 QS - 1.

The valve impedance is set at 1.OES, which is essentially open circuit.

6.31-4



When the valve is fully open (IENTR 1, QS - 1, or IENTR - 2, QS -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 conditions 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 is 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

ilow 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 Section - 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 .001 inches between

successive values of XNEW, to terminate the iteration.

Under normal operation, the valve will be either fully open or fully

closed, so that there will be no iterations.

The calculated value of XNE4 is checked and if it is at a stroke limit,

and if the calculated acceleration or velocity are in the limit direction

they are set to zero.
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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 associated with the valve orifice

calculations and the lack of flow force effects. These assumptions

speed the computation but can be a source of inaccuracy.

6.31.5 Limitations

The main limitation is the lack of a cavitation simulation which

can cause large Inaccuracies when the pressures drop below vapor

pressure.

6.31.6 Variable Names

Name Description Dimension

ALST Last poppet acceleration IN/SEC**2

ANEW Latest poppet acceleration IN/SEC**2

CA Orifice variable

CB Orifice variable

CDIF Characteristic difference PSI

CV Discharge coefficient

6.31-6



Name Description Dimension

F Force on valve poppet LES

MH Iteration DO loop counter

PI Con #1 pressure PSI

P2 Con #2 pressure PSI

QA Valve flow CIS

QS Leg flow mign

VLST Last poppet velocity IN/SEC

VNEW New poppet velocity IN/SEC

XLST Last poppet position IN

XNEW New poppet position IN

XPRE• Iteration poppet position IN

( _____ 
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6.31.7 Subroutine Listing

SUBROrJTINLU CVAL31 (),OT,,DD,L)
C**** RE~VISED) AUGUST 5, 1975 ****

DOUB3LE PRECISION' DO)
COý110.lT L'TfrfPL,w4TOLPL, IPT, IPOI-JT,N4PTS,I NLL,K ,(NitT~, fTOPLi-,rJtPET( 61,3),

1 POLFEG(90,12),LCS(90,10),ILFEG(1400),FPN(90),Qa(90)

1, Z(300) ,RUO( 20)),S20O.fiO( 20),,VI.3C( 20) ,BUEAI((20) ,T;iAP( 20), 9VMP( 2-0)

4,t II;ST, EIv-LlTf,Nv3TA, INTDL, 1TIL(2),LrIC'

5, AN L 9T S , r i0.3
C 0( 1)=IN'TERQAL DMIALTER (IN"TT-ET)

C TD(.2)=I.4Tf3RN'AL I2.iLR(0t1TLFT~) -ROT IN' USE
C D(3')PjOPPCT -'IASS
c fl(4)=SPPIT:JG CON~STAV4T
C T)( 5)=iAnX 'OPPLTr DISPIACt~pl%.T
C D(tS)=SPRIflC PRELOAD
C DTy( 1)=COT.1STAR1T STORGEI
C PDT( 2 =C!'7~AT SR10p lE

C D'r(3)= STrORAGE FO.R PULVjY OPEN~ O~lIFICE COLF.
C 1.T(-!)= S3TORA.E FORl P.REVIOUS~ POPPET VEL~OCITY
c nT(5)=STOP1VýE: FOR~ piEVi*:jS DOPPjET ACChIrLERATIO'1l
c rDT( 6)= ;T-lJP-\GL F"(R PPIEVIOUSf ?O?PzzT POS~ITION.i

IF(IrNTi) 10e0h,2OnrQ,300fl
i1n) COi']TI:;Wc

Ir( I NLL) 11)20, V1010 1500
1017) CV=.65

D( 1)=D( )**2.*vl/4.

100 T(1)=D(4)/T)(5) '/(1+jr

DT( 5)=( DT( 2) -01Y1( 1) W)/I) 4)

C .ThCrT4)' FOR S'rLaA7.Y S %hT:. ATCUL.N'."IO),':
1500 Coll"INNNE;

*yA=P?ýLEG( I-ILL, 1)

LC ': ( II&L, 6' ) =032

I r( ,( 3 ).EQ. 1 .) 0_TO .2.17)0 0

C TaifL VALVLIS, T,.)CT)

It't'.tT.1flG~O TO 1700

C 'TIiL 'ALVL IS 0'LCt)

BF'AM VA~LV~L S LjjI'r

BESTM~aL'Ai LL6.31-8



6.31.7 (Continued)

R r, ETU R Nq
1700 IF (fQA.LF.DT(4)) GO TO 1,100

C THE, VALVE~ IS FULL~Y QP1.0
IF(PQLLC(INLL,3).LT.DT(4)) PQLEG3(INLL,3)=rjT(4)
DT(6)=0( 5)

c THE' F'LOW IS LEZ33 THM' T~IE 'FULL1 OPEN FLOIN'

130POLEG( IN'Lf5) =?(7,LG(I>L51) -DT( 1) *oS

ILLEr'd 4 I0P;JT 'Y\T,\ *rL2I!\ il1IOGPAI****

q9 6 F 0P. A T 1l0N, 3 3 HP F 0 CR S "l Ii S133ROUiJINhi CV.:\L31)
S 1)? 1331

TIT ( 4) 0.
DT ( ) =0.

300') C,')!'TINIrJ F,
CT)IF=C(L( 1) )-C( L(2)
XLST=oTr( 63)
V L."t' DT( 4)
N LT=( 5)

LS = f~+ 0001) 0*302

Cfl=n'( 2)/XS-!
CA=OTr( 1) *K•)

%~ lo 3 n 6 o
3150 1'\=O.0(

300P2=C(L(l) )+0A*Z3(r,( ))

F=( P -i?2) *,-)( 1 )-2)( 6) -r( A) ~ 0~~~t.
C rl=. 43* (P] -P2) *N 2) *r<LU;T/(1 . +XL~14)1
C "1=2. *CV*Aris( P1l?2) 0( 2)*XT.,,'-"'/ I +XLST)
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6.31.7 (Continued)

C F~=P-P1
AIJviN=F/D( 3)
V,'bis=VLSTL+( AP1Ei+ALST)/2*OLLT
Xi-ILv4=XLST+( VN1E,,+VLST) /2*DELTJ'
IF~(XNEW.h..0.00001) X.NJLs=0.0
IF(XNLM.GT.r,(5)) X;',Eki=D( 5)

IP(~S(N~-PL~iV)L'f0.01)CO TO 3150
3100 CO;qTI:iUE

C WRIrrF-(6,999)P1,?2,?,O-A,Z( £( 1)) ,Z(L( 2)) ,C( ,( 1)) ,C(L( 2))
09 ~ ~ PiA (1X,8Fl2.4)

3150 IF'(XNEN.GT. 0.9)0) To 30

GO T'' 35nO
321), IT( X!,IA;*.rLr.--( 5)) G-0 TO 34-00

MIk( 0 . Ci".C. q* I) fJT( 5) =1. 0

GO TO 3500

n'T( 9) =A!!L-W

'?(L( 2) )=9?

L( 2) =-11
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6.32 SUBROUTINE CREL32

Connection No.2

Connection No.1

onnection No. 3

FIGURE 6.32-1

TYPE NO. 32 PRIORITY VALVE

Subroutine CREL32 models a priority valve shown in Figure 6.32-1.

The subroutine models the priority valve as a combination check and relief

valve. The check and relief valve are considered to be arranged in parallel

between connection #1 and #2. The relief valve cracking pressure i.q 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 prevents flow in the opposite direction. When the relief valve is open,

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

1'"' 6.32-1 .,.
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6.32.1 Math Model

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 is allowed in either direction between

connections #11 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 is closed and Pl-P2> check valve cracking pressure

there is leakage flow through the relief valve.

If the relief valve is closed and PIl-P2> check valve cracking pressure

there is flow through the check valve from connection il to connection #2.

3) P2-P3< relief valve reseat pressure

Pl-P2< check valve cracking pressure, the relicf valve and check

valve are closed and there is leakage flow through the relief valve.

Pl-P2> check valve cracking pressure, the relief valve is c(l osed

and there is flow through the check valve from connection #1 to connection #2.

For steady state calculations the relief valve is assumed to be open.

A linear relationship between flow and pressure is assumed to calculatc

the pres.oure drop through the valvo.

PQLEG(TNEL,6) = D(TZREL) + PQLEG(INEL,6)

Q1 = PQLEG(INEL,I)

PQLEG(INEL,1i) - PQLEG(INEL,1i) - DQ(TZREL)*QI*PQLEG(INEL,2)

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

6.32--2



D(TZREL) is the impedance through the relief valve

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

PQLEG(INEL,lI) is the upstream pressure 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

particular 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(LI) = (C(LI) - C(L2))/(Z(Ll) + Z(L2) + ZI)

Q(L2) - -Q(L,)

Q(L3) = 0.0

P(Ll) = C(Ll) - Q(Ll) * Z(Ll)

P(L2) = C(L2) Q(L2) * Z(L2)

P(L3) = C(C3)

where:

Q(Ll), Q(L2), Q(L3) are the flows at connections 1, 2 and 3,

Z(Ll) and Z(L2) are the impedance at connectIons I and 2,

ZI is the impedance of the valve.

P(LI), P(L2) and P(L3) are the pressures at connections 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 instantaneously.

6.32-3
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The reseat pressure for the check valve is assumed to be equal

to the cracking pressure.

6.32.3 Computations

1500 Section - In the 1500 section the impedance for the valve is

added to the impedance for the leg, PQLEG (INEL,6). A new upstream

pressure PQLEG,(INEL,ll), is calculated using the impedance of the

open relief valve.

3000 Section - In the 3000 section an impedance for flow through

the valve is 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 uffects of inertia

or damping on the valve components. Therefore, use of the CREL32

subroutine where these effects may be significant may give erroneous

results.

6.32.6 Variable Names

Variable Description Units

D(CLOS) Relief Valve ReseaL Piessue PSI

DELPI Pressuie Drop Across Connect. 2 and 3 PSI

DELP2 Pressure Drop Across Connect. 1 and 2 PSI

D(IPCL{) 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 PSI/CIS

D(IZREL) Relief Valve Impedance PSI/CIS

Li Connection No. 1

L2 Connection No. 2

L3 Connection No. 3

NPOSCK Temporary Variable

NPOS1C Temporary Variable

NPOS2 Temporary Variable

DT(POSO) Valve Position Indicator

DT(Pl) Pressure at'connection #1 PSI

DT(P2) Pressure at connection #2 PSI

DT(P3) Pressure at connection #3 PSI

ZI Temporary Variable

ZV Impedance of the Valve PSi/CIS

6.32-5
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6.32.7 Subroutine Listing

SU3ROUT1NEL CRL~L32(OTm))
C RENVESM) AUGUST 5,1975**

DOUBLJE PRE~CISION~ DO)

CO~.~iU/tJBPARi(151), 9) ,z(1500) ,Q(1500) , P( 300) , N 300) , C( 300)

1). ArPRES,P, DEL'r, TFIINL, PLT)L, PI,TITrE,( 20) ,t ANICONJ

5,XNLPT3,AD
IN4T EG1R POSO,CLOS, P1,P?.,?3, ZV

I Pl'/2/,P2/3/,P3/4/,ZVI/5/
IF(I1-rPTR) 1000,2001,3000

10 00 COrVTII;r7j[
lwt(poso)= 1.0

IF'(INVu.) 10O TO 11500k

1103 nFIVi)-() !Y30 1045
130 TfOl 1050

20 11()1 105'
105C L(4)=,)

C zTI ;;AI)Y STATt.; ;LT1:
150I? ( ;L-)1600, 1700, 1700

190.9 10 I.,iP= T)17,R LL)

DI.(L(4).i Q.) 17, r,; ) ~.

';';r( P 0S ) 0J

fW(:~)D( LC~ *2. -~LLG IIL, ) *.fAc3(Tr.L4y, 2)
LZCS( IILL,7)=5

OI=PLE( IL.L, 1)

OT( Pl)=PrTJ.C( I;-lL,,11)

LCSL( I M1. L 7)5
1700 .L T FI fi z

2 000 C ;JIirUf
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6.32.7 (Continued)

LIaL( 1
t.2=L( 2
TL3=L( 3)

P(L3)=C( L3)
DT( Pl) =P( L3)

NPOS1=DIEL'P1/U( I P[%LL)
NlPOS2='DLLP1/OD(CT,0S)
NflOSC!{=DI.L?2/D( IPCHi)
IF(DT(POS3O) )3100, 3200,330fl

3100 IF'(aNP!Sl)3200,3110,S120
3120 -lI=S~vnT(DT(zv))

DTr PlOSO) = 1. J
GO TO 3jon

313n Y~POSO) =- 1. 0
IF (N'PO.;ClK) 31401, 3140, 3150

3140 DI='(I1 *, U!
ý0 10 3400

'0 TO 3 4 0
3200 v.-4ITrA, P 1)

)99 F 0-.AT( 1 .1 3 3 H P I.Y2CA. I~ S'U:31R 0 U TI:L C RLLr 3 2

S- 2, ? 3 2
33fl0 17(iO~)30P,32,31
3310 Z I=r,( 11A L-T..

l'T( POSO)=1.0

332 T:(---2 3,10.,14023
33 39l ~I s )PT(T ( zrz v))

m.T( POO) =1. 0

3340 'ZiI=D'I( "IV) ** 2.

2(L.)' Q PO ) I
340 L2) C( L2) -C( L2) L%( [Z.I)2)

r"r( P 1) ?(L.1I
DT( !?2) 2( L 9)
'2T( P3)=P(L3)
01.,L( Z V)=Z I

c ,iTI.l( 6,4 nrl0) (A) pn( L1) PLI) , ( LI) , ZI, C( L1) C( 1.1) , C( L3)
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6.33 SUBROUTINE CVAL33

Subroutine CVAL33 iodels a s: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 is not 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 is assumed to have a variable orifice characteris-

tic between the fully open and fully closed positions.

Reveise flow cm-n take place transiently through the variable orifice when

the valve is closing.

The model used to calculate the steady state pressuru drop assumes a

straight line flow/pressure drop characLeristic between the crkcking pressure

and the fully open position. The cracking pressure drop is set equal to the

inlet area divided by the spring, preload. The slope, UT(DPSQ) tqulr s tLhe

change in pressure required to fully open the poppet divided by the flow at

that condition which is

St'' JDT(INITQ) L'(DIAIN) *N*SqPJIr( (ITTDP) )*S20111(KTEMI (INk))

where D(DIAIN) is considered to hei the nmaximinm valve area.

The orifice resiLtaniue at the f11lly open positICIse 1T(iDSA). is uscd when

the flow exceeds DT(INITQ). Figure 6.33--2 shows graphically how this Is dine.

In the transient analysis the flow through the one-way restrictor is

calculated using two orifices in parallel, with the valve eritice area being

proportional to the valve displacement.

The valve position is calculated using an Iterative procedure.

6.33-1



Connection No. 1 Cnuto o
: c°•°•'°°C°'ncotion No. 2

S~Flow

Inlet ID- -- uOut- let ID

FIGURE 6.33-I

TYPE NO. 33 ONE-WAY RESTRICTOR

Pressure

Slope DT(DPSQ) \-P DT(TK2)*Q**2

/ I
/

PT (LDSA.) DT(INI'1DP)

DT(INITQ) Flow

FIGURE 6.33--2

CVAL 33 STEADY STATE P1RESSURE DROP CHARACTERISTICS

FOR AN OPEN POI'PET
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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*(-l. + SQRT(l. + ABS(Y))*SIGN(I.,Y)

Where: X - ((O(LI) + g(L2))*CKT**2.)/2.

Y - 4.*(C(LI) - C(L2))/(CKT*(;(Ll) + W(L2)))**2

CKT is equal to the sum of the two orifice coefficients.

With Q known the two pressures can be calculated:
P1 - C(L(l)) - DT(QT)*Z(b(l))

P2 - C(L(2)) + DT(QT)*Z(L(2))

Th-e values of pressure at either side of the valve are then used to calculate

the force on the valve poppet.

F - (PI - P2) *D(DIAIN) - D(LOAD) - D(SPRING)*XNEW - .05*VNEW

Where: D(SPRING) - Spring rate

D(LOAD) - Spring preload

The .05 term is a damping tactor.

The axial flow forces on the poppet in the one-way restrictor are equated

with the net change of momentum as

Fl = 2. *CV*ABP;(Pl-P2)*DT(ARFAC)

When: CV - Vaiv discharge coefficient (.65 assumed)

P3I-1") = Pressure drop across the poppet

DT(ARFAC) = Area factor dependent on poppet position

The total force on the poppet is then

F F-Fl

The poppet acceleraLion:

ANEW ý F/D(MASS)

= FORCE//Puppet muss
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The velocity and position;

VNEW - VLST + (ALST + ANEW)/2 * DELT
XNEW - XLST + (VLST + VNEW)/2 * DELT

XNEW, the new calculated position, has to be tested for position limits.

A lower limit of 0.001 inches is used to allow some leakage and to prevent

division by zero in the computation.

6. 33.2 AssuMptions

The model does not account for displacement 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 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.

6. 33.3 Computations

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

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

teristics are assumed. The computation mainly consists of calculating and

storing the temporary variables.

1500 Section - This section is called from LEGCAL via COMPE. If the

one-way restrictor is connected so that the free flow direction As the same

as the positive fi1 in the leg, 1.(3) equals zero. L(3) equals one if the

valve Is in backwards. When the valve is closed, thi' steady state pressure

drop comes from the restrictor orifice.
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AA When the one-way restrictor is fully open plus Q > DT(IN1TQ), the valve

orifice impedance DT(TK2) is added into the 0Q*2 term of the LEGCAL formulae.

With the same basic conditions but with Q < DT(INITQ) the valve

characteristics are assumed to be a constant pressure differential, plus a

linear flow/pressure gain.

When the flow guess is negative for CON #2 the constant differential.

becomexs a pressure rise.

The three modus of the roi&:rictor, closed, partially open and fully

open will stow up In thl l•; constmats particularly when a n.gative flow

guess is tried, there wiii be a suddue increase in the formulae 'Q' ,-onstant. 1
2000 Section% - In the 2000 suction n-.w variables are calculated for use

in thilf transiet secttion in order to cut down on run-nInLg time.

3000 Sectiun - The calcul;itionu ±or DT(QT) , P1. and P2, and poppet

acceleratien follow the theory discussed in 6.33.2 above.

An iturative procedure is used to i1mprove the calculution, WNhen kn

error of less than .001 inches betwuen strucesslve values oA XNE'1W is reached

the iteration is teraiuatzed.

Under uormal pjeratinLl, the one-wav re H tri Ltor will be either fUlly

o1pen or fhlly 0loped, so that: there will be no iterations.

The calculated value ol XNIE"W is clhecked and if it is at a stroke limit,

and if the calculated ,wv-e-lerttI-lon or velocity are in the lim t direct:ion

they are set Lo zeru.

These I lints are not applied when the aCcelerLt ion or volocutty ara± away

from the end Lof stroke.

6 . t.,4 A4proximations

The approxianationI4 miad' ;Ir o assuciated w'th the valve orifice calculations.

These approxima tI on speed Ih La cemput atIon hut caa b~e a source ol iiiaceuracy.
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6.33.5 Limitations

The main limitation is the lack of a cavitation Rimulation which can

cause large inaccuracies when the pressures drop below vapor pressure.

6.33.6 Vaciable Names

N amne Description Dimension

DT(ALST) Last poppet acceleration IN/SEC**2

DT(ARFAC) Area factor INO-*2

ANEW Latest poppet acceleration IN/SEC**2

D(LOEF) Orifice discharge coefficient

CV DLecharge coefficient

D(DIAIN) Inlet diameter IN

D(DIAOT) Outlet diameter IN

D(DlAOR) Orifice diameter IN

DIS Poppet displacement IN

DT((DIISQ) AP divided by flow PSI/CIS

F Force on valve poppet LBS

.1. Axial flow force on poppet IBS

I)Tr(INITiI)P) initial valve Al' PSI

DT(INITQ) initial flow C 1.S

DT(KI) Orifice constanL

DT(K2) Orifice constant

DT(LDSA) Spring preload divided by inlet area i'sL

D(LOAD) Spring payload LBS

D(MASS) Poppet mass LB-SEC**2
IN

6.33-6
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Name Description Dimension

D(POPDIS) Max, poppet displacement IN

P1 Con #1 pressure PSI

P2 Con //2 preswure Psi

QA Valve flow CIS

QS Leg flow sign

DT(QT) Total valve flow cis

D(SPRING) Spring consLant LB/IN

DI(TK2) Orifice constant

DT(VLST) Last poppet velocity IN/SEC

VNEW New poppet velocity IN/SEC

DT(XLST) Last poppet position IN

XNEW New poppet position IN

MOREV iteration popput position IN
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6.33.7 Subroutine Listing

SU;3ROrTI&II CVAL33 (DDi',iODL)
* * * JLVI') ?AU'1UST 5, 1975

C oUJBLf; PIECISIONI .DD

1, 7( 300) li'if( 20) ,S20RkH0(20) ,VT'zC( 20) j,-3ULX( 20) ,L(20), '.)VA,'( 21)

4, 1 .V, I ,TL ?, I'7L ' IL:L, I LrtR jANL*J L IL iILG,. .i7101i'L, :

+ D/ I 7
C **** OT APR1AY *

+

D ( 2) 1 I-' L D~t )TA. i T rJ ( .T mLT

C, r. 3 P0.rCP L *A.'
C -()S~2~ C C!3T~
C 1)( 5).: 1.'rJ )I5L.AC. a'T

C j( 7)=3tfZTrICiL, OTA.11yri.2

C JT( )=S'M A 2L FO ?f iA.V V.)US POP.tI lT V1\C ,C.~ i~ I t)'

)TY( 6)= STORfAC.I• P(.jR P1").I~ 1 PL T -;3 Tt)-

S10 f) C-,ATI -JUL

IF( IrPThr4) 102n, 1010, 1500

Cv=. 65

t. )- r t.VJj i') T *-:T!:. .3 1 . 7-CT .R C- )

1 I~2 i ! T( ) 5 1.~~l D (~) P ) "** D 5;* D( D I*O) *C, i + LU A

D'( IJIT I) =(DIAI) ) *CV*Si( 3 nT( IA~'P )T~ *32i~2 IT) bC P 1>) 1
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6.33.7 (Continued)

c SIXCTTON FOR siTmim)y STATE CALrfJLATIO);,
1500 CONITINUE1r

QS = PýL 8 G(1T'Jf; L , 2)

T. CS( 1,*9h'L 5 6) = I

C THL' VALViL IS CO).",LCTIII-)CrVLIOUA
IF(L(3).NI:.O)cGO VP3 1900

I~(~Sd~O1.)GO T--') 1700
0O TO 15"

C T.4!, VALVE IS C("''l.i'-CTr2l \C - \r 7s
16(V) 17 (r, ( 3).'N'L. 1) GO Tro 1,ý) r,

IF( QS.Ll'.1.O) GO TO 17~10
c 'H1-. TAVALV IS CLO~i3V)
1~0P-)LEG( INEL, 83)=DT( A rC)+)L;(ILL 3

p:U~( r~iL, 1)=~M~~C(I~L, 1 1)QS~~A*2*`>'( A r.-C)
.0T(- XLS1=) T
R LT '1RN

17 00 IF' 2.E~(I~~2 GO P)1:101
C THL V.'-LVL 1" "'UrA,[Y '3P[IA,-

I!'C F?;L.G(~ 3 . ~~*!T(I~It'Q ) ' -.' ILL, 3) =DT(I I*':I'.cv')
Tdr(.A-% =r POPO)T-i)

R L. T :JR 11

C T. ro~,I TASC, 2 ` \ :'TAN £P'LL L JPLWIPO.

1100 L~ PILEL, 5l)=P!)'LC.( I.L ll)-)T( LIVA)

C*'*1L* L %'I:A L IL,~ 5~\T P L.L I Tvim ,

1900 i 1P IITLG0¶)
,993 rc z:. vr( 1 1x, 33 1: k-,A~ Tp IJIR I L,:O.r>A L C VA r,33

S m'& 15S3 1

D(V LS=Q . 0
OT(A LS T) =). 3

P IPTia=

L1=L( 1)
L2=L( 2)

V:It=OT( VLST)
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6.33.7 (Continued)

ANW1aD-VTALST)
DIM=NEW/D( POPI)IS)
0T( ARrAC)=DIS*DT( SUB)
DT(T'l2)=DT(T(2) *DT(MAPC)

X=((Z(Ll)+Z(L2))*CKT**2.)/2.
Y=4.*(C(Ll)-C(L2))/(CXTr*(Z(L1)+Z(L2)))**2.
SPA\C=I.+AV!S(Y)
DT(cOT)=X*(-1.+SQzr(SPIC))*SIGN(l.,Y)

3050 CONTINUE
Pi=C(L1)-DT(flT)*Z( Li)
P21C( r!')+DT(j'T)kZ( L2)

Fi=2.*CV*A~3( P1-2) *DT( ARP\C
C Fl2*VASP-2*TDL)D(LT/l+TXS)

F=F-F1

VNLJ=DT(VL:T) +(A EA+Yi( ALST) )/2*D)iLT
XNLO=Y ( XLST) +( V~IS+Yr(VLST) )/2*1DE.LT

Itv(AlS(XWLi-XPRhEV).tar.0.001) 30 TO 3150

IF(ITE.R1.IV.25)GC) TO 3150
IT I.R = IT E R1 +1
XPREMN04 L'

CO TOJ 30(fl
3150 IP(XLv.T.0.Z0) CC TO) 32fl0

I?(ANLW.W'. 00) Oi( ALST)=!. C
IP(VALO.0.0) Y'( VLST)=0. 0

WO To 350n

3WO U)T(VLST)=V'Th,'
DT( ALST)=AAWTýu

35)0 tYT(ZLS'2)=X.JL'.

OlQ2)=-DTr(QT)
RETR'rJ;
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6.34 SUBROUTINE CVAL34

Subroutine CVAL3A models a two stage relief valve of the type shown

in Figure 6.34-1. This is a high response device used to limit pressure

surges and to compensate for slow pump pressure controls. The subroutine

can be used for any number of relief valves within the limits of the

common storage.

6.34-1 Math Model

The relief valve is 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 geometry.

In the steady state section the relinf valve is assumed to be closed

with no pilot flow,

In the transient analysis the flow through the valve is computed

with the normal valve equations. The poppet position is predicted from

the previous time step and is used to compute the valve orifice area.

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(I.+CB*ABS(CDIFF))-I., CDIFF)

where: CDIFF = C(LI) -- C(L2)

CA = ((ARRELF*CV)**2*(Z(LI)+Z(L2))/RhtO (K TEMP(IND))

CB = 2.*RHO(KTEMP(IND))/U(ARP, ELF*CV)**2*(Z(Ll)+Z(L2))**2)

CV = Discharge Coefficient

ARRELF = Valve orifice area open to return pressure

if the preditted poppet posittion is zero, the flow ralculation is

bypassed and the ielsiont pressures are set to the up and downstream character-

istic pressures.
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Connection No. I Connection No. 2

- • -"7:-'7 '- - -MI-

FIGURE 6.34-1

TYPE NO. 34 TWO STAGE RELIEF VALVE

DT(PCAV)old value

>n(DAM4P)

Qcavity

D(ARPOP)

DT(COEFS)
P(LI) D((COELKP) D(COELKS) P(L2)

Q- DT(PCAV) Q2 2 ;.

FIGUR1L 6.34-2

SCHEMATIC DIAGRAM FOR TYPE NO. 34 TWO STAGE RELIEF
VALVE
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With QI known the two pressures can be calculated:

P(Ll) = C(Ll) - Z(Ll) * QI

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

When the valve is open or the difference in P(L1) - 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).

FORCEpoppet = (P(Ll) - DT(PCAV))*D(ARPOP) - DT(PXPOS)*D(KSPOP)

- D(KZPOP) (1)

where

DT(PCAV) - Cavity prcssuýL 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) - Qcavity * D(DAMP1) (2)
poppet D(ARPOP)

Equating the right hand side of equation (2) to equation (1) yields an expres-

sion for flow in the relief valve cuvity-QcviLy.

Qcavlty (P(Ll) - DT(PCAV))* D (ARPOP)- DT (PXPOS) *2 (KSPOP) *) (ARPOP)
D(DAMP) D (DAMP)

- D(KZPOP) * D(ARPOP)D(DAMP)
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The leakage flow (QI) from the high pressure side of the poppet

to the cavity is

QI P(Ll) - DT(PCAýV (4)D(COELKP)

where

D(COBLKP) = Pin leakage coefficient at poppet

The pressure drop from the cavity to return pressure Is:

DT(PCAV) - P(L2) Q2 ( + Q22  (5)
D(CoELKS) DT(COEFS)(5

where

Q2 - Flow from cavity to return through the seat

D(COELKS) - Pin leakage coefficient at seat

DT(COEFS) - Constant based on open orifice area of pin
and seaL 1

The flow balance frow Figure 6.34-2 gives

Q2 = Q1 - Qcavity (6)

Equations (3) and (4) are substituted into (6) to yield an equation

with two unknowns - Q2 and DT(PCAV). Equation (5) gives DT(PCAV) in

terms.; of Q2 and this substitution yields th0 following equation:

2
Q2 41 DT(COEF) + Q2 D(COEL)) . -

DT(COEFS) \COLLKS)

[DT(COEF)*(P(Ll)-P(L2) D *(DT(PXPOS)*D(KSPOP)4i)(KZpOp))I = 0 (7)
D (DAMP)

After solving for Q2 in equation (7) the pressure in the cavity DIT(PCAV) is

determined from equatiun (5). Q1 can now be solved [or in equation (4) and the

flow into the cavity (Qcavity) is easily computed. The poppet velocity is

VNEW = (Ql-Q2) /D (ARPOP) (8)

The position is determined by a simple integration

XNEW = DT(XPOS) + (VNEW+DT(VLST))/2.*DEfr[ (9)
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where

DT(XPOS) - previous poppet position

DT(VLST) - previous poppet velocity

DELI - Time step

XNEW, the new calculated position, Is then tested to detuteruine.

if the poppet s tst a limit. A predicted position) is computed lor

the next time step and the calculation is fIlnishud.

6.34.2 AssurupL I ls I
It is assumed that there are no variations, In orifice characteristics

with poppLct position, and the flow forces on the poppet are t.,gligiblu.

The simple integration method was chosen to save time and cost. S1ome u

error:s will be obtained for very fast transirot !; bit this is considered

acceptab].e for a component that. could be used many tihes ill a system.

6.34.3 Computations

1000 Section - ln the 1000 section, temporary variables arc calculated

and stored in the 1) and IM' arrays.

1500 Section - In the 1500 seUtClon the s:tUady star-te vW1 I cr u tsed ill itIU

computation of leg i ow arc computed and returned tO the PQLIC, 'l-array.

2000 Section -- 'the poppet posItion and velocity are IniLtk iliztd in tli

2000 section.

3000 Sectiont- The calcullitions for Q, '(LM) , 1'(1,2) and poppet velocity

follow the theory discussod in 6.31.2 sbove.

The velocity of the poppet and hence its position is computed if the

difference In P (Li) and 11(1,2) Is greater than the relief pressure or the

predicted poppet posit on is grouter than zero

6 .34-5
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.he calculated value of XNEW is checked to determine if it is at a

stroke limit, and if the calculated velocity is in the limit direction.

Should these conditions occur the limit 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 is then

predicLed for the next time step.

6.34.4 Approximations

The approximations made are associated with the valve orifice

calculations and the absence of flow force effects. These approximations

spee'd the compuititon hat are a source of inaccurnacy.

6.34.5 Limitations

The main limitation is the lack of a cavitation simulation. This

can yield erroneous results whenever the pressures drop below vapor

pressure.

6.34.6 Variable Namt,.;

NAME' )ESCRTITION ])1 MENS ION

ALPh1A Dummy var!able

I)(ARPTN) HIn rod end area IN**2

1) (ARPOP) Poppet area IN**2

ARRELF Compo d relief area IN**2

D(ARSRP) Area of seat relief port IN**2

BETA Dummy variable

CA Dummy variable

CB Dummy variable

CI)IF' 1)t fferei'c:c in characteri.stic pressures, Psi
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NAME DESCRIPTION DIMENSION

CIII Dummy variable

DT(COEF) Dummy variable

DT(COEFS) Dummy variable

D(COELKP) Pin leakage coefficient at poppet CIS/Isl

D)(COELKS) Pin leakage coefficient at seat CIS/PSI

CV Discharge coefficient

D(DAMP) Poppet damping factor LB/IN/SEC

DT(DIA]) Computed relief diameter IN

DT(DIA2) Cumputed seat relief diameter IN

DT(GAMMA) Angle of rellef flow relative to poppet DEG

D(KSPIN) Pin spring constant LB/IN

D (KSPOP) Poppet spring constant LB/IN

D(KZPlN) ]'in spring preload IB

D (KZPOP) Poppet spring prel e;td LB

DT(1'CAV) IPresstore in pop)pet cavity PSI

DT (PXPOS) Predicted poppet position 1N

QI Relief flow CIS

Qi Leakage flow through poppet and pin CIS

02 Leakage flow through seat and pin CiS

DT(VLST) Previous poppet velocity 1N/SEC

VNEW Poppet velocity IN/SEC

1) (XMAX) Maxwinoir poppet [ravew IN

XNEW Latest poppet position IN

DT (XPOS) Poppet position IN

XPOS1N Pi n posIt iou IN
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6.34.7 Subroutine Listing

SUSflOUTIOL CVAL34 (DpI)T,DD,tI)
C **RILVI3I'-!) A\EY.UST 5,1975

2,ATPRE,T,DLLT,TP-IAL,PLTDLEL,PI, TITEJ ,( 20) r EGN, ICOf:

IPTGErj .1q "P K.1~,PtL?,CL~,CzfS ,CObLI-,C,,E~F3,PCAV,nAV

C ** D -ARRAY IAPUT VARIAB3LES **

IF( ILEUThR) 10,003

110 1500T~U
IF,' ( 0~ r, TL 'N1 A 3 f) P~) T. 1 0

r)( A R~po) =(T D( 7 UD3D) *) *PI/4

-)T( YAhA) I D A:iA * PT.130

IST L A !C T.~

.)T(OC AV)=0
73 "NC0 l F )0. 0

CTr PYPm;) =
f%7 X ;?03 ) =

.)T C`LF) =*ý 1 ./Z Cr0w., T P:) -'ŽIP) 20 D/; OAt.)

W CSL1FA CO 0PY D P
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6.34.7 (Continued)

WITL( 6,900)Yr(CObF) , DT(SCOLF'A)
RETUIRN~

3900 CON1TINUL
L1=L( 1)
L2=1,( 2)
()I=0. 0
IF(DT(f,)CAV).G'r.O.O)Go TO) 3110
IF(DT(P>UPOS).1bQ.0.0).OO TO 31100

CA=((ARPELI?*CV)**2*(Z(Ll)+Z(L2)))/Pr1lO(T¶cu.'Lý*P(I,!'ý))

CDIFF~=C(Ll)-C(L!)

3100 CON T Il U E

P L 1) =C ( L r

2= (L?) ZL2*.)

I?(2.2?VA'(Ti~u'())G, TO 3151)0
3110 TO 3120

CDTi'L'=C(L1)-C rl+T2))*2

3 120r CO;NIrIUI.Tr;

P2=?( L?-)

IF( 73T('ýCA J) .r,:,.1 .0) -)r('nc,,v) =
3150 C 044T I:,! U L

XPOS I P 11 -P2-0( R F iLF) DT I I1? PC I
I?(x PC).:.I e" L,. 0 . nK TO; 312v09
A R EELP ( TYE( D TA 2 ) -,r.( :A. I - XT3 xPOS 1 2.) **2*?1/ 4

CO Et1 =~ S \~S )2 CV AR IR L L

AtPIA=!1( COr..) /DTf( COL-ES)
SL;TL=I . +-!),. CO i') /D( C C, LKS

CH I=C ilI+'YDT(Col') (P( L 1)-P
C11, I -c U I
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6.34.*7 (Continued)

'10 TO 3300)
32M0 e2=0. 0
330n COiRTTRlJb

DT( PCAV) =Q2/-)(CObW!.!S) +Q,2**2/DT&(Co,'FS) +P2
Q1l=(P(L1)-DT(PCAV) )/D(COCL'RP)

XNl.',=DT(XPOS)+(VN1Evi+Y)Z(VLST) )/2.*DEM"
CA~LL XLIAIT(XNL4i,VNf~i,A!SI(C:4,0.O,,D(X'OiAX))
DT ( VUST) = VilLvi
DT( pxpos) =2. *';.Dr(xpos)
I F(XN 60..JE 0.O0. 0 ) DTl(PXPOS)=0.O
OT(XPJ z)XN EW
'tiR I TE( 6,9 11))T

910 FQR-,,.AT(10X#* CATCA CtxLCUt1ATUr, AT TI~.;F =*,F12.5)
WRITE( 6, 9.03)X -V ,1,C)2ALPHA,'3LTA, CHI, XPOSI-.4,A.?RLLF, n

LN D
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6.41 SUBROUTINE REST41

REST41 simulates a fixed, two-way, orifice restrictor with two connections.

The coefficient of discharge i assumed the same for flow in either direction

so that the unit can be installed backwards i.e., either end can be called

connection #l.

f Connuction No. 1 f Coniection No. 2

SFlow

-Orificze Diajnutu

FIGURE 6.41-1

TYPE NO. 41 ORIFICE RESTRICTOR
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6.41.1 Math Model

The basic equation for flow through an orifice is

Q = AV*CV* (2*(Pi-P2)/RIIO()) (1)

where AV - area of the valve orifice in 2

CV - discharge coefficient

R11O = fluid density in lbs sec 2/il4

Q - flow in CIS
P1 - Inlet pressure in P'Sl
P2 = Outlet pressure in PSi.

From the line equations

P1 -Z IQ C1  (2)

P2 = Z2 Q2+C2  (3)

using a +ve flow couvention from PI to 1'2

where C1 - Con #I line characteristic
Z1 - Con #i line characteristic impedance
C2 - Con #12 line characteristic
Z2 - Con 112 line characteristic impedance.

Assuming, no flow loss (4)

Q - Q1 " Q2

Substituting equations (2) and (3) in (i)

Q2 = (_ZIQCIZ 2 Q-C2 ),CV2 *AV2 *2/RiiO() (5)

The solution to this equation is

Q siuN(CA*(Sqli(i.±C1*ABS(CDiFF))-, CI)IFF)

where CA = (Z 1+Z2)*CV2 *AV2 *2/RILO(

CD1FF = (2 -
I
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2 2 2

CB - 2*RHO( )/((AV *CV )*(Zl+Z2)2).

P1 and P2 are then calculated using the Q value.

P1- Cj- ZJ*Q (8)

P2 - C2 + Z2*Q (9)

6.41.2 Assumptions

1. It is assumed that the restrictor does not have aiiy ancillary

parts and that the oil volume is sufficiently small so that inte-

Sgation is not required.

2. The discharge coefficient is considered the same in either

flow direction.

6.41. 1 Comp1ttation Methods

SECTION 1000

Input orifice diameter, D(l), is converted to area

D(1) = D(1)**2*Pl/4.

The steady state orifice equation constant is calculated using the

formula:

"0(3) - RIJO( )/((D(2)*D(1))**2*2.)

SECTION 1500

Leg cuIistant for Q2 is updated and pressure at outlet connection is

calculated and stored.
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SECTION 2000

Constants for the dynamic orifice equation are calculated.

D(3) - ((D(1)*D(2)**2*(Z(L(l))+Z(L(2))))/RHO()

D(4) - Z*RHO( )/(((D(1)*D(2))**2)*(Z(L(l)) + Z(L(2)))**2)

SECTION 3000

Flow is calculated using the equation.

QI - SIGN(D(3)*(SQRT(I.+D(4)*ABS(CDIFF))-I), CDIFF)

This flow is used to calculate pressures P1 and P2.

P(L(l)) = C(L(l))-Z(L(I))*QI

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

NAME DESCRIPTION ' DIMENSIONS

CDIFF Characteristic Difference PSI

D(l) Orifice Diameter IN

D(2) Orifice Discharge Coefficient --

D(3) Orifice Equation Constants

D(4)

QI Flow CIS

6.41-4



6.41.7 Subroutine Listing

S111ROUTIIE REST4l (DDT j~t.
C RE ~VISE:D AUGJUST 5,19)75**

DOLV3 Li;b P!ICCISIOrN DC~

3,Z(30 TTýO(2o) PSo~o 20 9VSC 20) ,!rJ~ 20) NTEP 20) 15P 20)

4, 1I1w, isTE~P,, !LI - E, NLL, I ND, INrR .1LT L, JTJL;L, 11LLGY,,ý1ZNODL, 7, LCY2

IP( IrNTR) 100:),2'100,30000
1000 CO-ýTINIJL

I~'(I!1L.L.0 CO2')150fl

C 3TADY ST"AT2. :LC'VIl'}.J
15010 COý71 I-IUL

IP r' -U LL3 ( 1 'iL ~ 1 ) + , U G I ' L
C, L C I I~ZF: T,, 1l)Pr 1, I"L. L, I).( 3) -10 3 **p ,,( N 2)

rý t, T 1 JRN

CT,)IFFP=C( L(1) )-C( 142))

P IL( 1) C)=M'"I(L(1 '

:)(T ( 2) )-
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6.51 SUBROUTINE PUMP51

Subroutine PUMP51 was set up to model an F15 pump, which is basically

a simple in line piston pump, though it incorporates many mechanical

refinements and sophisticated design featurres. The model is 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

Fi5 pump output pressure is referenced to case and the actuator discharge5 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. 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 provides this force on start-up.

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 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 is sufficient to keel) the

hanger in motion, so the effects of static friction is ignored. This is an

assumption that helps the simulation by keeping the integration of the hanger

velocity a continuous function, between its mechanical stops.

The compensator valve dynamics are a significant part of the model.

The forces on the valve are a coml'nation of the outlet pressure force pushing

against the case pressure and spring forces, with damping and flow forcos

acting in either direction.

The damping and flow forces are estimates using classical formulae.

6.51-1
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Under certain cinditions, the pump compensator valve responds to the

oscillatory pressures caused by the pump pulsations. While no attempt has

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

4} of the overlap and changing the reslonse characteristics of the pump.

The damping and flow forces are included because of the fast response

of this particular valve.

6.51.1 Math Model

A simplified diagram of the pressare regulated variable displacement

pump is shown in Figure 6.51-1.

An equivalent circuit schematic diagram for the pump model is shown in

4 '.<"re 6.51-2.

Pun• r Displacement Flow

For zhe pump inlet the displacement flow is computed as follows:
:: ~QJIUMP = D (DISP) *DT (PIPM) *(DISACT)

if DklSA-I) <DT (DISACT) <D (DiSAM)

or QPUMP 1 QTNiET 4- QCASIN'

5 if PITE £T1 ":VMIN

Actuator Pressucc'

The actuator pressure is based on the contributions of the rpring force, 1

4- Cýcase pressure, outlet pressure and pump rpm, plus the reaction force due to

velocity damping 'ihich is generated when the. hanger is movin~g. The input

oats ,•tablishing actuator pressure 'mp of exating conditions is modified

to give a simpler algorithm for the transient calculations.
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Valve Plate Shown Rotated bv 900 Pump Outlet Pui

14- Pump Barrel000

anlrActuator eakg

FIGURE 6.51-1
TYPE NO. 51 PRESSURE REGULATED VARIABLE

DISPLACEMENT PUMP



COECII
PPCASE PPCASE

02 zL)VOLOUT ZL)VLU

POTLT POUTLTTLD POT UTLD

DIS*OEV1PPCASE

PPCASE PACTU BULKA DIS*COEV2)( COEiLKA

W PACTUOL BULKA ]'ACTU0 1 0

INERT I NE: W

SPDAMP

PDANP

PAIRPACTUR

Valve Open Outlet to Actuator Valve Open Actuator to Case

CASED~\j~ 713) COECS IQCASDIR - Suim of All Flows into
CAS____ I___,3__O CA a iW out of Gase

>-BULKC

PCASEOLD

SCHE:NA'1IC 1) [AG.1WA FOR r-I 5 PuTMP MODEL
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The input data gives the actuator pressure due to the spring foice at

maximum flow, D(PSPRIM) and at zero flow, (D(PSPRIZ). P(PZRPM) is input as

the pressure at zero actuator disp.Iacement and 3600 rpm. It is then modified

to give the pressuie at zero rpm by subtracting from it the slope of the

pressure versus rpm curve, which is input as D(PSLRPM).

Using thz F-15 pump experimental data and the actuator pressuie predic-

tions generated by the IISFR program, a formula was derived which related

actuator pressurL to the output pressure/bulk modulus ratio.

The Lest data collected at different fluid temperatures showed a need

for temperature correction which was obtained via the bulk modulus. A

correction factor DT(BULKO)/DT(POUTLT) is used where

DT(BIJLKO) = BULK (KTEMP (IND)) *D I DPVOA) /223000

D(DPVOA) is the reference pressure and 223000 is the reference bulk

modulus of MIL-H-5606B at 3000 psi asid 130 0 F.

The refurence actuator pressure for this time step is then computed as

PACTUR = D(PSPRIZ)+PDlSA*D(PSRbiN) - VOLDkD(INERT)

+ PDISA* (o (PACCP) ADT (PRPM) **2 4 D (PDISAC))

+ DT(PCASE) + (D(PZRPM) + D(PSLRPM)*DT(PRPM))

*DT (BULKO) /DT (POUTLT)

where

PD!SA = PREDTCTED ACTUATOR POSITION BASED ON THE PREVIOUS POSITION AND

"VELOCITY

(=DT (DISACT) +I)T (VELI.ACT) *DEIT)

VOLD = ACTUATOR VELOCITY (IN/SEC)

D(PACCP) := D(PACCP)/(D(DISA, )*3600**2)

D(PACCP) IS INPUT AS TIIE PRESSURE DUE TO PISTON ACCELERATION

AT 3600 RPM AND IiAXIMUM 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(PZRIPM))/D(DISAM)

D(PDISAC) IS INPUT AS ACTUATOR PRESSURE AT 3600 RPM AND

MAXIMUM PUMP DISPLACEMENT

D(PZRPM) r D(PSRPM)-D(PSLRPM)*3600

D(PZRPM) IS INPUT AS ACTUATOR PRESSURE AT 3600 RPM AND

ZERO PUMP DISPLACEMENT

The actuator pressore 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 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 initial actuator

pressure D(PZRPM) which includes estimated values for the contributions of

the spring is 800 psi. Other contributions to actuator pressure are input as

zero.

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 lbs/in and converted to

in/psi,

6.51-6
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D(INPPSI) D(ARCOM)/D(INPPSI)

The differential. pressure at which the valve opens from outlet to actuator

D(DPVOA) is used to determine the valve position. Two pressures POUTMX

and POUTMI are derived, POUTMX is the maximum outlet pressure that can be

obtained assuming zern flow from the outlet to the actuator.

POUTMX = (uz2/Z(L2) + QPUMP + DT(PCASE)*D(COEPLK))*ZOUT

where

ZOUT - Z(L2)/(i.0 + Z (L2)*D(COEPLK) + Z(L2)*D(OOLOUT))

QPUNP = 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 is just about to open is computed as:

POUTMI = D(DPVOA) + DT(PPCASE)

where DT(PPCASE) is the predicted case pressure for the current timne step.

The actual outlet pressure lies between these limits and is obtained by

iteration. The valve orifice area is calculated for any position of the

valve and the inlet port. The valve displacement for

POUTMX>POUTNI is

DIS = (DT(POtrrLT) - POUTMI)SD(INPPSI)/(D(FLOFRC)w (DT(POUTLTý DT(PACTU))

+1. 0)

where

D(FLOFRC) = 2*D(WIDTI)*D(INPPSI)*(D(COEVLI)**2)*. 358/D(ARtCO14)

The orifice area is easily computed since the F-15 pump has square

metering ports.

6.51-7



When the valve is within the overlap region, the valve flow is set to

zero. No allowance is made for leakage due to diametrical clearance within

the valve.

Since the F-15 pump is essentially a closed loop servo, a gain term was

calculated as:

GAIN = 0.7/(l.+20.*DT(COEVI)*D(INPPSI)*Z(L(2)))

where

DT(COEVI) = D(COEVLl)*S20RHO(KTHIP(TIND))D(WIDTH)

For the initial guess of outlet pressure DT(POUTLT) is computed at

DT (ITUP) *?OUTMX + DT (MITUP)*POUTMI. (DT (ITUP)-GAIN, DT(MITUP)- I.-GAIN)

This pressure is used to compute the valve position, area, and flow, DT(QACTU),

into the actuator. The actuator flow is then used to recompute the pressure

TPOUT = POUTMX - DT(QACTU)AZOUT

A check is made to see if the recomputed flow is within .05 psi of the pressure

valve and if it is noL, the outlet pressure is updated by

DT (POUTLT) = DT (POUTLT) *DT (MDTUr) + TPOuT*DT (ITUP)

The choice of the DT(MITUP)/DT(lTUP) ratio and the initial guess ratio

of DT(ITUP)/DT(MITUP) was made using an actual closed loop gain for the F-15

pump. For other pumps, adjustments of these ratios could reduce the number of

iteraktions required to achieve a balance. The tolerance of .05 psi. could

also be increased with little penalty.

Flow Fros Actuator tiston to Case

When POUTMl>PUI[T'MX the valve is either closed or open from actuator to

case. POUTMI is changed to

POUTMI = D(DPVAC) + DT(PPCASE)

and if POFtVI'MI is still'greattr than POUYMX, the valve Is open allowing flow

out of the actuator So that the pump f low, QPUMP Increases. The valve
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displacement area and flow (DT(QACTC)) are recalP 1 ated. Since theflow does

not affect outlet pressure, no iteration is neces;iry.

The actuatoL leakage to case is assumed to be laminar since the passage

is small around the actuator barrel. The _ctuator leakage is computed as

QACTLK = COELKA*(DT(PACTU) - DT(PPCASE))

with ali the actuator flows known, the actuator velocity is calculated

DT(VELACT) - QNET/d(ARAC:T)

where

QNET = DT(QACTIJ) - DT(QACTC) - QACTLK - (DT(PACTU) - PACTUO)*DT(BULKA)

The difference in the new and old actuator pressures times DT(B1ULKA) accounts

for the compressible fluid flow in the actuator. The new actuator position

is then

DT(DISACT) = DT(DISACT) + (VOLD+DT(VELACT))*DELT/2.

A check is made to determine if the actuator is at the stroke limits.

iU it is the actuator flow must be recalculated. If the actuator is at

maximum stroke (fully retracted with the pump at full stroke) then the

actuator pressure drops to case pressure and DT(QACTC) is set to zero.

if the actuator is at uiTnimLum sLroke (with the pump outlet flow negative)

then OT(QACTU) aud DT(?ACTIU) have to be recalculated so that the actuator

leakage flow can be determined.

Pomp Outlet Pressure and Flow

After the actuator pressure flows and valve outlet pressure DJT(POUTLT)

are computed, pump outlet f lou is .alcu Ated -s:

Q (1,2) - (Q1t'UMP-QPLLMK -DT (OACTII) - (DT (POUTIT) -OPOUT) *D (VOLOUT)

Actual pmnp output pressture is then

P(2) •c(0,2)-Q(L2)*Z(L2)

(,. 51
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Pump Case Outlet 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)4.DT(BUnKC))*Q(L3)

- (DT (PCASIE)+QCASDR*DT (BULKC) -C (L3)) =0

where DT(PCASE) is the previous time step value of case pressure.

The above equation is solved for Q(L3) and the case pressure is

computed as

DT (PCASE) =-DT (PCASL)+(QCASDR+Q (L3)) *DT (BULKC)

The outlet case pressure is then

P'ýL3) - C(Lý)-Q(L3)*Z(L3)

I

b. 5l -0



6.51.2 Assumptions

The assumptions in a model of this nature are almost too many to

enumerate. By its very nature the pump is a complex piece 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 leaký.ge 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 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 hanger are not taken into account as it 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 each individual piston would by

necessity 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 Lreated as a constant for

the high pressure (output) side and as a different constant for the low

pressure (inlet) side, the elastic expalZieLi of the volumc cavitieS is

included.

Friction effects have not been included primarily because of the cost

of putting Lheim in, but in acltual fact tlie forcen on the hanger have anl

oscillatory co-ntent which tend to keep it in motion. The pulsations of the

outlet also tend to keep the valve in ant lml sc t heat frietI)0I cloetecL. wuuld

LoLt ncormally be significant.
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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.

1000 SECTION

In the 1000 section the constants are initialized where desirable for

more efficient computation.

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 this it was assumed that these characteristics could be

approximated by a straight line interpolation between the pump conditions

at maximum and minimum flows which correspond to zero and maximum actuator

displacement respectively.

A chain of iuterdependent calculations are needed to derive the maximum

and minimum 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

ACASDR = Case drain flow

QACTLK = Flow intn the actuator due to leakage

DT(DISVLV) = Valve displacement

D')'(POUTLT) = Valve chamnor pressure which is the same a- outlet pressure

The actuatur pressure is dependent on the cutlet pressure due to the

pumning of) set, and the valve flow Is dependent on the difference between

outlet pressure and actuator pressurc.
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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 connection as its first element, a

.value of the output flow ratio is computed as

DT (DISVLV) =QGUESS-DT (QOUTLT)

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(DELPI3).

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(DELPI3)l

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(DELPl3) is then calculated using the

sum of the leakage flows divided by the coefficient of case to inlet leakage,

D(COECIN). Since DT(DELPl3) is based on a case drain flow, QCASDR/D(COECIN)

is added along with DT(DELPl3) to PQLEG (INEL, 5) for the constant pressure

rise teperature.

I/D(COECIN), the case drain impedance is added to PQLEG(INELO 6) and LCS

(IIkL. 7) is 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 other CON #2 calculation.

PQLEG (INEI., 11) is increased by DT(DELP13) and DT(PCASE) is initialized

to PQLEG tINEL, 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 calculition 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 cz culations, where DT(PCASE),

DT(POUTLT) and DT(PINLET) are initialized and a value for DT(DISVLV) is

calculated, the pump state variables can be initialized, ready for the

transient simulation.

The ratio DT(DISVLV) is used to initialize DT(DISACT) and DT(QACTU).

Actuator velocity, DT(VEIACT), valve displacement, DT(DISVLV), and DT(QACTC)

are set to zero. DT(POUTM) is set equal to thepump outlet pressure, DT(POUTLT).
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3000 SECTION

The 3000 section starts with a cowputation predicting the actuator

displacement for the current time step. This'alue is usedin the computation

of the actuator pressure.

The pump inlet pressure is determined from the input impedance, Z(Ll),

a pump inlet to case coefficient and pump flow as shown in the equivalent

schematic 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 compensator 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 shown Jn

Figure 6.51-2.

Figure 6.51-2 also shows the schematic for computing the case drain

output pressure and flow. QCASDR is the sum of all flows into and out of

the case:

QCASDR = QPLEAK + QACTLK + DT(QACTC) - I)(ARACT)*DT(VELACT)

- QCASIN - QOSIN*2.

DT(BULKC) is the impedance of the case. It is computed as the fluid bulk

modulus times DELT divided by the cane volume.

The final values of outlet and case drain pressures and flows ara!

passed to the appropriate P and Q arrays. The pump output horsepower is

computed as:
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POWER = -Q(L2)*(P(L2)-P(Ll))/6600.0

and is added to the previous value in DT(PPOWER).

A case pressure is computed using a simple integration.

DT (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 the mLnimum pump inlet pressure,

a message is printed that gives the time at which pump cavitation occurs.
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6.51.4 Approximations

The anproximation used in the program is the rather gross linearization

between maximum and minxaium 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 pistons.

The effect 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 limit the flows, but flow limitation !s not included in the

steady state section.
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6.51.6 Variable Names

Name Description Dimension

A Leakage coefficient from actuator to case PSI/CIS**2

ALPHA Computation constant

D(ARACT) Actuator area IN**2

D(ARCOM) Compensator valve area IN**2

B,BETA Computation constants

DT(BULKA) >ipedance of actuator volume PSI/CIS

DT(BULKC) .,nedance of case volume PSI/CIS

DT(BULKO) O.',ilk modulus PSI

C,CHI Computation constants

D(COEALK) Coefficient of actuator leakage at zero CIS/PSI
pump displacement

D(COEALM) Coefficient of actuator leakage at maximum CIS/PSI
pump displacement

DT(COEALS) Dummy variable

DT(COEALZ) Dummy variable

DT(COECAS) Constant term use to determine case outlet PSI/CIS**2
pressure drop

D(COECIN) Coefficient of flow from case to inlet CIS/PSI

COELKA Dummy variable --

D(COEOSO) Coefficient of outlr't flow due to CIS/(IN/SEC)
actuator motion

D(COEPIK) Coefficient of pump leakage (outlet to case) CIS/PSI

D(COEVLI) Discharge coefficient outlet to actuator

D(COEVL2) Discharge coefficient actuator to case

DT(COEVl) Coostant term used to determine outlet to PST/CIS**2
actuator pressure drop

*1 6.51-18
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Name Description Dimension

DT(COEV2) Constant term used to determine actuator PSI/CIS**2
to case pressure drop

CONA, CONB Dummy variables

Cl Inlet characteristic pressure PSI

C2 Outlet characteristic pressure PSI

C3 Case drain characteristic pressure PSI

DT(DELPI3) Pressure drop from case to inlet PSI

DT(DELP23) Pressure drop from outlet to case PSI

"DIS Dummy variable --

DI(DISACT) Actuatu r displacement IN

[ D(DISAM) Actuator Position at maximum pump displace- IN
men t

D(DISAMI) Actuator position at minimum pump displace- IN
ment

D(DISP) Theoretical maximum pump displacement IN**3/REV
changed to IN**3/IN/RPM

DT(DISVLV) Valve displacement IN

D(DISVM) Maximum valve displacement IN

DPDAMP Dummy variable

D(DPVAC) Pressure at which valve is open from out- PSI

let to actuator

D(DPVOA) Pressure at which valve starts to open from PSI

outlet to actuator

DPI, DP2 Dummy variables

D(FLOFRC) Flow force on valve spool

GAIN Closed loop pump gain

D(INERT) Hanger inertia LBS-SEC**2/IN

D(INPPSI) Spring rate of spool changed to IN/PSI LB/IN

DT(ITUP ),DT(MITUP) Iteration constants
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Name Description Dimension

OPOUT Previous value of outlet pressure PSI

Actuator pressure due to piston accelerat'on PSI
D(PACCP) at 3600 rpm & maximum pump displacement

DT(PACTU) Actuator pressure PSI

PACTUO Previous value of actuator pressure PSI

PACTUR Reference actuator pressure PSI

DT(PCASE) Case pressure PSI

D(PDAMP) Hanger damping PSI/IN/SEC

PDISA Predicted actuator displacement IN

D(PDISAC) Pressure at 3600 RPM and maximum pump PSI
displacement: changed to rate of change
of pressure with actuator position

DT(PINLET) Inlet pressure PSI

D(PINMIM) Minimum inlet pressure PSI

DT(POUTLT) Outlet pressure PSI

POUTM,POUTMI Dummy variables
POUTMX

POWER Pump output horsepower liP

DT(PPCASE) Predicted case pressure psi

DT(PPOWfER) Cumulative output horsepower HP

DT(PRPM) Pump operating speed RPM

D(PSLRPM) Slope of pressure vs RPM curve PSI/RPM

D(PSPEED) Pump operating speed RPM

D(PSPRIM) Actuator pressure duc to spring force at max-
[mum pump displacement adjusted to slope PST/TN

D(PSPRIZ) Actuator pressure due to spring force at PSI

zero pump displacemeflePL

D(PZRPM) Actuator pressure inpuLted at 3600 RPM PSI
and zero pump displacement; adjusted to zero

RPM
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Name Description Dimension

DT(QACTC) Actuator flow with valve is open from CIS
actuator to case

QACTLK Leakage flow from actuator to case CIS

DT(QACTTJ) Actuator flow when valve is open from outlet CIS
to actuator

QCASDR Sum of all flows into and out of the case CIS

QCASIN Flow from case to inlet CIS

DT(QINLET) Inlet flow CIS

QNET Net actuator flow CIS

QOSIN Outlet flow due to actuator motion CIS

DT(QOIJTLT) Outlet flow CIS

QPLEAK Pump leakage flow CIS

QP1MP Pump flow CIS

TPOUT Dummy variable

DT(VELACT) Actuator velocity IN/SEC

D(VLVOL) Valve overlop IN

D(VOLACT) Actuator volume IN**3

D(VOLCAS) Case volume IN**3

VOLD Previous actuatot velocity IN/SEC

D(VOLOUT) Outlet volume IN**3

D(WIDTH) Slot width IN

ZOUT Outlet impedance PSI/CIS
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6.51.7 Subroutine Listing

SrJ3VR)JTI`-.L P'JAP5I (0), D)'.', 0, L)
-' *** LVISLD. c!AJCH 25, 1976 **

X VL3OiOF T91L1 YPL1L.j?54 SEJBROUTIJO` 7 A?.ý 76
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6.51.7 (Continued)

D(COLA L%) =D( COLAL V)* *oE

DT( CC)L)DCuL1 RPL,

I~(0FLIC).L.')GOTO 1290

D(DPVAC) =T(DPOA\) -0(VLV0L)/v( I [~?I)
D( I ' ( S)/Sr /(DI \)

0( PS' R I) r"; ?T? Lllz.) -T)( 2PSPIZ) )/DJ( D)I!3Aci~)

D( ?D\CC)=D( 0( 0CCP7\)/( ( I\")3%*2

125.0 DT( PRPP.'i) = D( P'S P L0)

C 0 F 'rNU Pr'u.P OTJTPUýýi i V:5! ý ~~R1$3. 'L;Y.J
C 0LtL1"A = DT 0 Ct:.?kLZ)

TYT( G"I~f~ 0O DP 10A) +.
1 6 0) DT( CT~'C ~)' =~(ACIT ý

120 D&T(P OIS'xC *, ( P'( s 7 CC1PZ D IS P<A) **' +D(PL PI + CA

0T' A C, fiUJ r ,.OLI -,r ( PA Ci

C0~',Ar~~ ~C A L ) +Yj CT;AO DT( C L A r,:.

-!T-( 23J7.) iYP(rc (3U -'r) 1~ 13L K1()J~~ D Ct?~

rT irLu, ",) =-DT( PO') r7 T C LT M'LT -2 ~U

,)T C)I ll3V ) 1. 1.
C,;,T:(7 . 7/ (131 C ,ti.1 1 P

c 'O.Ii* S'lVI'L "7C0v\iCLTIi TL2T
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~ ItL, )*P.ULC[,t( I 4.LU 2)
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6.51.7 (Continued)

flAC'IT?7=91T( DI.3VLV)*( DT(C!ACTC)-DT(Q',ACTrJ) U+i(ACiI)
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6.51.7 (Continu~ed)

C 3=C ( L3)
VOJLr=OT(VLLACT)
r, DA I P= D( PDA' 1P)
DPDA I P=)( A ,ACT)/(C INp+(I'Th)

D)T(- C T'"T)= 0n
P ACTrJU)=DT( PAC T i j
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6.51.7 (Continued)

IF(ICOUi'T.EQ.25)GO TO 32.30
999 FOr,.AT(10flN,13HLXCDED;-ET ITL7,,I10)

'137 TO 321.1
C
C FLOW. FRO.1 ACT".JA.2OPR PISTON~ T-0 CASL

3 220 PO TX I =D( D ?V,'%C') +DT( PPC AS E
IF( P0tTAX.Gb~. P0tTrilI) GO TO 3230
D I 3= ( POUT'l'!I-Oh) *D( I,',P PSI)

112 I3 rr CO,-ITNI)

.j- (A") A /2 A .3R2A* 3) 1*+ 4D P 2)
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32130 n;(~~v.J,0 GO '*-' 325flr
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GOi TO 3C
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6.51.7 (Continued)

OT(PPCASF)=2.*DT( PCASE) -D-12(PCASj;

PO'vjE=--Q'(L2) *(P( L2)-',p(LI) )/6600.0
DTr( pPPCVJL Q) POOv R+ DT( P POW ER)

331.1 FO T2,3!**** Uelp CN~~AvrITTCN ONSET -,AT T= M~1.3)
END
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6.54 SUBROUTINE PUIJP54

Subroutine PUMP54 was set up to model the space shuttle (F-14) pump,

which is b'sically a simple in line piston pump, though it incorporates many

mechanical refinements and sophisticated design features. This model is

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 moving.

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 I 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

is an assumption that helps the qImulation by keeping the integration of the

hanger velocity a continuous 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 presi ire and spring forces, with damping and

flow forces acting in either direction.

6.54-1
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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 diagram 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 displacement flow is computed as follows:

QPUMP = D(DISP)*DT (PRPM)*DT(DISACT)

if D(DISAMI)< DT(DISACT)< D(DISAM)

or QPUMP = QINLET + QCASIN

J f 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 gives the actuator pressure due to the spring force at

maximum flow, D(PSPRIM) and at zero flow, D(PSPRIZ). P(PZP1'M) is input as

the pressure at zero actuator displaceuent and 3600 rpm. It is then moditied

to give the pressure at zer,• 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 p7essure to the output pressure/bulk modulus ratio.

.he test data collected at different fluid temperatures showed a need

for temperature correction which was obtained via the bulk modulus. A
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correction factor DT(BULKO)/DT(POUTLT ) is used where

DT(BULKO) - BULK(KTEMP(IND))*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°F.

The actuator pressure is then computed as

DT(PACTU) - D(PSPRIZ)+PDISA*D(PSRIM) - VOLD*D(PDAMP)

+ PDlSA*(D(PACCP) *DT(PITPM) **2 + D(PDISAC))

-+ DT(PCASE) + (D(PZRI'M) + D(PSLRPM)*DT(PRPM))

*DT (BULKO)/DT (POUTLT)

where

PDISA = PREDICTED ACTUATOR POSIT'ION BASED ON THE PREVIOUS POSITION AND

VELOCI TY

(-,,T(DISACT) + DT(VELACT)*DELT)

VOLD - ACTUATOR VELOCITY (IN/SEC)

D(PACCP) D(PACC1')/(D(DISAM)*3600**2)

D(PACCP) IS INPUT AS THE 1'1"ESSURE DUE To PISTON ACCELERATION

AT 3600 RdPM AND MAXIMUM STROKE

D(PSPRIM) = (D(PSPRIM)-D(PSPR1Z))/D(D1SAM)

D(PSPRIM) IS INPUT AS ACTUATOR PRESSURE DUE TO SPRING FORCE

AT MAXIMUM PU1MP DISlPLACEMENT

D(PDISAC) (D(PDISAC) -0(PZRPM) )/1)(Dl'M-•)

D(PDISAC) IS INPUT AS ACTUATOR PRESSURE AT 3600 RPM AND

MAXIMUM PUMP DISPLACEMENT

U (PZRPM) - D(I' /R1'M) -D (PSIRPM) *3600

D(PZRIJM) TS INPUT AS ACTUATOR PRESSURE AT 3600 RPM AND

ZERO PUMP 1)ISPIACELMENT

( ,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 set of instrumentation and analysis of the data to extract the

variables would require inspired Judgement. Therefore a reasonable initial

actuator pressure D(PZRPM) which includes estimated values for the contribu-

tions of the spring is 800 psi. Other contributions 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. The lag, due to the

valve damping and inertia, is very small compared to the response of the

hanger and is ignored.

The valve spring rate D(INPPST) is input in lbs/in and converted to

in/psi,

D(INPPSI) - D(ARCOM)/1)(INIIIPSI)

Tlhe differential prerssure at which the valve opens from outlet to actuator

D(DPVOA) is used to determine the valve position. lTo pressures I'OUTMX

and POUTMI are derived, POUTMX is the maximum outlet pressure that can be

obtained assuming zero flow from the outlet to the actuator.

POUTNLX - (C2/Z(L2) + QPUMP + DT(PCASE)*D(COEPLK))*ZOUT

where

ZOUT- Z(L,2)/(1..O + Z(L2)*D(CIWPLK))

Q'UMIt' DT(QINLET) + QCASIN + QOSIN
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Tha minimum pressure, POMTMI, which is the outlet pressure when the

valve is just about to open is computed as:

POUTMI - D(DPVOA) + DT(PCASE)
Is_

The actual outlet pressure lies between th( ;e limits and is obtained by

iteration. The valve orifice area is calculated using the trigonometric

formula for round port orifices. The valve displacement for

POUTMX>POUTMI is

DIS - (DT(POUTLT) - POUTMI)*D(INFPSI)

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 diameter.

For the computation, two ports diametrically opposite are assumed. When the

valve is within the overlap region, the valve flow is uet to zero. No

allowance is made for leakage due to diametrical clearance within the valve.

For the initial guess of outlet pressure DT(I'[I1,T) is computed ;it

.75*OI'O4TMX + .25 POUTMI. This pressure is used to compute the valve

position, area, and flow into the actuator DT(QACTU) . 11he actuator flow is

then used to recompute the pressure.

1.'OUT = POUTMX - 1YT(.ACTIT)*ZOUT

A check is made to see if the recomputed flow is within .05 psi (if 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 .15485 ratio and the initial guess ratio of .75/.25

was made using the actual area, displacement and load impedance data which is

applicable to its installttion in the 3pace shuttle. For other installations

adjustn-nts of these ratios could reduce the number of iterations required to

achieve a balance. The tolerance of .05 psi could also be increased with

little penalty.

Flow From Actuator Piston to Case

When POUTMI>POUTMX the valve is either closed or open from actuator to

case. POUTMI is changed to

POUTMI = D(DPVAC) + DT(PCASE)

and if POUTMI is still greater than POUTMX, the valve is open allowing

flow out of the actuator so that the pump flow QPUMP increases. TIhe valve

displacement area and flow (V)T(QACTC)) are recalculated. Silne the flow

does not affect outlet pressure, no iteration is necessary.

T7he actuator leakagc to case is assumed to be laminar since the passagr

is small around the actuator barrel. The actuator leakage is computed as

QACTLK - COELKA*(DT(PACT'U) - DT(IICASE))

with all the actuator Ilows known, the actuator velocity is calculated

DT(VE.LACT) - -QNET/D(AHACT)

where

QNET = DT(QACTU) - DT(QACTC) - QACTLK

11ei new actuator position is then

DT (DISACT) - DT (DiSACT) + (VOLfl+DT (VELACT))*DEI'/2.

A check is made to deturminU if the actuator is at the stroke limits.

If it is the actuator flow must be recalculated. If the actuator Is at

,iaximum stroke (fully retracted with the pump at full stroke) then the

actuator pressure drops !o case pressure and DT(QACTCM is set to zero.
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If the actuator is at mininium stroke (with the pump outlet f•.iw

negative), then DT(QACTU) and DT(PACTU) have to be recalculated so that the

actuator leakage flow can be determined.

Pump Outlet Pressure and Flow

After the actuator pressure, flows and valve outlet pressure DT(POUTLT)

are computed, pump outlet flow is calculated as:

Q(L2) - -(QPUMP) - QPLEAK - DT(QACTIJ))

actual pump output pressure is then

P(L2) - C(L2) - Q(L2)*Z(L2)

Pump Case Outlet Pressure and Flow

The case outlet flow is determined using the schematic of Figure 6.54-2

to write a linear equation in flow:

QCASDR - (QCASDR*DT(BULKC)-C3+DT(PCASE))/ (Z(L3)+DT(BULKC))

Q(13) - -QCASDR

The outlet case pressure is

P(L3) - C(L3)+QCASDR*Z(L3)

6.54-9
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6.54.2 Assumptions

The assumptions In a model of this nature are almost too many to

enumerate. By its very nature the pump is a complex piece 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 alternati've would be go into very detailed

calculations with the leakage dependent on the piston 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 taken into account as it rotates.

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 each individual piston would by

necessity be considerably more coilex 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 elastlc e->xansion of the volume cavities is not

included though a correctio!i factor can be included in the model by

increasing inputted volumes above their actual values.

Friction effects have not been included primarily because of the cost

of putting them in, but in actual fact the forces on the swash plate have an

6.54-10
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oscillatory content which tend to keep it in motion. Vie pulsations of the

outlet also tend to keep the valve in motion so that friction effects "would

not normally be significant.
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6.54.3 Computation

The puTOp subroutine is set up using the HYTRAN program commons, plus

the D, DT, DD, 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.

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 this it was assumed that these characteristics could be

approximated by a straight line interpolation between the pump conditions

at maximum and minimum flows which correspond to zero and maximum actuator

displacement respectively.

A chain of interdependent calculations are needed to derive the maximum

and kminimum conditions. We have to establish:

DT(PACTU) = Actuntor pcessure

DT(QACTC) = Flow from actuator to case

DT(QAC'ILj) = Flow from uuLlet to actuator through the valve

QCASDR = Case drain flow

QACTLK = Flow into thc 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 due to the

pumping offset, and the valve flow is dependent on the difference between

6.54-12

, ii II II I'i4



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 connection as its first element, a

value of the output flow ratio is computed as

DT(DISVLV) = QGUESS-I)T(QOTJTLT)
DT(QINLET)-D'r(QDUTLT)

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 PQIPG(INEI., 6).

I)T(PoTITIT) is initialized to DT(POUTM) + DT(DELP13).

And the outlet pressure PQLEG (INEL, 11) Ls 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 i-or 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(DELrl3) is based on a case drain flow, QCASDR/D(COECIN)

is added along with DT(DELPI3) to PQLEG(INEL, 5) for the constant pressure

rise temperature.

I/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(DELP13) 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 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 calculations, where DT(PCASE),

DT(POUTLT) and DT(PINLET) are initialized and a value for DT(DISVLV) is

calculated, the pump state variables can be initialized, ready for the

transient simulation.

Thu ratio DT(DISVLV) is 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

The 3000 section starts with a computation predicting the actuator

displacement for the current time step. This value is nsed in the computation

of the actuator pressure.

The pump inlet pressure is determined from the input impedance, Z(Ll),

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 is to determine the minimum (POUTMI) and maximum

(POUTMX) pump output pressure range. The compensator 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

equvalent circuit schematics used irn 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 out of

the case:

QCASDR = QPLEAK + QACTLK + DT(QAGTC) - D(ARACT)*DT(VEILACT)

- QCASIN - QOSIN*2.

DT(BULKC) is the impedance of the case. It is computed as the fluid bulk

modulus times DELT divided by the case volume.

The final values of outlet and case drain pressures and flows are

passed to the appropriate P and Q arrays. The pump output horsepower is

computed as:

6.54-15



POWER = - Q(L2)*(P(L2)-P(Ll))/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 pump inlet pressure is less than the minimum pump inlet pressure,

a message is printed that gives the tnme 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 calculations 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 eftects that can be caused by improper filling of the pistons.

The effect on swash 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 limit the flows, but flow limitation is not included in the

steady state section.

6,54-17
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6.54.6 Variable Names

Name Description Dimension

D(ARACT) Actuator area IN**2

D(ILRCOM) Compensator valve area IN**2

AREA Valve opening area IN**2

BULK Impedance of actuator volume PSI/CIS

DT(BULKC) Impedance of case volume PSI/CiS

DT(BULKO) Oil bulk modulus PSI

C Dummy variable

D(COEALK) Coefficient of actuator leakage at CIS/PSI
zero pump displacement

D(COEALM) Coefficient of actuator leakage at CIS/PsI
maximum pump c!.1srlacement

DT(COEAIS) Dummy variable

DT(COEALZ) Dummy variable

D(COECIN) Coefficient of flow from case to inlet CIS/PSI

COELKA Dummy variable

D(COEOSO) Coefficient of outlet flow due to actuator CIS/(IN/SEC)
motion

D(COEPLK) Coefficient of pump leakage (outlet to case) CIS/PSI

D(COEVLl) Discharge coefficient outlet to actuator --

D(COEVL2) Discharge coefficient actuator to case --

DT(COEVI) Constant term used to determine outlet to PSi/CISA2
actuator pressure drnp

DT(COEV2) Constant term used to determine actuator PSI/CIS**2
to case pressure drop

CONA,CONB Dummy variables

Cl Inlet characteristic pressure PSI

C2 Outlet characteristic pressure PSI
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Name Description Dimension

C3 Case drain characteristic pressure. PSI

DT(DELP13) Pressure drop from case to inlet PST

DT(DELP23) Pressure drop from outlet to case PSI

DIS Dummy variable

DT(DISACT) Actuator displacement IN

D(DISAM) Actuator position at maximum pump iN
displacement

D(DISAMI) Actuator position at minimum pump IN
displacement

D(DISP) Theoretical maximum pump displacement changed IN**3/REV

to IN**3!IN/RPM

DT(DISVLV) Valve displacement IN

D(DISVM) Maximum valve displacemvent IN

DPDAMP Dummy variable

D(DPVAC) Pressure at which valve is open from PSI
outlet to actuator

D(DPVOA) P'ressure at which valve starts to open Psi
from outlet to actuatot

D(INPPS1) Spring rate of spool changed to IN/PSI LB/IN

DT(ISYS) System number

D(KTIME) Pressurization/depressurization time SEC

D(PACCP) Actuator pressure due to piston acceleration PSI
at 3600 RPM and maximum pump displacement

DT(PACTU) Actuator pressure PSI

DT(PCASE) Case pressure PSI

D(PDAMP) Hanger damping PSI/IN/SEC

PDISA Predicted actuator displacement IN
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Name Description Dimension

D(PDISAC) Pressure at 3600 RPM and maximum pump PSI
displacement: changed to rate of change
of pressure with actuator position

DT(PINLET) Inlet pressure PSI

D(PINMIM) Minimum inlct pre.ssure PSi

DT(POUTLT) Outlet pressure PSI

POUTM,POUTMI Dumxay variables
POUTMX,POUTZ

POWER Pump output horsepower HP

DT (PPOWER) Cumulative output horsepower HP

DT(PRPM) Pump operating speed RPM

D(PSLRPM) Slope of pressure vs RPM curve PSI/RPM

D (PSPEED) Pump operat tug speed RPM

1)(PSPRIM) Actuator pressure due to SpiLiig force PSI
at maximum pump displacement adjusted I
to slope PSI/IN

D(PSPRIZ) Actuator pressure due to spring force at PSI
ze-ro pump displicument,

D(PZRPM) Actuator pressuCe Inputted at 3600 RPM PSI
and zero pump displacement; adjusted to zero
RPM

DT(QACTC) Actuator flow with valve is open from CIS
actuator to case

QACTLK Leakage flow from actuator to case CIS

DT(QACTU) Actuator flow when valve is open from CIS
outlet to actuator

QCASDR Sum of all flows into and out of the case CIS

QCASIN Flow from case to inlet ciS

DT(QINLET) Inlet flow CIS

QNET Net actuator flow CIS
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Name Descript ion Dimension

QOSIN Outlet flow due to actuator motion CIS

DT(QOUTLT) Outlet flow 
CIS

QPLEAK Pump leakage flow CIS

QPUMP Pump flow 
CIS

D(RAD) Radius of valve port IN

D(SRAD) Initial radius squared IN**2

TPOUT Dummy vari,2ble

DT(VELACT) Actuator velocity 
IN/SEC

D(VLVOL) Valve overlap 
IN

D(VOLACT) Actuator volume 
IN**3

D(VOLCAS) Case volume 
IN**3

VOLD Previous actuator velocity IN/SEC

ZOUT Outlet impedance 
PSI/CIS

6.54-21



6.54-.7 Subroutine Listing

SUBROr]¶IAE P(iPr)4 (rD,DT,D,tL)
C ***RL:VI:SE) ~JUN[L 25, 1'q76

1 '?QLIeG( 90, 12) ,LCS ( 90, 10) ,I U.,G-( 14f00) ,Piq9O0) Qi(9 0)
C:tO/S!J3,/PiARl.*i( 150,90) , 'P.i( 150Q.) ,%1500) ,P( 300) rQ(3 0) ,C( 3n9

1,Z( 300) , rHC)( 20) G 20R,110( 20) 1,' C( 20) ,~h;(20) ,TEiiD( 2-0) ?-', VP( 20)

I, PTiCC 1?,9)JR~ , PS ~T(,,?, VIýIS 15") C, P.50),'\ 'A P~ P9) I)( I9 ,i PiX I C
2 0IS A:,, '.I S "Li I1,, CC C-0 I>J , -CU LI I\, , O .'d ic "A 'S'LG P Lc I I

3 ~T?.3jýL(T,, ATý;CO ,~\ ppý,i3ACLL ,cFv2Al\cp 3fI

3 P3T~U, flP*i PC t"~, QAC'T.J , Y\CT-, PACTUI, POtJTU'1,

6 , c)I P4Ltl T, 1ýOUT LT, VLV0 L

1 COEVL1/7/ , CoibiL2/1/ , A1VCT/9/, PS?RIZ/1 0/, pisp'I:. 1/1/,
2

4 CO 10LL/ 2.2/, C0 1CI -. /2 !/, V-)LC A/ 24/, v I'~irI 2 5/, L-3i)S wJ2 61,
5 C 'LS1 / PvC K . 9

1 P.; x -. 7/r 11 (1 L,// / 7?.JI./O G IOV/ P1, UOV /

3 COL.UMS/19/, 1)1:7 j ? ?,P U~1,Dlu L P 1/22/ , UIT K/ 3/
4 10 I;Li--T 2 4 -ýO J T- Lr/ 2 ,S Y S/ 4

C

Tr ILL.? 1 3J

C fldo=v-Lrr'. r 0' V'l

Yr ( 6)T 0 1'0

T~ 1:1

1.L II f)
nr:'C G .: 20 C 6.54-L2 320 ;



6.54.*7 (Continued)

r](SRADf) D(rlAi)) *2

D(DPVAC) =D(DPV0A) - (VLVOL)/T)(I I.'~P PSI)

1)(PACCP)=D(P?7NCCP)/(D( OISAii) *36O0).**2)

rD.(POI3AC.,)=r(P(?OL3AC)-D(PZLRP:I'))/(I.

1250 a ( PPRPv!) = D( PS PI.- ED)
DIT( 5T3L(O)=3TJL9( TTl-":"iP( INI 0) ) *J( DPVOA)/223000.

*** Ti-AICS LCI~ CAIJCIJJLATf-S T'i, '31-EAD~Y GsTAINE c~o~U'I
C

PO!' I'" LT.r~) =9( ?V0'QA) + 5 5. .1

1.20I'(t~ISYS.N:.I) 1GO TO 1040n3

GO) TO 11035
1.031 ~LIy)L~ V C-0 Il,- 1140
1.135 J'- ti L)=D9(!ýTtIiE)

]C4r I.:D( V2T I..' E. T,,. I0. 0) .L( ITETYS 00
IT P-( UT IY ) = .)"'(' .ITL

rTT( HAT I ~ - LI 1' P) ~r ?ýP~ *) '01-3A 1 ) -011, V . LJACT)

nn., noCtC)0

YVCT 'J)O 0
0T(7YI3!VLV)=.5

DT ,''( ? -'AC:ý*.,-.) =YD PA WJ *C3 ti

r)T' 0 1:,LCTlC ) =DT I0 .CTI

IOL2=Y' FO \L C +r( -!% lo *, .): 1(1 .~ fl L L;)

117.1 '- lI'l127
123 rT( ?7c ,"LLT -7,,i( ?c~ rLT -DT(,ýu rj13,.cr

I+DT ( 0JTL 1 CT)=CiC( P P PLP.-'+TT)\cT

C,
C S~OY T11'I C1270,jIOI:~,Tj
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6.54.7 (Continued)

C IN'D=C~ijP091UPC ý,WQL=CO~lECTI0N f, Ii1.LaLLC f.
C C01 i 1=1 .LLT,C0 CO1 2=OtJ'LrMb~C' i 3=ASiE OK'l'T
C THL, I:ZIET TS A NJODAL ?OIWi' TM' TIE: 3YSTiks

GO TO 1000
1520l W~(INIM:..i.) GO TO 170n'

'gAC'2IV='YC( !I;SLV) * ( yj( ACTC )-D'r( ACT'J) ) +:2( ACTIJ)

PLT( C( P1 LL,5)= PN(V L CT+AC(I' T~L, 5 + ?( O;LI )/ +QOCT' M /)( C C

GO T'O 1600

I( .P(DT(VISVVW) .LT.0.')) ;T(DI:SVlV)=0. S

1710 WP (6110)I0,WWrlL

MO F0R.\T( 5X, 4' CMLf SQ~bQCl LR'O'n OLiUC'2OC It COAi:?b'N. 00.
1 I S,14.1 MUMMYTI'~ :10 15,7H TLU! NO. 15)

ATO? 5154
C* *** 21no' sLC~iwiC
21110 C2'V2IGU.L

DT'(V0tACT)=0. 0 LV*(0S"

ryDT'\!CT9) = iY( C:VLV) * (DT( '\'CTC)-1Yi( "AC'2U) )+DT( ACTU)
DT(V~CTfC)=0. S
0P(0HIVEA7 )=0.r)
ITj ( 20M'. ) = O)T ( ?Pr1T Up)
G1 TO 1271

C **3000 SLCTrIYxý

c C ".LCUBlATE. TR~AMW US F~P'YW3G OT Mir).T

~ '* ~ F6.54-24



6.54.7 (Continued) RS
LIML 1) PICSp
C2=L( L2)

C3=C(LI))CP

VOL0=0T( VELALCT)
UT(OACTU) Q. 0
Yr(QNCT)=0. 0
ID(f~TIAL) =D(KtTI.aL) +DLLsT*L,(I3YS)

PDISJ\=iT(DI3ACT)+flT(VLICT)*DELT

2 +T,?ZR, )+~ p [.~') *).( P (?I) UT)POUTLT)I

ZO'.T=Z( L2)/( 1.0+Z( L2)*D(CCL.?LV) )

P0UJ¶2.I=D(0?V0x)+0T( PCASL)
I7(.?OIJ':)~X.LT. ?)JT0.I) 00 TO 3220)
DT(PmY0'LT)=?OUT .*.75+P?0ITmjI*.25

U3N(RA\D) -00"
Ir(3.Lr.-DRAD) )GO TOe 3214

G~O T'O 3215
3214 ARE4=(SPAO3)*PI
3215 iP(POURL.Q:.0.0) 10 TO' 320A

00 TO 3117
3216 YT( rACT9)=nC( COLhV1) *Ai~L~Ak$SIj( Y.( P!ThT) -DT( 2ACT'.) )
3217 T?3UT= ?OUIT5X?- 0Y( QAC'Tr.)k~Z0U^I

IF(P(..S(41 PCOryj.ij( 2OiTLT) ) LT.I. 0. ) 00 TO' 3230

C I'UOw FAC. AC'ij!VRS PISTONi TO CAR';
3220 P?)UoT2I(nJAC)+Y1(C'i3L

TF( OIT¶:X.MT. POUTOWI Go) TO 3230
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6.54.7 (Continued)

T3=!( RAD) -DIS
TF~.LL-D1~A))GO TO 3225

?ARE~\-O(SiAO) *AC0S'(1~/D(R,%D) ) -*SQRT( D(3 %R\)~*
,O TO 3225

3225 ARFA=D(SIR\D) *PI

32130 IF(POWER.NEM.) GO TO 3250)
C

C Til-3 " PIST0i0 'ISPLACl:'.-4ENT AGAIN~ST 1~X:~1~STR0'(

")IKIE:r-T(=.A'U--zCL.ý-D T C)ACTC)

DTL(Oi')I''CT)=Di&( rISAC-T)+( VCLTj)+DT( VLLAXCL) )/2.*DIL,?
CALL AI(r(I~T ~i(~~C),Pa~i D( ISiI) D CL( 'IA.:)

IF~t.~fl.))GO TO 133'0'
I1'OTPI~Lir),U. (PV~i.~ )GO TO 324')

3>lil IN' D0-i:'L.E.Q).-l.0) GO TO 320r.

DT--ACTZL =1J. 1

323 N AT P.\Cr) 0-T( PCC3. +ý 2 S E)U/CLL(

7l' .CT XDT"C~!
33.1(1

-^'( LlIS =V.L(~)=t

W (O!2T=C ( L)) -( L)) Z( L2)
P(L 2) P-( -.')OIT LT)
)( L 3 ) =- CS TM

7- ( ? C S i, )=( L 3 ) + C7\ * ( L I
P( L3) =,)T( PCA~SL)

EF. R 1 L1

C.ý

- ,-~cw.6.54-26



6.54.7 (Continued)

O)T( PILE.T)=Cl-DT(Q.IALET) *-?3(L1)

!T(PACTU)=O. 0
DT (VIU LACT) =f0. 0
GO TCO 3400

3310 rORt~.-A.T(2X,35ii******** P~rjP CAVITINTIOr'i (Y.'SiT AT T?= E1A2.)
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6.61 SUBROUTINE RSVR61

RSVR61 is a simulation of a hypothetical constant pressure reservoir

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 maxit&am of four connections can be used.

Gas

I /

Connection No. 1 Connection No. 2

FIGURE 6.61-1

TYPE NO. 61 CONSTANT PRESSURE RESERVOIR

L £r



6.61.1 Math Model

SECTION 3000

Flow at each active connection based upon the input constant pressure,

PRES, is calculated using the algebraic equation

q(N) - (c (N)-D(1))Z (N).

6.61.2 Assumptions

The reservoir is assumed to have an inrinitely large gas volume

so that pressure remains unchanged.

6.61.3 Computation Methods

SECTION 1000

Counter, L(5), and steady state flow variable, D(2), are set to

zero. Variable, INV is stored in L(6).

SECTION 1500

Section 1500 sums flows into and/or out of the reservoir as the entry

is called for each active connection. Counter, L(5), is incremented

by 1 each time the entry is made until the counter is equal to the number

of active connections, L(6) The counter is then reset to zero. Each

entry determines if the flow is into or out of the reservoir and makes any

necessary adjustments in the flow sign. The flow is added to the old net

flu

1600 D(2) = D(2) + QR

once the total net fiow has been determined, QN(N) is calculated

QN(N) - D(2)*20. - D(2)

Net flow is then reset to zero.

D(2) - 0.0

61
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SECTION 3000

Flow at each active connection is calculated using a DO loop. The flow

is calculated for each connection and stored in the Q array. Input pressure,

D(l), is stored in the P array.

Q(N) - (C(N)-D (1))/Z(N)

P(N) - D(l)

6.61.4 Approximations

Not applicable.

6.61.5 Limitations

No applicable.

6.61.6 Variable Nameu

VARIABLE DEWCRI1TI ON UNITS

D(1) Reservoir Pressure PSIA

1 Counter

N Dummy Variable

NCI Dummy Variable

QA Dummy Variable

QR Steady State Flow CIS

QS Dummy Variable.

6.61-3



SECTION 1500

DETERMINE WHETHER RESERVOIR
NODE IS UPSTREAM OR DOWN-

STREAM FOR THIS FLOW AND
ADD FLOW TO OLD NET FLOW

OS LAST ACTIVE CONNECTION?, NO

CALCULATE OVERBOARD FLOW,QN(N). SET D(Z) - 0.0 RTR
L(5) ,,0 EQUAL TO ZERO

SECTION 3000

I- 7

": • CALCULATE FLOW FOR ]

CONNECTION #1

ISTORE FLOW AND PRESSURE
FOR CONNECTION #6

S IS I EQUAL. TO MAX. NO.

OF ACTIVE CONNECTIONS,• NO

NC(IND) ?

STEADY STATE AND 3000 SECTION CALCULATIONS
FIGURE 6.61.-2
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6.61.7 Subroutine Listing

SUf.MROUTIALRV,](OD,•L

. *** R[:VISL5) ATZI.=ST 59,1975 ***

..- ,,.: '.. .. L L PL, :,lTOL)L L, I PT, 1 ?01. V", q PT.-3, I.JL r'L, , yi.l TO L, .,r .••( i 3),
1PTL,7( 90,1.2) ,LC3(9n, 10) ,IA(-1400) ,PN(90) ,.,r(9n) , ?LX(99)

1.,,-, 1 5 , ,. ......
.,.O,..~/!,. /-.J../PA" 15,',P".159 r,...( 1500), P( 300) ,( r) ,C(30

1,%( 3nf) ,kh.G( 2r) ,S2'0!..... cgrO2n)) ,VILC( 29) ,-3ULK( 20) ,Tkm.P( 20), ,PVA'( 20)
9,A':' , , T, , ' ? L , ?I ,tTT :( 20 ) T rk.LT, f ' t, 1
3,'" ' 1 -, IP 9 'n) , T_ ZS*2 '1,T. 150) ,L PT ( 15) ,i L rY 1? 9 9) , NýC ( l 9' 1 1,' I~X ;'I4, 1v!V, I STI' ýJ , N. L I "I ; , I ; L, lIIT), I £.'£,1 11 NL IN 1, ;-t]L, !,;'I. [.T4 , ,.I% l',-D; , L'.0 C OT'
5, i.lLT .: !);I ' ,

DI~I..:S '3.• %( ) O'L' 1 ), 0( 1 ),L( 1 )
"I F ""-*N ;' 0 2)00%10 30 )00

1100 C TT I.;UL,

')( 2) =0.0)
L,( ] i)=)
L( 12) =TZ

I3900 C r1'TI T
T, 1. ) = r, 1 +

T .:c ( T'j : L. 1) = ) 1)

L,) (2 ) ( ,

CIC 0' 7u±=- "C(IR

,-=L,,-( I 4. .r,,?

310 ( )=D(])

6.61-5



6.62 SUBROUTINE RSVR62

RSVR62 subroutine is a simulation of a bootstrap 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 Pkton

,i NArea

Connection No. 1

Connection No. 4

Connection No. 5--,

Volume 2

zero Low Press Piston
Stl oke Volume 1 Area Exposed to Atmosphere

"MP 1 OE 14

TYPE NO. 62 BOOTSTRAP RESERVOIR

FIGURE 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 is 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 6 PN(M)*DT(NAREAR)+DT(EXPRES)

Any difference in PMN and PN(N) will produce flow in the pseudo leg and hence

an unbalanced system. As LEGCAL balances the tlows 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

V

PSEUDO LEG RSVR LOW PRESSURE NODE (N)

I RSVR HIGH PRESSURE
I NODE (M)

CON #2
CON #3 - .. z
CON11M fil PN(N) PNW CON #

CON #5

DT(QNET) DT(QNET)* (D(Al*EA 2)/D(AREA 1))

Figure 6.62-2

RSVR62 STEADY STATE ORGANIZATION

6.62-2
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Section 3000

The high pressure line impedance may be expressed in terms of the low

pressure impedances through an easily derived expression.

"DT(NZl)-Z(L(l))*DT(NARJ-AR)**2

Therefore the total Impedance of the reservoir volume is simply the sum of

DT(NZl) and the impedances of the lines connected to the low pressure side.

The high pressure characteristic is also modified to a low pressure

characteristic.

CLI=C(LI) *DT(NAEAR) +DT(EXPRES)

Since there is no flow between the high and low pressure areas, volume

and pressure is:

DT(112)-CN/DT(NG;Z)

whe re*

CN-CLI/DT(NZl)+C(L(J))/Z(L(l))

The net flow into or out of the reservoir is then:

Q1- (DT(P2)-CLI)/DT(NZI)

The flow out the high pressure side is simply:

Q(L)- -.Ql*DT(NAREAR)

and the pressu,'e iso

P(1A!),-C (L1) -Q(L1 )*Z(1 )

Tne net change in flow volume into or omt: of volume I is computed and ni test

is made to deterwitie i.t the piston is at a limit condition.

The flow at each active -onnocttion is then calculated us ing the

algebraic equation:

6.6 2--3
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Q(LI)-(C(LT) -P (LI))/ Z(LI)

where

Q(Lr) - fluid flow

1P(LI) - fluid pressure

C(LI) - characteristic

Z(LI) = characteristic impedance'

LI - connection number

b.62.2 Assumptions

The seal friction is zero.

6.62.3 Computation Methods

Section 1000

Variables DT(IQV), DT(M[NIQV), DT(MAXIQV), DT(QNET) ure initialized.

The plstor force generated by atmospheric pressure is calculated using:

DT(kXPRLS) -ATPRES* (P(AREAZ) -D(AREAl) )/D(AREAZ)

Section 1500

This section suns the flows into and/or out of the low pressure chamber

as the entry is called for each active connection. it also determines, ove,-

board flow at the high pressure node (M) and low pressure node (N).

Section 2000

DT(QNET) is mnILialLied and the volume 1impedance is computted.

,. 62-4
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1500 SECTION

YES I S CONNECýiN o
LEQUAl TO C O NO

DETERMINE WHETHER DETERLMINE WLETHER
HIGH PRLSSURL NODE LOW PRESSURE RSVR
IS UPSTREAM OR NODE IS UPSTREAM
DOWNSTREAM. ASSIGN OR DOWNSTREAM.
DUUMt¶ VARIABLE 1O ASSIGN DUM4Y VA"IABLE
NUDE NO. TO NODE NO.

SUM FLOWS TO ARRIVE
AT NET RSVR VLOW

IS Tills LAST ACTIVE NO,
CONNECTION?I

YE S

ETMI .... OVERBOARD i" .1W4; AT
HIGH AND LOW PRlU'SSURlE

NODES. SET DT(QNEI')-O

[ RET*UR•N

R(SVR62 STEADY STATE FLOW DIAGRAM

Figure 6.62-3
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Section 3000

The characteristics are then calculated and subsequently used to calculate

the flows.

CLI-CLI/DT(NZI)+C (LCI))/Z (LCI))

Ql-(DT(PZ)-CLI)/DT(NZl)

Note: These equations are used to calculate high pressure flow.

Next, the flow is summed using the n,:w flows.

Tests are then performed to determine piston position and direction of

travel. If the piston is on a stop mid the motion is in the direction of the

stop, velocity is set to zero.

Computations are then performed to determine the appropriate pressures

and flows. The net flow, DT(QNET) is then updated for the next time ,stup.

6.62.4 Aporoximations

The elasticity of the reservoir walls and the resulting change in

volume for any piston movement is ignored as well as the compressibility

effects of the oil.

6.62.5 Limitations

1. RSVRb2 is limited to four low pressure_ connection and one high

pressure cotinnction.

6.62-6
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6.62.6 Variable Names

Variable Description Dimension

D(AREAI) Low Pressure Piston Area IN**2

D(AHEA2) High Pressure Piston Area IN**2

CLI High Pressure Characteristic PSI

CN Characteristic of Low Pressuure Connection PSI

UT(EXPRES) Atmospheric Pressure Contribution to PSI

Pis ton

DT(IQV) Integral of Flow in Volume I cIS

DT(MAXIQV) Integral of Flow in Volume 1 at Maximnm C-1

Piston Stroke

DT(MINIQU) Integeal of F'low in Volume I at Minimum cis

Piston Stroke

DT(NAkEAR) Piston Area Ratio

NCI Ntqhur tot, Connections--

DT(NGZ) Conductance of Volunm 1i C(S/PSI

IDT(NZI) Equivalent Voluime I Impeddance 0E thO PS I

High Pressuire Volume

DT(QNET) Net Fhow In Volume 1 CIS

D(STROKE) Maximum M'iston S;t rkku IN

U(VOLI) Voluemevoir .. . .N**3

D(VOL2) Bootstrap Oil Volume IN**3
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6.62.7 Subroutine Listing

SU31ROTI ' Ab IUVI'62 (D,--T,,DOL)
***RENVISEr *JANUAIRY 24, 1976

000L3rE PRE.CISIO'4 Dr.K
C0,I, >ULL PL, 1\7T0EPL, I PT, I POINT2, NPT-J, INU LILL,TI'OPL PrJl LPLIN(61, 3),

1,Z(300),uO2)30uI(),sC2)3LK2)T-i(),V(2l
2,ATPPXES,T, LTPIrNAL, PLITOLL, P1 ,TIr"LL2( 20) , LPF..G:., ICO',]
3,T 1<11.- 99) , LSTART( 150) ,NLPT( 150) ,LTYPL(9go) , -.c( 9:9,) , iijx, i;'.z

5, IjNVPT,j iI)

IL'( ii.:1'rr) lflOO, 000,3000
1 10r 0 cc.vri PEj U1

ITO 15,00

Lt( 7)=f)
DT(:NLT)=f0.,

DTL X PJ R. E-. TPISD ,A 7 1 )ARL

~ ST'.'VY 3TA'TL S LC TII'T *

1 f') CCO;I2TNýUL

C~ ~ ~ ~ ~ ~~~~~~~~~T J) 1',-E Or'2P;~'~ - :.TI iOIP~6UL1)~

T,( 7) L ( 7) +1
L.C,( 7~~L 7)5

~= '~LL~(1.-1L, 2)

.i=LS( llL,3)

TO 11J001

IF7( IAX. !,'1. 1) c3Tt 1700)

'JIC3 :!L L, 2)
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6.62.7 (Continued)

L(7)=0
DT~1) =DT( QMET)

P~=N~(.~)*0T(NAR7EAPN)+DT(EXPZL,3)

Y ()=n-T(Q PjET) *D T ( r1ARL~AR)

r SXI) =2n.

1 1) 0 F0'P-IAr( 5X,45Hi'R$Vf62 ncluiRL.s rwO DL's ~'Fo i3c,)rmynP7P FLO

DT N L 1) OT (NZ (1)*l?(.7L)

DO 2100 1=?,;,. CI

CJ Li) =~C i*( ( L IL 4 P~

c 9,

DO 3100) I=2,NCI
LI=L( CI)'LI ()

352 C'YL NDT

DT( lL0? =C)1 *Z I
,-%

ZL Z N 1.0

3 Ir)C."=%-1*4+ (L6.62-9I



6.71 SUBROUTINE ACIUM71

Subroutine ACUM71 models a simple gas charged piston type accumncltor 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

same pressure. When a single connection is used, the other is blanked off

automatically.

Since it is basically a passive device, its response is entirely

dependent on line flow and pressure changes.

No attempt has been made to include the true gas dynamics which

involve not only a varying gas constant, but also the heat transfer charac-

teristics between the gas and accumulator walls. Figure 6.71-1 shows a

typical accumulator layout.

oil No. 2
PO

-- "Connection No. 1

FIGURE 6.71-1
TYPE NO. 71 FREE PISTON ACCUMULATOR
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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 thL lines connected to the accumulator

and volume of oil in the accumulator.

Gline - I/Z(Ll) + l/Z(L2)

Gvol = VOLO/(BULK*DELT)

where,

Gline is the conductance of the lines to the accumulator,

GvoI 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 is the calculation time step.

If the accumulator is empty the pressure of the oil in the accumulator

is given by:

PO = (Ql + Q2)/(Giine)

where,

PO is the pressure of the oil in the accumulator,

QI and Q2 are the flows into connections 1 and 2 respectively.

6.71-2



It tile accuimulator 1s full the prubsurt c o: thu oil in t~he accumulator

is given by:

110 = (Ql+Q42+])OA/GVCol)/(CGiiic +V

where,

POA is equal to tile current. pressure ofl the oil. in the accumulator.

If thc accumulator ihi within itu working range thec chanlge in thle gas

1)r e ; su re is,

Wh re PG - (Pc(* (t14Q2) /(MAVolU-T\O1~.O + M iVOLO)

IIA; is thu rate o1fhag 01 01e gafi p)CUSS1ure,

PG is Lithe gas pessure,

HAVs L; is Uhe nl~tXhlll V,.Iti avo)l IBnt'

TV01LI) is till' C1t cetiL o il volumew,

14IVUIA iu the mlii hiui oil volume.

T he IpreSMaIrc of the ý,as i.: given byI VG - 11G- (VPGS+D1)G) *DEjA'/2

WIGS iu the. rat t oi change, 01l till- Ias prssureL calculated ill OhW

Ire IUVýOnIS t Iel V St-L pJ The t loW.; 111d prt'ISMureL il a lt2 teCOnner ilS ions -t I-hunei

eki leulated 1tising P0S.

(1,0,) = 1o

where,

P is the peI-nUSIreL'a ith 11W cnnr inel,

Q 1,,; tile H ow ;At. til he euinect. toll

Z Ls the chuaractler ist ic U1. o ilInp&'ih~I('CU
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6.71.2 Assumptions

The true gas dynamics and the frictional and inertial effects of the

piston have been ignored in this simulation to avoid complicating what is

essentially a simple component model. Entry and exit pressure drops have also

been ignored.

6.71.3 Computation

SECTION 1000

The precharge pressure, itipuced for 100'F, is corrected for the working

pressuru ol the fluid using the ideal gas formula.

DT(PRESIPS) = D(PIR-ESP)*(T ,EMP (KTEMP(iND))+460.)/520

SECTiON 1500

'lIhe pressure of the oil in the accumulator, DT(PO), is set equal to

the uptitrcam pressure of the leg.

DT(1'O)= PQIJeG((NEL, 11)

SECTION 2000

Thu conductance of the two lines is calculated.

DT(NZ) = l.O/Z(L(l))+L,0(Z(L(2))

The steady state volume of oil in the accumulator is uhen calculated.

DT(IVOLO) = D (MIVOL0)+(J3(MNAVOLG)-(DT(PRESPS)*D(MAVOLG))/DT(PG)

if the steady state oil pressure is loss than the precharge pressure, then

the steady state volume is set equal to the minimum oil voltume and the gas

pressure, DT(PG), is set cqeal to the precharge pressure.

The impedance of the maximum oil volume is then calculated and, after

conversion to a conductance, is summed with the line conductances.

IF(DT(PRESI'S).Lr.DT(PG))GO TO 2100
DT(IVOLO) = D(MIVOLO)
D'T(PG) IY DT(PRESIPS)

2100 I)T(KBULK) = BULK(KTEMPI(IND) )*I)T(NDELT)/D(MAVOLO)
DT(NVZ) = DT(NZ)+. 0I/DOT (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(LI) = (C(Li)-DT(PO))/Z(LI)
Q(L2) - (C(L2)-DT(PO))/Z(L2)
TQV = Q(LI)+Q(L2)
TVOLO = DT (IVOLO)+(DT(IQV)+TQV) *DT(NDELT)

A test is made to determine if the volume of oil in the accumulator is

less than the minimum oil volume, D(MIVOLO), greater than the maximum oil

volume, D(MAVOLO), or within the working range of the accumulator.

If the volume is 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

set to zero and the pressure of the oil is calculated.

TVOLO = D(MIVOLO)
TDPG 0.0TQV =0,.0

DT(PO) = (C(Ll)/Z(Ll)+C(L2))/DT(NZ)

If the volume of oil is greater than the maximum oil 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) = C(L1)/Z(Ll)+C(L2)/Z(L2)+DT(PO)/DT(KBULK)
DT(PO) = DT(PO)/DT(NVZ)

If the volume of oil is within the workinu rnage of the accumulator the

change in gas pressure due to the change in oil volume is calculated, a new

gas pressure is calculated and the oil pressure is set equal to the gas

pressure.

TDPG = DT (PG) *TQVJI(D(MAVOLG)-TVOLO+D(MIlVOLO))

DT(PG) = DT(PG)+(DT(DPG)+TDPG)*DT(NDELT)
3250 DT(PO) = DT(PG)
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The pressure and flows at the accumulator connections are then calculated

using the oil pressure calculated above.

6.71.4 Approximations

Leaving out static friction from the simulation gives poor low amplitude

results but helps the simulation by avoiding the nonlinear e.fects. 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.

6.71.5 Limitations

The current model can be used for rapid small amplitude discharge

transients where heat transfer is not a problem.

For very small amplitudes where frictional effects become significant,

or very high frequencies where inertia effects way become significant this

model should not be used.
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6.71.6 Variable Names

Name Descrj2,tion Dimensions

DT(DPC) Rate of change of gas pressure ~ PSl/bec

DT (DPO) Rate oi change of oil pressure PS1/sec

DT(IQV) Iate of change of oil volume cis

DT(IMVOL) Volume of oil in uccumulator id3

DT(KIIULK) Conductance oi oil volum CS/'S

LI Dummly variable

L.2 )uimiiy vari lab 1

D(MAVOILG) Maximum gas volum2 ia

D(MIVOLU) Maximum oil volimc 11n3

D (I41VOLC) Minimum gas volume3

DT (NDELT) CalculationI timek Step S ec

DT(NVZ) Sum oi- line and voLume Conductance c1s/1'S1

UT (N4) Sum uf line couduc~iance-s cls/1-11

DT (1C.) Gas Ipcesuri IS I

DT (I10 oil pressure' I SI

1)I2ES)Prectlavr.e gasip jrsI;Iourc ISI

DI, (PI,1S orce pruchargir. gaxs pjesI'.SUre I'S 1

T1)Pc *lelprJ -ray rM(- i c ~hange of gati Preosiure I L; I hsv c

'UQv Tawpo rai.y valluc for ratk. of chl;.uig Of LI
oil volume

IrVOLO Uteuipovary vol)umeI ot oil1i
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6.71.7 Subroutine Listing

S0f3'ROUTI;NE ACLU71 (D, £jT,D0, L)
* \ IA';. QL~1,LiR 5, 1975

C A SOI'PLL ACCUA*IULATO[Z AODE.L 114(1ICH!N 'IrI FRICTI01'I
C IPISTON~ ý;ASS, An:v, *r'iE T:.RTJU G1 \3- D)Y;,!A.iCS

DC'UTA £ PRfhCISIONr 00)

1, 7,( 3 00) 0 FI( 2 0) 5 20 R, W( 2 0) ,VISC( 2a)0) ,3 (j),~ 20) ,T L: 2 20) ,-V PM( 2 0)
2 ,AT- '' ES T, DL Tu, TP Ti 1-L, PLT 1) EL, ?I TIT LL( 2 0) ,LL%3 N, ICO".

3ý , T'; j P(s) ,L.3,1'!%2 1.5 0) , NL ' "( 1,50) ,LTY.?L( 99) ,NC( 9), I.-MIZ

1 ? :I~.3/D1/, ~LT2/ ~J~3/ P0// P~,'~3/6/1
2 1--,/7/, IVO[JE-D/O/,//,;L/1/NV//

117( 2H.*~- R 1.; 2r) :.s? 0 1 *2. 1) 1.)~? 0 3~))+ 8 5

PY' '~)=~M~; T PLL T)p ~ ILL 2) C+-60 52

T? L T. J i;

"L i2 I ,1
H L'Y COfd 'J,,

)+.10/Z 1)

(2=r( 2)V

L) ýD + 6.71-8



6.71.7 (Continued)

D.PO) )/Z(LI)

Q(L2)=(C( L2)-DT(PO))/Z(L2)
2.• V= ,L 1) + L-22

TrVO LO= DTI I VOLO) +(OT (I ý"V) +TOV) OUT (,'ZDL JT)
IF(PVOO.GT.9.IIVOL).ANA %J'O.i'.TP) -20 TO 3100

C
C T[ill.- -ACC ULI!RATOiOR 1:- L.PT"Y

TVOL3=D( .iIVOLO)

Tm/=0.r)

GO TO 325 :)
T'V=O. 0

1IF( 2'( PO) ... .Dr( GO TO 2)33'30

I'VO TA =Y D I\\?')L-0) +. 1001

i1, 0 F T OLO. LT. 17) AV'. LO) C,) .T 3 2 ,. 0

.,,., 2w
C

'Cil" • 'i~, "lra ,,"r- ;.; FUjLr

TVr = (O LOO=' )
Tv= 0 . 0
ToP. 6-.1. n

"J7• P',:) =C( L I)/ I L I)+C(L )/ ( E,2)+DT?(P-)/ T( UI:)
1? {.,7l"3) ="' o 1,4/'( i Z)
IIF(: (PC)) . G'7. 0'2( P:]) T 0'; 3O 3•" ,
TT) L = 0 ": ( .,A V'- E, 0 - 0 0: 1
,0 TO 3 250

C
"7,W AT U., "V ID T,,-+ J .I V 0

]ono1'" ,' r .,'--,,
3 2 "3 0? iý- I? ='r'

330-1 P(LI1 = PT'2)
"(LI=(C( L I )-O~'2 " /Z(L)1

G L 2 =(U 2 -f(.'9 .z( 2

D'2( T. V) t,) •( 2

DT( I .r.. LO 0=EV LO0

DT R ( T" '

__6. 71- 9



b.81 SUBROUTINE FILT81.

miovi ng parL s, using standard C LalbuCI tiu 1T1i~asml~~ l;nmM1AL!Ionnbps ltrwt l

onicion No 1 Coinnectioni No. 2

Iluw

111111 v lum

jlac(0'74 0773u

FIGURE 6.81-1

TYPE NO. 81 FA4 TYPE IN.LINE FILTL.R

G D (VOL.I N) Gý ~D vO0L-.E- )

-- VV IiC- 4 '/A- C 2

ZI D(CODN5E.L) D(CONE2)

V1,1'81 DI1 Af;RAM



6.81.1 Math Model

Subroutine FILT81 uses a simple model to describe the pressure and

flow characteristics 0t a filLte under transient conditions. IFILTS).

Diagram, fiI gore 6.81 .2, schemac teal ly de~scribes, thie model where PB and PE,

the howl and clecment pressures, are to be determined. Thu past -:alues

Of theC howl anid element lprIssures, PBlL and PhiL, arc shown at the ends

ot seud(.o pai4silgcs ilmaug with the ir conductances respect ivuly.

The condueCances Cl anid G2 are calculated using the equation

G'vol VOIl(BUILK*DELLT)

where
-vo conducjitance

ISULK = fluid bulk modulus

VOL = volume of oil in bowl or element section

1)ELT time step of programn

The0 conlduct ne es uili Ow In'iis t'omiict~ed to the filter is s impl~y

the tee iprwcil (d1 thuc 1 In impedilnce

whelre

A11 ll ý, I nipedalneek (1. thle 11 ne.

Wi th al IW 1teconlduckt inck' cs I iiiit*ed , VI lows are suimmed abonti PB and PE

rvc on It L ukg in t Iew Io oII ow Iin) equat ions.

(Cl- )*l4PmP~)*3 Q 0 6.81 .

91:~~~~~ ~ 40Il-h)*; -(l- )*2 6.81. 2

where Cl1 & C02 thei I inci cl i; r i iL I. e r I st I p*1)r c. irev

(21 ie FIQ fow 'W rOSS theL element

6.81-2



The pressure drop between PB and PE is

P'B - PE -QE 2 *K2 + QL*K1

where Ki is the linear pressure drop coefficient

K2 Is the Q2 pressure drop coefficient

Thib equation is solvicAl or QL in terms of PIB and IE. using the quadratic

tormula. The result is substituted into equatioins 6.81.1 and 6.81.2. The

substitution For Ql, ru.sults in a set of two equations and two unknown.-,

P13 Lind PE. The equatLiuis are solved simultaneously to give P13 and PE.

The inlet and outletL flows, Ql and Q2, are then calculated.

QI =(C P)/i

Q2 - (C2 -P)Z

(3.81. 2 As~swipLl nios - Not appi icabic.

0.831. 3 Comput at l oii 1 Me~thods

SECTION 1000

Pseudo coiduc tarncos~ for t:L he OWl and elementi sect ions art' cal culated

and the filter ealkmt'nt con.,tbUL , 1) ((0NSI-.) , is ad justed for f'l itd other

than11 MlL-1H-'106 and/oV tempelk.raLure other than 1011"I'

I)(VOLIN) 1)VIN DE:BL(1

U (VOLEX) 1) (VOIEPX) /DELT /BULK (,i)

D(CoNSEL) =Vl5C(LlI,)*Rllo(Ll)/(.028*1.2rý.-5)*D(CONSEL)

SECTION 1500

The leg constanits tor () nd Q 2are updated a 'id the mit let pressure

is Calculajtedk ;iod S.tOred . The bowl and element pressures, DT (PBL) and

DT(I'1 ,art' Initialized.

SECTION 2000

Pseudo condUCt ;nCO en )1(CIN) , DT'(COUtlI) and DI'(GTOT) ;Ir r

calculated for tise in the transienlt val ca at ion sýect ioni

6,81-3



DT(GIM) = I.O/Z(L(l)) + D(VOLIN)
DT(GOUT) - l.O/Z(L(2)) + D(VOLEX)
DT(GTOT) - (DT(GIN)+DT(GCOUT)/(DT/GIN)*DT(GOUT))
DT(GTOT) - DT(GTOT) + D(CONSEL)

SECTION 3000

The values of DT(PBL) and DT(PEL) are calcuLated.

DPIN- (C(L].)/Z(Ll) + D(VOLIN)*DTkPBL))/DT(GIN)
DPOUT - (C(L2)/Z(L2) + D(VOLEX)*DT(PEL))/DT(GOUT)
QE - SQRT(DT(GTOT)**2.+4.*D (CONE2)*ABS(DPIN-DPOUT)
QE - ((QE-DT(GTOT))/(2.*D(CONE2)) ,DPIN-DPOUT)
DT(PBL) - DPIN - QE/DT(GIN)
DT(PEZ) - DPOUT + QE/DT(GOUT)

The pressures and flows at each of the connections are then calculated

using DT(PBL) and DT(PEL)

Q(Ll) = (C(Ll) - DT(PBL))/Z(Ll)
P(LI) = DT(PBL)
Q(L2) = (C(L2) - DT(PEL)/Z(L2)
P(L2) = DT(PEL)

6.81. 4 Approximations

Non-linear pressure drop effects are assumed to be proportional

to the Q2 terin.

6.81.5 Limitations - Not applicable.

6.81.6 Variable Names

Variable Description Units

D(CONE2) Q2 element coefficient PSI/CIS 2

D(CONSEL) Q element coefficient PsI/cIs

DPIN Intermediate calculation

DPOUT Intermediate calculation --

DT(GIN) Sum of Inlet Conductances CIS/PSI

DT(GOUT) Sum of Outlet Conductances CIS/PSI

DT(GTOT) Intermediate Calculation

Ll Dummy Variable

6.81-4



L2 Dummy Variable

DT(PBL) Bowl Pressure PSI

DT(PEL) Element Pressure PSI

QE Flow Across Element CiS

D(VOLEX) Exit Volume 
IN3

D(VOLIN) Inlet Volume 
IN3

6.81-5
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6.81.7 Subroutine Listing

-* * ýI.V JAY .1,\ 1. )75

CO~)A3rJ3P~~(150,1) , ~(1501)),'2i 1 500) D ( 300) r-.( 3t0) ,C( 3001)
1,'ol(30) , R:1)( 20.) c,'-0R,,) (20) ,VISC( 20) ;3UL.'f( 20) ;!~P 0) , PVA?( 20))

2, -Cj:Ij ,, LT,TFI:irAL, ?UJA-DLL1 21,TI-rrt( 21)) , Lt;G:, , ICtO':-

i5f) 1) ,L(
IT -'- c E v 1) L .1, ,V 1)L..!%' , - 0N!3r, E 3L P, 1 GfTIG TJ,% 'JE2

C** n ,,AY VARIA"3Tiw.-
.)T VLT'~ / CV/2 CO.,:; S 1L/3/, CC~r'!t-2/4/

* ~ ~ , Y VA P~ T~~I\ V*AE.k.

I:'( I*L;-L .`'I; . 0) G') NDI 13 00

700 .r,)2 =V "'IL0 l f; - 21 S C.
Y2(.I D 1, /.0 0)+ 0 1A1

0~(f'r '11L 7(L )):(~rL:

C + FTJJ,.

L1=b( 1)
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6.81.7 (Continued)

L2zL( 2)
D'PI.Au( CCLi)/Z (Ei) +)( VOL~T:I) *r)T( POL) )/Yf(GI.A)

DP*i)U'=(C( L2)-!Yrf( PL2) )/Z(VEX Li) L) I-'(-1r

INS ,(L2.*2)M.2

L2) ('=!Yf,( Pf:L)
R~LTITI !

6.81-7



(, .82 SU BRUU'I INE--F i121~'8'-

FI.I.T82. i- ;I ,iA illt A :LLIM "I ;I rc ilnet I c nn ) ( ~er~IL~1

a I*VI Lei valIvc I).-Lwt..ccii ( le I v~px mill v It ill111 'Ul (lil.nhi n t Iii UL

Ito It pilnLLeIl.

RI) URW 01-111P- CQANS IC' 4 DiAI- SUPPLY INLI

CONN NC...

C-A?]L DRAIN IrNLLT - C~l!LC

CONU U~a. Ik Le jN.

ILAVOL UML- C". -A V1"o
(INcwL.UD. '. Plit i FoDI I I VOLT

PASAGI. VOI.UIkifL) VOL UML

Ty P
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6.82.1 Math Model

Thek FlLT82 model calculates the transient pressure and flow demands of a

three !lement filter manifold incorporating a relief valve. Figure 6.82.2

schematically describes the filter manifold where the bowl and element

pressures of each filter. PB and P1, are to be determ'ned. The past valves I
of the bowl and clement pressures, PBS and PES, are shown at the ends of

pI)udo passage,; along with their conductances, C. The conductance of the j
pseudo passage is calculated using the equation:

G - VOL/ (BULK*DELT)

whe ru
wrV1 = conductance of the volume, CIS/PSI,

3
VOL volume, IN

BULK = fluid bulk modulus, PSI,

DELT calculation time interval, SEC.

The couductances of the lines connected to the filter manifold is

simpyly the reciprocal of the line impedance, Z.

G line = i/ZlJ.ue

whe re

Gin = conductance of the line, CIS/PSI,

"z1hue impedance of the tlne, PSI/CiS.

Initially, the relief valve is assumed to be closed and a solution

technique similar to that used in FILT81 is used to solve for the bowl and

element pressures of each filter.

Alter all the line and volume conductances have been calculated, the

i lows ac1e summliled about PB and P'E reasulting in the following equations.

6.82-2



PBS(I) PES(2)

VOLINO) G7 Gj(8) VOLEX(2)

2(1R RI R2 2(2
ACI AA 

CZ)

G()PBCI)E 1 PE (Z) G C2)

Z(3) PB3) R3 34 PE-(4) ?Z(4)

CL 3) Ca4 (4

VOLINC$) cGII (12) VOLEX.(6)

R85( PES(6')

RILTS2 DiAGRAM
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(C () -PB)*G(i)+(PBS-PB)*G(3)-QE=o 6.82.1.

QE+(PES-PE)*G(4)-(PE-C(2))*G(2)-O 6.82.2

where

C - the line characteristic pressures

QE - the flow across the element.

The pressure drop between PB and PE is

wherePB-PE=QE2 
*R2+QE *Rl 

6.82.3

RI = linear pressure drop coefficient

R2 ý 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 solved simultaneously to give PB and

PE.

After the bowl and element pressures for each filter have been calculated

a teat is made to determine if the relief valve is open. If PE(6)-PB(1) is,

less than the relief pressure, the relief valve is closed and the pressures

znd flows at tha connections to the filters may be immediately calculated.

Q (N)= (C (N)--PB (N))/ (N)

P (N)=PB(N)

Q (M)- (C (M)-PE (M))/g (M)

P (M)=PE(M)

wheore

N 1, 3 or 5

M1 2, 4 or 6

6.82-4
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11PE(6) -lB(1) isi greater thanl the rcile'. p ressure the relict. val've is

open and the bowl and element pressures tox the supply ana return 11 teOrs arve

realculatted.

An Qquivalent conductance, GEQ, iq calc-ulate-d Or- OhW [low acrobs the

titreletlcnts of the Su~pply and return fLi~ters.

With the rk-lie t val~ve open thure is a1 Ilow fromi PE (t,) to PB( 1) .The

flO Lwthrough the re livi Ivalve plu all~ otlier llowa; are Liumlul U il.tmit I'Mkl()

PE (2.), P13 (5) and 1'EL(6) to give the iollowi.iig equat tons&

(1'B I)-FE(2) *GQ ()±('ES(2)--FE%(2)) *G(8) -(PI, (2' -G (2))*()u

(Phi (5) -PE (6-) )*c;EQ (2)4 (Vh'S (0) -PF' (0 ) )-vG (12) (6E ()-I'll (1) )*(GREL1

This r esulIt s inl a -;VL olf four eqiia t ons wit iiiV ournknownis, Ph ~l),

Ph (2) , 'B (5) and F(b).These erjuat ions are solved simu Itaneoumsly to givo

the bowl. Land eluiyen( pressures Ili the supp ly and eLLUrn1 HIi I vrs Wi 1-i tilie

reliclf Valve opuen.

The bOW'L and e leiien p re ssurcs t Or OhW i-iopp 1 y Mid re~turn I ii to t -lrL'

u-se d tO ca lru'.ate th 1wiiows and pros ,tircs atl the! :onnlc~t[Gtons t o Ilic 1.1 teri-

P (2)='Pi (2)



Q(5)- (C(5) -P'i5 )/Z(5)

Q(0~)- (C (0-1PE (o) )/Z(())

6. 82. 2 As tium tions

IL ii WUUIIXd LIhat 4 LiIlwariZLd cqulvalunL conductance muy, be utisd Lo

cuilculaLv the~ pressure drop acuj the ulumentL wrhen the reli-t- valve is open.

The reliUt VaIlve I.S d1SIIrned tC, open in~itautancously,

SLCTION Io~f,

h DO I otp is us'--d Lu Calculatep-euc coroductainces tor the bowl and

elemnta vcJumv.,; Lýur each filt er. The filter eilou.cnt coriuLait. tor each

filter, D(C()NtSI0F) , is ridjuste-d for fluido other than Mi-L-li-560b and/or

tempo! aturcs other thLan 1000F.

Do 1-,00 ~..,3

i1m ('&- )*

L) (\ OLIN I)n- (VOLIN44) (BUJIK(Kl) *i)EL]))

U t\VC)LUX+I')-D (VOLEX+F) /(HUULK (KI) *DI-"l'r)

D, (CONSELI. F)=~V1SC (KIK)*R1IU (Kt)(.)28k8. 21,.5)*D(C0NSLL+F)

1200 CONTINUE

Ak~O t c- i adkc to insuroý the tilLe-r is p r:per-!Nvr,,nn'ct.ud. ra

01)0cLion1

uitius Only callS to) Conn1CCt ion 1, 3 and 5 are allowed.

K ~For each I iit.Lr the f it r el1 rnen t- consqtants D (CON.SEL+F) and

I) (GGNEZIF r added to Llh 0 and Q 2 si Cady state fl1ow coefflcient s,

[.. 2- f



rfesptkctive Ily, The p)TeSsure± drop auross the filter is subtracted from ~

thxe upatruazfl preassure 101 th,! eg

SbX; UON 2000I

A do l-oop iis vuo,ýd t-o cale-cu-,tc the. follo4Wing8 constants for each

* IftiLet. 1'&uudu ceolducta-mrcestz; catcihattd for use in the transient

c~.culcuLi.on0 Suottoct.

D0' 202.0 ,3

//~Na L1411L~

UT (GI10-11) -1. 0,'Z (Li) K-D (VCLIN+F)

Ij~ DT (G;TOT'+u) =(L)lý (CGiN-ill) +U (GUIlT-HI)) I(til/ GIN+H) *UT (cOUT+lfl)

V ~~Di(GTOT+lI) = 0. 5'* (Tn] CGTOT+II) +1) (CON SE A-F)) / U(COw'I Z-iF)

Tevalues of II(ILl)and DT(PEL4Il) are calculated for eacht filter

using a do loop.

DO 3060 P1=1,

N=M+L

LZ-(L(N)

F=(1 -1) *8

6.82-7



DPIN-(C(LlI)/Z(Ll)+-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-DPOUT) iD (CONEZ+F))

DT(QE+H)=SIGN (DT(QE+A)-DT(GTOT+1{), DPIN-DPOUT)

DT (P BL+H) =DP IN--DT (QE+H) / Dr (GIN+H)

DT (PEL+H) -DPOUT+DT (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 (LI)= (C (LI) -DT (PBl.+11)) / Z (LI)

P (LI)=DT (PBL+H)

Q (L2)= (C(L2)-DT(PEL+H)) /Z (1.2)

P (L2) -DT (PEL+Ii)

DT (PRESS B+H) =DT (P BL4-1I)

DT (PRESSE+H) =DT (PEL+1H)

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. lf the difference is less than the relief pressure tile

subroutine returns execution to the calling program. If the difference

is greater than PREL the bowl and element pressures for the supply and

return filters are recomputed.

The conductances of the lines are computed.

G1=I./Z(LI)

G2=1./Z (L2)

G7=1./Z (L6)

G9-=. /Z(L6)

The A array is zeroed. The A and B arrays are then loaded for the

matrix solution using SIMULLT.

6.82-8



A(l:i)-Gl+D(VOuM)+GpjLL+GEQ1

A(l,4)=-CREL

A(2 ,l)m-GEQL

A(2, 2)=GEQ1-+D (VOLLX)+G3

A(3, 3)-G7+D (VOILIN+8)+GEQ2

A(3, 4)=-GEQ2

A (4,l1) =-GRELL

A(4,3)=-GEQ2

A(4 ,4)=GEQ2+D (VOLEX+8)+GREL+G9

B(l)=C (Li)*Gl+DT(PBL)*DT(VOLIN) -PREL*GREL

B (2)=DT'(PEL) *D (VOLEX)+C (L2 ) *G

B(3)=C (L5)*G)+DT(PBL4-16)*D(VOLIN+8)

B3(4 ) =DT (P ELA-16 ) *D (VO LE X+8) +P RL *GRE L4.C (Lb)*G9

CALL SIIIULT (A, B, 4, J)

The bowl and element pressures are returned through 13 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(PRLSSB)=BQl)

DT(PRESSE)=~B(2)

DT(PRESB+1.)=B(3

DT(PRESSE+16)=B(4)

DT(PRESSE+16)=B (-I) /ZLI

Q(L2)=(C(L2)-B(2))/Z(L2)

Q(L6) (C (L6)-B(4) )/Z(L6)

6.82-9



P (LU)=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

Q term.

6.82.5 Limitations

The pressure and flow calculations with the relief valve open are

approximations the accuracy of which will decrease as the duration of the

relief valve opening increases.

6.82.6 Variable Names

Variable Description Units

D(CONE2) Nonlinear Element Constant PSI/CIS' /2

D (CONSEL4-F) Linear Element Constant PSI/CIS

DPIN Intermediate Calculation

DPOUT Intermediate Calculation

F lr crement

GEQi Return Filter Equivalent Conductance CIS/PSI

GCQ2 Supply Filter Equivalent Conductance CIS/PSI

DT(GIN+I-) Sum of Inlet Conductances CIS/PSI

DT(•OUT+H) Sum of Outlet Conductances CIS/PSI

GREL Relief Valve Conductance CIS/PSI

DT (GTOT) Intermediate Calculation

Gl Line Conductance CIS/PSI

G3 Line Conductance CIS/PSI

G/ Line Conductance CIS/LSI

K• 6,82-10



G9 Line Conductance CIS/PSI

II Increment

I Counter

Ii Counter

j Counter

Ji Counter

K Counter

Li Dummy Variable

L2 Dummy Variable

L3 Dummy Variable

L4 Dummy Variable

L5 Dummy Variable

L6 Dummy Variable

M Dummy Variable

N Dummy Variable

DT(PBL+H) Filter Bowl Pressure PSI

DT(PEL+H) Filter Element Pressure PSI

PREL Relief Pressure PSI

DT(PRESSB-1I) Filter Bowl Pressure PSI

DT(PRESSE+11) Filter Element Pressure PSI

DT(QE=H) Flow Across iilter Elemen.L CIS

DT(VOLEX+F) Exit Volume 
IN 3

DT(VOLIN+F) inlet Volume 
IN 3
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6.82.7 Subroutine Listingt

r3'MMO'TIrOJ FIL r112(D ,rO L
C** RL.VISUO PL3 5, 11)75

CO~~~ NT~A~PI po I iT I,:, ,i'-pj!, I:1. r,,,~51 )

COz.iQ/SJ/?'RI 35,9 ,P0(10l ,Q*(50 0) Q3 0 1) ,C( 3 ) j
1, "' 3 q ) .RHO ( 2'1)) ,20 Q J.( 20) ,VISC( 20) , 3ULK(2),~L~( 20) , '?VAý'( 20))
2,A'201: ,RYSP, OLt-L,TPI: L, PULV'o)t.L, ?I T'ITLf. 20) , 6>,lO

4,1 "N," G'. :.t a I)LI] , 119 )a 1 I SIT T 0 .aI PLIPYu Pt, ( 9 A)1L~ 1 - (15 T(1 C X

TL (7,LZ VOLTA1, VOLLX , CO,%S,.:T,, C01,11 2, (U .ý , 'jTh, GTO'T:, f? ni L(,'L

C ****-D A R .7Y VARIAILL3L

C -1i:LC-TP 10 1;').)0 1-,!rI.d~ CWW'Y~3~ ~.I~ FvU:'ujL f.CL\I95

C w~T RT~IL.F'VALV7L*P32U

3. R L L E A VAC;.

rj1201)~=,

T( CO .' ".0i.T ,+; . 1 V .6C D 'I) *?..'j9) 1, ) ( *2L

1;,) F=11

51n P=F'+d

1550 ~'r~f

'¾='~L~(I ,Lr,1))

? (d/( I.A iL, 11l)P!~, r.' I NI L L, I "A DL

P 1 ý(ý:

1~~Y) C.JT:!Ilf;

~ES1 ANIA NLAIB3L COPY 6.82-12 _



6.82.7 (Continued)

1901 r0R.4AT( 2X,7i!C3..iP',? ý1,4,31A; CALLi-',) INC01fRICTLY PIRO., LLG )
1 I4,7H C0M 1-10,14)

C Su T 2 fl0~ LTIi~L I1~ VALIDITY OF CO PO1iE'ýT CO,3.)JiCTIOJh- :4

C %I,"L;CTI,)N OF rLOW0. INITIAL TPR 3S:JXRL.S INL10 iR '1 ~"c4 ~
C .'ALLI A S T -,' .4. 1'L~ ACfOSG E,:U.TýRL: CALCUTATýJ) As-D

"10 202fI I1,

r,1=L( ..)

,F=(1-1) *4

C SET M!-tiY VAi`DWI'3.f
C TORL. i'i)v Pi,:SL LIJ fh~~ \~ ~CW)~SA3 L PI

DT(.9 P, .-ISL +. I) ?( L2

0T ' GOUT+. - 0/ Z ( tr +C 1) + ,'y ( *oJt- ri X / +F .L ~+i
.) ( T C J L )* ~ CT ( C i : ) + ( O L ) ) /T(C ~ 4 CO') Dl2+ O !

') t CJL+;1 ) =-Df( PI L.-; t,+1 H

tL: TJ R, r

C SI;:Cf 3)))' C r., C!L N~. I * PTO 1 ii T R %4'HA L *\ i C;i E CT I3 -D I?

n", 304fl 1=l,3

2*T- ?L

T=(-) T,

31 52 C0"-ZTI,-lf~

f=P~r C( L 2 )Z ( 1, 2 )+5 N.7 V L.X +~')*r~. PL-'.2P ) *! .v~ L ~ r
nT~L+~)s~n~o~c+)*2.A:s~P T..I_ -) Y/ D(C i2+~

p(L2)=r~'( ?LL+HD[LV~AL COPp
0'r9 LTj+T` POUT DT 6+.TC2-13J



6.82.7 (Continued)

r,0~~ CcYITT!ýJL
I~'Dr(~i1 16-oTP'3).'~.R~LGOTO 3200

EL1=L( 1)
L2=L( 2)
L3=t.( 3)
L4=t,( d)
L5=r,( 5
L'3=L( 6)

31.52 .:I=i./Z(LI)

"G- 1./Z(L2;)

DO 21 I1=1,4

DO 10 31=1,4

0. 1 1) U-iD VO1)"k~L~L?

'(,2) -33Q

A( 3, 1)= 7-(VLN+)C!)
A( 3 , 4) 1k2

A( 4,3)=*.37`2

S\r S.1I~~ (- , 3,.1.
7) T ?I Z .SS E .2 (21

L' [1)=C(L I)( 1) )/Zw( LI)

P( L1)= 1)
P(L2)=(2

B EST Uvhi 1i2LIZCOV' 6.82-14



6.83 SUBROUTINE FIL'183

FILT8 3 is a s iullilat iol Of :11a illn i tc, bypass type L, mlu~ .letioiicu ionn

filter. On~e lhilct and two on Liet cotmect bion arc, used.

-COtNNECXION NO. I
BYPA5s' VAI.VF

*--CONN4LCTION NO.2

LNLV VOLUMLCONNMLC1 ION NO. 3

(INCLUDES INLEI 
I OU~A

VOL-UN4) 
(INCLU'Ck LLEMEN'T
VO[LUIr)

L- LLL:M r-NT

ty'Yl;l No. 83 INI. INI: F IJflk
CC L2)

G ~~ L LlAMI-- NTC(I CiL 71 S -L2L3
"VOLJOLIN Volt) L~ X UV 0 C c L

., LI 1-



6.83.1 Math Model

FILT83 calculates the bowl and element pressures under transient

conditions. FILT83 DIAGCRAM, 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 conductanees are calculated using the

equation:

GvoI =VOL/(BULK*DELT)

where Gvo] = Conductance of the volume
BULK = fluid bulk modulus
VOL = volume of oil in bowl or element section
DELT = time step of program

The conductance of the element is the reciprocal of the input element

constant.

G'elc = l./DQ(CONSEL)

The conductance of tIe relief valve is the reciprocal of the input relief

valve cons•tant

Grel = ./1) (P LI.

Tire coniductncs tho thre :1 111o S ]li's conn1-ected to Ihe filter i'; simply

the reciprocal cit the individual lne Lmpedances.

(;1ine = l'Z~lInc ,

With ;lixl the c(nductanuces cal.cul;tcd, I!,)w-a ;-u1mrv'd ;xbn( t Phi and

PI": real t ltg in the in ilIowig, eq at iniins.

j 1PC(, 1) + ;v l (Pb-P} ) 31, P3l G(Pr-e 1 P) S (;e~ '•PE) '

(~rtl (Ph-PB)4+C1 2 l1 (P:--IH)O + 1 vn. I UE-I'ii)+-2(I'-1(i2)) 4 (;3(PE:.-UI,3)) =

0. I"- 2
flr•



"If the difference between the previously zalculated values of PB

and PE is less than the cracking pressure of the relief valve, GreI is
4

set equal to zero. The above equations are then solved to yield the

pressures PB and PE. The values oi P1B and PE are then set 2quai to PBL

and PEL respectively. The inlet and outlet flows are then calculated

,; Q(Il) = (C(L~l) - PB)1/2(L1)

Q(L2) (C(L2) - PE)/Z(L2)

Q(L3) (C(L3) - PE)/Z(L3)

6.83.2 Assumptions

The pt•ssure losses at the inlet and outlet are assumed to be

negligible aad are, therefore, not included in the simulation. The

relief valve is assumed to open and close instanta-eously.

6.83.3 Computational Methods

SECTION 1000

"Pseudo impedances for the bowl and clement Het ous n -are calculated

us iug

'D(VOLIN) = BULK(KTELMP(IND))/D(VOLIN)*W-'LT

0 (VOLEX) = BULK (KTEMP (INP)) /D (VOLEX)*DELT

S " ,The filter cmcutout constant is ,IdCis.-t-id for fluid at her thau MI1,-1I-5606

and/or temperature other than 100F'1.

SECTION 1500

The leg coun.t;nlt for Q is upduteud and t he outL1 t pji-oiSLArt, I.H c;1]cU];at('d

and stored. The bot)wla t.mt'nt prasnurdu are in Itiullwied.

SECTION 2000

['he i •)f(au1Ct"'4 aLl't' convectl I'd t'.)cttIIut't ' irtH

iI



D(VOLEX) =l./D(VOLEX)

D(CONSEL) =l./D(CONSEL)

D(REL) =l./D(REL)

[ The constauts DT(C1), DT(G,2), DT(G3) are evaluated

DT(G1) = l./Z(L1) + D(VOLIN) + D(CONSEL)
DT(G2) = -D(CONSEL)
DT(G3) = -D(CONSEL) + D(VOLEX) + I. /Z(L2) -r l./Z(L3)

SECTION 3000

The di~fference betweei the previous values oý the bowl and element

pressure, DT(PBL) and DT(PEL), is compared to the relief pressure.

If the relief pressure is exceeded DRELI7 , the relief valve conductance, is

set equal to t~he input value for the relief valve conductance, D(REL). lf

the rcilicf pressure is not exceedted I)RELF Ls set to 0.0.

DRELF =0.0
IF(DT(PBI) - DT(PEL) .GT.D(RELPR))DRIELF-=D(REL)

The bowl and element pressure'S, D9T(PBL) and DTF(PEL) are then calculated

and stored

DGl DT(Gl) 4- DRELI"
DG2 =DT(G2) - DRELF
DC3 = DT(c.3) + DRELF
P1 = DT(PB2)*D(VOIlN)+(.(LL/Z(Ll1)+4D(RELPIR)*DRELF Jr
R2 =D'r(PEL)*D (VOLL,'X)+C (L2) /Z (12)+C (L3)IZ (L3) -1)(RELPEI') *DlR.IL1,'
DT (PFL)=(R2'*DG1-Rl*DG2) /(D03*IJGI...0C2**-2.) ft ~DT(PBL) = (Rl*DG3-112*DG,) / (DGI*DG3-DG2** 2.)

The pressures and flows at each of Lim connect ions are then C'-i1 eu~;ited

anid stored.

6. 83.4 Ajpprexiaiat Lons

The relationshipj bc~etW(flprsuri irop aid fl1ow acre ;s Ithe I'ltee

Is assumed to he litiar.

. 3-/4



6.83.5 Limitations

The accuracy of the model will decrease at flow rates where the effects

of the oressure losses of inlet and outlet passages become significant.

6.83.6 Variabie Names

Variable Description Units

D(CONSEL) Element Constant PSI/CIS

DGi Dummy Variabl e

DQ2 Dimuny Var iable

DG3 Dtummy Variablle

DT(Gl) Sum of Inlet Conductances CIS/PSI

DT (G2) Element Constant P SI/CIS

W (G3) Sum of Outlet Conductances CIS/PSI,

LI Dummy Variable --

L2 Dummy Variable

1,3 Dummy Var lab l e

DT (PBL) Bowl Pressure PSI

DT(PEL) Element Pressure Psi

RI fitermediate Calculat ton

R2 lntetmed iate Cal culat ion

1) (REL) Rel]if Valve Constant: PSI/CIS

D(RELPR) Relief Pressure PSI
3

D(VOLEX) Exit Volume IN

D(VOLIN) Inlet Vonl mc 
IN3

0. 83-5



6.83.7 Subroutine Listing

~~~~ PFVLT 1,\ 3) )

~ 150,0, 9.;(1500) ,\~( 150) ,P( 300) ,(~ '0 C( 300)

1, %( 300) RH~O( 20) 520-1,110( 20) ,VI:3C( 20) , BULK1( 20) ,T 1 ~(20) , U-VAP( 2f-)

3,'t~i(00 ,LT\F'( 50),NLT( 50),LTP~9) IC( 9 ) , Illv, TZ

T ,iLIO U' 1) ,T01( 1) , n- 1) , L( 1)

**.)' A-pRY V~i7RIA~U.\3l- ***

C SLCTI','t-1 1011~ i-ST 3ZLISM'S<C>~7\~ FOR~ lJi.r 1.3 rFUT',Ji-i, ~ v'1j

ITT (I!,llf~.NL.0) -10, 'M 19fl)I
SUT ~COIS'JNI"S FOP IJýTjl-'GPTIJ*," Or ?RLSSUJI(L

~F LTJ Ur

A,717 I( IUlE.L, ) C043T-7141( ILlý, Fe) l" -V)(C!M L r.

0T ( C,):.,3 --:L L( I.L L ii) )-E )= ,n

23001 CO'..'T I U E

1 .7~ T,j L 2)1 1 1 1 1 1F

-H' 1 Vf S\~l\r ?'J~ -''I)t L L..' ''- I~ L~y LCIO 2
P' IAIE. FL L , ,)P.ý :,; ,6) ,)CS3,f.
QT p*.3r CTFIIf L ''!1. ,1

BEST~~~ IVlT BL COP.6;4



6.83-7 (Continued)

LI=L( 1)
L2=L( 2)
L3=r.( 3)

rT) 1  = O G.9

DG2=7T)( G1 ) +DR Ej F

D(Gi)=DT( ?:2)-EP

DOC3T =W( q3 + D11 SL L!•IDP( 5L) *(VO L[ I) +CL I) Z (LI) + 0(R L .P R LDtLF
R?= DT (MEL) *D VOTLi-'-) +C( L2) L2) +C( L3) /Z( TA ) -i',( [•LR pl")* n ,L

ID T( P L)= D3 - f 2*DGJ)/ DD3 -, G2*2
,2( L )=C( L I -DT ( PilL) /Z(LI)
P( L1) =DT( .•3 L)
^ý(L?.) =(C( LI)-T ?LL) )!Z(L2)
P ( L2)=-1T([•L L)
")(L3•) K, C L3) -rT( PL:L) 1/Z(L3)
P( L3)=DT( PE.L)
:%' L.T 71m

y~Upy

6 7VAIL4BL
6.83-7



6.92 SUBROUTINE CAD92

Subroutine CAD92 is a dummy input subroutine which can be used in the

place of a guidance 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 routine. The data input, described in Volume I, contains the

elevon actuator component number (L(l)), the number of data points in the

tables (inputted as L(1].) 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

which is also stored in groups cf 8.

The first 8 spaces in D( ) are reservcd for hinge moment data, which

will be added later.

I

I

L6.92-1
' , I I I I I I I I I I I I I I I I ' j



6.92.1 Subroutine Listing

SUBROUTINE CAD92 (D,,DTDD,,L)
C *** REVISED SEPTEMBER 1975

DOUBLE PRECISION DD
INTEGER TLUD
COPIMON NTELPL,NTOLPLIPT,IPOINT,NPTS,INEL,KNEL,NTOPLNLPLT(61,3),
1 POLEG(90,12),LCS(90,,10),ILEG(1400),PN(90),QN(90),VSTORE(6150)
DIMIENSION D(24),DT(1),DD(1),L(5)
COLI'4e4ON/SUB/PARM( 150,9) ,P1( 1500) ,QM,( 1500),P( 300) ,Q( 300) ,C( 300)
1, Z(300) ,RHO( 20) ,S2ORHO( 20) ,VISC( 20) ,BULK( 20) ,TEi;4P( 20) ,PVAP( 20)
2,ATPRES,T,DELT,TFINALPLTDEL,PI,TITLE(20) ,LEGN,ICONI
3,!(TEMP(99)o,LSTART(150),NLPT(150),LTYPE(99),NC(99),INX,INZ
4,INVISTEP,NLINE,NELINDIENTR,i1NLINiE,MNEL,MNLEG,M1N-NODE,MNPLOT
5#MNLPTS,M4DS
COMMON /COM'PD/ XD(4500),LX(1500)pLEX(99,4)
DATA TLUD/1/
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(NCOfIPj, 2)
IF(NCOMP.GT.IND) -3O TO 1500
XD(LEX(NCOMý,P, 2) )=D(L(4))
,.,o TO 3300

1500 CONTINUE
WRITE(6,1600) NCOa1P,IND

1600 FORMAT(2X,14H COMPONENT NO,15,
1 -42H SHOULTr) HAVE A LOWER NO THAN COMPONENT NqO,I5)
RETURN

2000 CONTINUE
GO TO 3100

3000 CONTINUE
IF(T-DT(TLUD).LT.0.040) GO TO 3400
DT(TLUD)=T

3100 CALL INTERP (T,D(L(3)),D(L(4)),10,L(5),VALY,IOD)
NCOv.1P=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 CAD93

Subroutine CAD93 is a dusngy input subroutine which can be used in the

place of a pump subroutine, to input torque loads to the APU subroutine.

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 number of data points in the tables (inputted as L(ll) 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 is also stored in groups of 8.

The first 8 spaces in D( ) are reserved for oscillatory torque data,

which will be added later.

6.93-1



6.93.1 Subroutine Listing

SUBROUTINE CAD93 (DDTDDjL)
C REVISED SEPTEMBER 1975 *

DOUBLE PRECISION DO
DIM4ENSION D(l)fDT(l),OD(1),L(1)
COr4A*ON NTELPL,NTOLPL,IPTIPOINT,4PT-S,INEL,KNEL,NTOPL,NLPLT(61,3),

1 PQLEG(90,12),,LCS(90,10),ILEG(1400),PN(90),ON(90),VSTORE(6150)
COM:4ON.l/SUB/PA~I:1( 150,9) ,PiI( 1500) ,Q4( 1500) ,P( 300) ,Q(300) ,C( 300)
1,Z( 300) ,RHO( 20) ,S2ORHO( 20) ,VISC( 20) ,BULK( 20) ,Ti.',P( 20) ,PVAP( 20)
2,ATPRES,T,DELTr,TFIN1AL,PLTDEL,PITITLEJ(20) ,LEGN,ICON
3,KT(Tt.IP( 99) ,LSTART(150) ,NLPT(150) ,LTYPE(99) ,NC(99) ,INXINZ
4, INV, ISTEP? NLI NE, NE L,IND I IENTR, NNLI NE,ANEL, MNLEG, ll-INODE, L4WPLOT
5, M4NLPTS .'IDS
COMMON /CO±'1PD/ XD(4500),LX(1500),LEX(99,4)
IF (IENTR) 1000,2000,3000

1000 CONTINUE
L( 3)=9
L(4)=9+(L( 11)+7)/8*8
L( 5)=L( 11)
DT( 1)=D( 3)
RETURN

2000 CONTINUE
RETURN

3000 CONTINUE
CALL INTERP (T,D(L(3)) ,D(L(4)) ,10,EL(5) ,VALY,IOD)
DT( 2)=VALY+DT(1)*D( 2)+D( 1)
RETURN
END

6.93-2
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6.95 SUBROUTINE APU95

The APU95 subroutine is a generalized subroutine set up to model

the auxiliary 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 looking at the loads of the

gear box, hydraulic pump and fuel pump.

b.95.1 Math Model

Thu block diagram of the APU analytical model is shown in Figure

b.95-1. An ON-OFF fuel controller is used to maintain the speed of the

turbine, between an upper speed - RPMH and a lower speed - RPML. The

liquid luk.l is converted to gaseous state in the hydrazing gas generator

to drive the turbine. In each cycle, after fuel cut off, the turbine

speed reduces rapidly due to the loads reflected by the gear box, hydraulic

puap, and fuel pump. At sea level the APU system cycles off and on approx-

imately 1 cps with zero flow from the hydraulic pump, but cycling increases

to approximately 3 cps with maximum flow from the pump. The functions

and the nomenclature of the APU model are in Table 6.95-i.

Fuel Pump Calculations of Flow Rate, Change in Pressure and Horsepower

"rF 3.0216, x 1ID6 N (V,(SW)

6PFP P PU + 105.28 Fp (400 Pu <_. 80)

HPp = 7.0042 x 10 mFP m PFP

SF.95-P
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VARIABLE DESCRIPTION DIMENSIONS

NAME

C - Gas Spouting Velocity ft/sec
0

HAD - Adiabatic Head Btu/lbm

HP - Horsepower HP

m- Mass Flowrate lb/sec

1T - Turbine Efficiency --

N - Rotating Speed RPM

P - Pressure psia

3
P - Density ibm/ft

R - Reynolds Number
e

R * - Machine Reynolds Number
e

T - Temperature OR

S- Torque in-lb

U- Tip Velocity ft/sec

V- Control Valve Area Factor

SUBSCRIPT DESCRIPTION SUBSCRIPT DESCRIPTION

NAME NAME

d Disk U Ullage

fP 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



Controller

If (N T >RPMH) SW = 0.0

If (NT <RPML) SW = 1.0

Control Valve Position

v 1.J0 (Opening Transient)

v 1.0 1(Closing Transient)

Gas Generator
PT2

Subsonic Flow: I > T2S > .55

G

(0.7843'1) I *\(0.21569)'
0.046513 P Z . TS

G f -' [GJU
PT2S

Sonic Flow: - < .55
TG

n, " 0.01012

, = 117.903 T G(mFP .G) TG - 2160OR

,f.9dP
PG t dt

6. 95-4i



Exhaust Duct

Space: T2S 1.0688 mG(TT 2 0) ) - 0.50097 ('G)2(TT20)(0 482 68 )

Sea Level:

PT2S = 14.7 + 2.2086 x 10"3 ( G) (TT20)(0.79 3 09)

+ 0.0142 (•G)2 (TT2 0)(I0 2 57 )

20,000 FT;

PT2S : 6.75 + 4.5162 x G)6  G (TT2 0) 1 780 9

+ 0.16848 (n G) (T .2 0 )0.78269

Turbine

-U 2.9033 x _0 7I H

1 .. 3432 niG HAD "T - HP FP HPG " DF " HPF p

I r~ T2S (0.21569)
HAD -0. 70856 TG -"'•G

P (0.21569)
CO ~ ~ 18.7 Pc 1 T2S

U 0.023998 NT

"T M/C f PG)Efficiency Data From EFF vs U/C 0Curves

PT2S (0.21569)
TT20 = TG (1 - nT +T T G

DF - 8. 3 9 0 0 x 1 O"7 CD U3p



CD 1541.89

cu 2.1341
(Red) 1 /Z

0.20017 Maximum Value
C0 = (Red) 1 /4

c 0.05883?

D (Red)

RE*- 79.94 NTp

RE 0.89236 RE*

PT2
p = 1.21165

NT dt w)

HPGB- f (NT, HPHP) Gearbox Loss Data from Input Data Curve

6.95-6



6.95.2 Assumptions

TBD

6.95.3 Computations

1000 Section

In the 1000 section the steady state APII characteristics are stored

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 Sec:tion

In the 2000 section variables are calculated for use in the transient

section in order to decrease running time.

3000 Section

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 controllir

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:

LhMOFP = 3.0267E-6* RPM*V

DELPFP = DT(PG)-DT(PU)+I05.28*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 thLs value along with the APU RPM to obtain the

horsepower loss through the gearbox.

6.95-7



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/C0 value, the APU

efficiency is obtained from a table lookup. Th- APU efficiency vs U/C°

curves were input with the APU Oata.

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 - Co.aputed 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 is returned to the calling subroutine.

6.95.4 Approximations- TBD

6.95.5 Limitations - TBD

6.95.6 Variable Names

Variable Description Dimensions

CD Maximum value of variables

CDO Array of temporary variables

CED Array of input constants

CO Gas spouting velocity ft/sec

CV Delay variable of value po:;ition

DELPFP Pressure drop across fuel pump psi

6.95-8



Variable Description Dimensions

DF Temporary Variable

DPG Rate of Change of Gas pressure

DPGO Previous value of DPG

DPGSAV Previous value of DPGO

DRPM Rate of change of RPM

DRPMO Previous value of DRPM

DT Delta time step sec

DTC Delay time sec

EFF Efficiency of APU

EMDOTG Mass flow rate - gas generator lb/sec

EMDOFP Mass flow rate - fuel pump lb/sec

GBR Gear box ratio

HPFP Fuel pump H.P.

HPGB Gear box [1P loss

HPHP Horsepower hydraulic pump

HAD A diabatic head btu/lbs moss

I Temporary integer variý Le

IE Integer variable

SISW Controller indicator 1 = on - opening
transient

2 = off - closing
transient

NAGB 
Constants for gear box data

NEXTR Temporary variable

PEXO External pressure psi

tePG Gas pressure psi

PGO Initial value of PG psi

PGSAV Previous value of PG psi
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Variable Description Dimension

POPTPG Temporary Variable

PTPG Temporary variable

PT2S Turbine exhaust pressure psi

PT2SO Previous value of PT2S

PU Fuel tank pressure psi

PUO Initial fuel tank pressure psi

RED Temp variable

RES Temp variable

RESTAR Temp variable

RHO Temp variable

RPM Turbine RPM rpm

RPMH RPM high limit fox valve closing rpm

RPML RPM low limit for valve opening rpm

RPMO Initial RPM rpm

RTRED SQRT or RED

T Time sec

TCVO Time at Valve closure sec

TFAPU Time to fail APU sec

TG Gas temperature OR

TGO Initial gas temp

TGPOW Temperature

TT20 Outlet gas temp 0R

U Tip velocity ft/sec

UCO U divided by CO

V Control valve area factor

ZF2•4 Temporary Variable
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6.95.7 Subroutine Listing

SUB3ROUTINE APU95(D,DT,DD,L)
C REVISED 21 AUG '75
C
C AUXILIARY POWER UNIT (APU)
C

INTEGER PT2SO, PGO,TGO, PtO, RP1H, RPNIJ,
"+ CED1,CED2,CED3,CED4,TFAPU,GBR,
"+ PT2S,PG,TLIUD,DPGQ,DRPMO,DPG,DPGSAV,TCVO,PGSAV

COiAIrON/SJB/ PAR-l ( (150, 9) , Pri( 15 00) , ( 1500O) ,P(3 00) Q( 3 00) ,C 3 00)
1,Z(300),RIIO(20),S2ORHiO(20),VISC(20),!3ULK(20),TEi4IP(20),PVAP(20)
2,ATPRES,T,DELT,TFINAL,PLTDEL,PI,TITLIE(20) ,LEGN,ICON
3,T(TE-I1P(99) ,LST.NRT(15O) ,NLPT(150) ,LTYPE(99) ,NC(99) ,INX,INZ-
4, 1 V, ISTEP, NLI NL, NEL, IND, IENTR,A1NLINE, AN EL, ANLEG, iNNODE, fillPLOT
5, MINLPTS, mDS
COv'IMON /COiIPID/DARRAY(4500),LT(1500),LE(99,4)

DIA~ENSION NAGI3(2),XGB(8),YGB(15),XA(2),CDQ(4)
DIM4ENSION TA3X( 4) ,TAi3Y(.4)
DATA NAG3/5,3/,

+ XGB/20.,40.,60.,80.,1830.,6O000.,72000.,8O000./,
+ YGB/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/
DATA% PT2SO/1/, PGO/2/ ,TGO/3/, PUO/4/,RPMH/5/, RPi~iL/6/,

+ CED)1/7/,CED2/8/,CED3/9/,CED4/10/,TFAPU/11/ ,GBR/12/,
+ PTL2S/1/,P(3,/2/,TLUD/3/,DPGO/4/,DRPi'1O/5/,DPG/6/,
+ DPGSAV/7/,PGSAV/8/,TCVO/9/
DATA TABX/-20.,60. ,90. ,14O./,TA3Y/3.,7.6,10.8,20.3/
IP( IiNTR) 1300,2000,3000

1000 CONTINUE
OT (10) 0 .
DT' 1 1) =0.
DT (12) =0.
DT (1 3) =2
DT(1 4) =1

C DT ( .15) = 7 2 00.I

C INITIALIZATION
C

I SW =7
ITER=0
IF-(D(TFAPU).EQ.0.)D)(TFAPU)=10E6
OT ( PT2S)=D ( PT 2S0)
DT(PG) = D(PGO)
DT(TLUD)=0. 0
TG=D( TGO)
PU=D( PUO)
ADELT=DELT* 1. 0
V = 1.0

L(ISW) =2
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6.95.7 (Continued)

C
DT(DPGO) = 0.0
DT(DRPMO) = 0.0
DT(TCVO) = -1.0
RETURN

2000 CONTINUE
RETURN

3000 CONTINUE
ITER=ITER+I
IF(T.EQ.0.0.OR.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)

C N2 - LOCATION OF FIRST DT VARIABLE IN PUMP
RPA =DARRAY( N2)/D( GBR)

C OUTPUT HORSEPOWER IS IN POSITION N2+1 OF DT
CHP=ITER
ITER=0
X=DARRAY(N2+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 (CLOSIIG TRANSIENT)
C
C
C ------ TEST FOR FAILURE 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)
Go TO(60,70),LISW

C
C CONTROLLER ON
C

60 CONTINUE
IF(RPMI.LT.D(RPH)) GO TO 90
L(ISW) = 2
GO TO 80

C
C CONTROLLER OFF
C

70 CONTINUE
IF(RPzii.GE.D(RPAL)) GO TO 90
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6.95.7 (Continued)

L( ISti) = 1
80 CONTINUE

DT(TCVO) = T
90 CONTINUE

DTC =T-Dr(TCVO)
CV =1.0/EXP(DTC/0.01)

C
C *** CONTROL VALVE
C

LISW=L( 15W)
GO TO(110,120),LISW

110 CONTINUE
V = 1.0-CV
GO TO 130

120 CONTINUE
V = CV

130 CONTINUE
C
C ** FULL PUM,-P
C

EAiDOFP =3.0267E-6*RPil*V
DELPFP = DT(PG)-PU+105.28*EMiDOFP
HPFP = 7.0042E-3*E6~DOFP*DELPFP

C
C **GEAR BO0X
C

XA(1) =HPHP
XA(2) = RPAV
CALL LUCUP( 3,NAGB3,XG'3,YG'3B,XA,HPGB,IE,,NEXTR)

C
C GAS GENERATOR
C

PTPG = DT(PT2S)/D-r(PG)
POPTPG = (PTPG)**0.21569
ZEM~ = OT(PG)/SQRT(TG)
IF (PT PG. LT.0.55) GO TO 150

C
C --- SUBISONIC FLOW
C

EAs!OTG = 0.O46513*ZEM*.1*QRT(1.0-POP~rPG)*(PrPG**O.7.3431)
GO TO 160

150 CONTINUE
C
C --- SONIC FLOW

EM~DOTG = 0.01012*ZEM
160 CONiTINUE

DT(DPG) = 117.903*TG*(EM~D0FP-EMIDOTG)
DT(DPGSAV) = DT(DPGO)
DT(PGSAV) =DT(PG)
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6.95.7 (Continued)

DT(PG) = DT(PG)+ADELT*(DT(DPG.)+DT(OPGO))/2.0
DT(DPGO)=DT(DPG)

C
C **TURBINE

C
TGPOW = TG*(1.0-POPTPG)
HAD =0.70856*TGPOVJ
CO =188.375*SQRT(TGPOW)

U = 0.0239913*RPI-i
UCO = U/CO

C-- -
IF(DT(PG).LE.DT(.Pr2S)) UCO=0.325
IF(CO.LE.0.0) UCO=0.325
IF(UCO.GT.0.325) UCO=0.325

C-- -
XA(l) = UCO
XA(2) = DT(PG)
CALL LUCUP(3,L(2),D(17),D(L5),XA,EFF,IE,NEXTR)

C
C----------EXHAUST DUCT CONDITIONS - PRESSURE AND TE14PERATURE
C

TT20) = TG*(1.O-EFE')+EFF*TG*POPTPG
DT(PT2S) = D(CED1)*EM4DOT'J*(TT20**D(CED2))+D(CED3)*E~iDOTG*Eb-IDOTG
1 *(TT 2O**0(CbD4))+ATPRCS

IF(DT(PG).GE.0T(PT2S)) GO TO 180
C DT(DPGO) = (DT(PT2S)-DT(PGSAV))*2.0/ADELT-DT(DPGSAV)

DT(DPGO)=(DT( PT2S)-DT( PGSAV) )/ADELT
DT(PG) = DT(PT2S)+.5

190 CONTINUE
DENS = 1.21165*DT(PTr2S)/TT2O
RESTAR q:791.94*RPvl*DlENS
RED = 0.89236*RESTAR
CDO(l) = 1541.89/RE')
RTRED =SQRTl(RED)
CDO(2) = 2e1341/RTRED
CDO(3) = 0.20017/SQRT(RTRED)
CDO(4) = 0.058832/(RETD**0.20)
CD = CDO(1
DO 200 I=2,4
IF(CDO(I).GT.C.D) CD=CDO(I)

200 CONTINUE
DF = 8.3900E-7*CD*U*U*LJ*DENS
DRPA~ = 037(.42L~iOGiA*F-PPHPBD-ýPi)Rý
RP.M RP..1+ADELT*(DRPL4I+DT(DRPIO1) )/2.0
DT(DRPMO) =DRPA1
DT( 10)=HPFP
DT( 11)=HP'v3
DT( 12)=HPHP
DT( 13)=LISW
DT( 14)=V
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6.95.7 (Continued)

DT( 15)=RPH/10.
DARRAY(N2)=RPM*D( GBR)
DARRAY(N2+1) =0.0
RETURN
END
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6.98 SUBROUTINE CAD98

Subroutine CAD98 is 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 1.(10).

The data is inputted in a tabular form, and accessed via a first order

table lookup routine. T1he data input, described in Volume I, contains the

E.C. actuator component numbers (L(l) through L(9)), the number of data

points in the tables (inputted as L(ll) and stored as L(12)), and the number

of actuators to be command (L(1O)).

The tabl of time values, starts in D(l) 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.

6.98.1 MATH MODEL

Not applicable.

6.98.2 ASSUMPTIONS

Not applicable.

6.98.3 COMPUTATION METHOD

SECTION 1000

The number of data points to be used by the 3000 section is computed.

The initial cominand is calculated.

SECTION 1500

None.

SECTION 2000

None.
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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 Description Dimensions

NCOMP Component Number of Actuator to be Commanded

DT(TLUD) Calculation Interval SEC

68
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6.98.7 Subroutine Listing

SUI)ROrYZINE CAD90 (D,'DT,D0,L)
C *kREVISED DECEdiBER 1975

DOUBLE PRECISION DO
INTEGER TLUD
CO:*I,-1O*'4 NTELPL,NTOLPL,IP'r,IpoIILT,N.ýPTS,INLhL,K..k,9L,P'rOPL,NILPLT(61,3),
1 PQLEG(90,12),LCS(90,10),ILE.G(1400),Pa(90),QN(90),VSTORE(6150)
DIAEINSION D( 1), DT(1) ,DD(1) ,L( 1)
Co.ýv'iON/SUJ1/PARý4( 150,9) ,PA.( 1500) ,Q.i( 1500) ,P( 300) ,Q( 300) ,C( 300)

1,Z(300n),RuO0(20),S20P-,riO(20),VISC(20),TDULK(20),r.ýt.I1P(20),PVAP(20)
2,ATPRCOS,T,O1ELT,T-FINAL,PLTDrEL,PI,TITLE( 20) ,LEGal,ICON,

5, ANLP~s ,eADS
COtij.IO] /CC:.'PD)/ XD(4500),LX(1500),LEX(99,4)
DATA TLIID/1/

10)00 CO'-I±INIUL
.nTr ui]D) = o. o

L( 12)=1

00 120') c=1,NO
!.C0,i P=L( 7)

120 2)L(12D(LEX(iO 1?,))=( 1))8
Tr0~,PG.CD GO TA 150

1200 L ,160 ;J0j? N

1600 FOR-..;A0( 2X, 14r1CiP2N ,I,
1 4 2:1 OSliOTJTJO riVL A LJ'w-,LJ' NO1A C-3viPOIL,'ýT (10, 15)

2100 Co-rirIN;UE

J=L( 10)
IF( T-TP(TLJD)) .T. 0020 3o rO 33001

DT( TLfJ0) =Tr
31,10 L(12)=1

DO 3200 I=1,,7

C."\Lr T'l"' ITL.?(,(41) 0I(1) 1,, 1 ,w ,c0
:1COAiP=L( I)

3100 XL-(LLiX(i)C~i-iP, 2) )=VALY
330!1 R BT UP.N'

E.N!)
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I.

6.99 SUBROUTINE CAD99

CAD99 is a special type of component subroutine whose purpose is to

provide the necessary interface between HYTR•N and the six-degree-of-freedom

( SDF) programs. There are two interface routines. CAD99D is used with

the SDF descent program and CAD99A is used with the SDF ascent 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 SDF 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

SbF program. No hinge moment data is available from the SI)V ascent

program.

2000 Section

Not applicable.

3000 Section

This section transfers actuator and surface positiors from HYTRAN

to the s1)1' program and it transfers actuator commands from ,)DF to

the HYTRAN program. In addition hinge moment slopes and intercepts

are computed [r,,m !Im-W decent data and transferred to HYTRAN. Data is

transferred at flight control computation interval, (DTFCS).
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6.99.4 Approximations

Not applicable.

6.99.5 Limitations

Not applicable.

6.99.6 Variable Names

Variable Description Dimensions

XD(BF) Body Flap Rate Command

XD(BF+l) Body Flap Position deg

XD(BF+J) Body Flap Hinge Moment Interceot in-lb

XD(BF+4) Body Flap Hinge Moment Slope lb

DBI Inboard Elevon Degree Bias deg

DBO Outboard Elevon Degree Bias deg

DTFCS Flight Control Computation Interval Sec

DTVEI Inboard Elevon Conversion Factor v/deg

DTVEO Outboard Elevon Conversion Factor v/deg

DTVBF Body Flap Conversion Factor v/deg

DTVR Rudder Conversion Factor v/deg

bDTVSB Speedbrake Conversion Factor v/deg

DRESET 1 = reset, 0 = not reset

L(l) 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 j
L(6) Body Flap Component Number

L(7) Engine 1 Pitch TVC Component Number
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Variable Description Dimensions

L(8) Engine I Yaw TVC Componient Number --

L(9) Engine 2 Pitch TVC Component Number --

L(lO) Engine 2 Yaw TVC Component Number --

L(II) Engine 3 Pitch TVC Component Number --

L(12) Engine 3 Yaw TVC Component Number --

XD(LIBE) Left Inboard Elevon Command v

XD(LIBE+3) Left Inboard Elevon Hinge Moment Intercept in-lb

XD(LIBE+4) LefL Inboard Elevon Hinge Moment Slope lb

XD(LIBE+37) Left inboard Elevon Position deg

XD(LOBE) Left Outboard Elevon Command v

XD(LOBE+3) Left Outboard Elevon Hinge Moment Intercept in-lb

XD(LOBE+4) Left Outboard Elevon Hinge Moment Slope lb

XD(LOBE+37) Left Outboard Elevon Position deg

XD(NIP) Engine 1 TVC Pitch Command v

XD(NIP+37) Engine 1 TVC Pitch Position in

XD(NIY) Engine I TVC Yaw Command v

KD(NIY+37) Engine I TVC Yaw Position in

XD(N2P) Engine 2 TVC Pitch Command v

XD(N2P+37) Engine 2 TVC Pitch Position in

XD(N2Y) Engine 2 TVC Yaw Command j

XD(N2Y+37) Engine 2 TVC Yaw Position in

XD(N3P) Engine 3 TVC Pitch Command v

XD(N3P+37) Engine 3 TVC Pitch Poa;ition in

XI)(N3Y) Engine 3 TVC Yaw Command v

XD(N3Y+37) Eingine 3 TVC Yaw Positio hi
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Variable Description Dimension

XD(RIBE) Right Inboard Elevor, Command v

XD(RIBE+3) Right Inboard Elevon Hinge Moment Intercept in-lb

XD(RlBE+4) Right Inboard Elevon Hinge Moment Slope lb

XD(RlBE+37) Right Inboard Elevon Position deg

RITDEI Inboard Elevon Conversion Factor deg/in

RITDEO Outboard Elevon Conversion Factor deg/in

RITDT TVC Actuator Conversion Factor deg/in

RITVP TVC Actuatoi Conversion Factor (Pitch) v/in

RITVY TVC Actuator Conversion Factor (Yaw) v/in

XD(ROBE) Right Outboard Elevon Command v

XD(ROBE+3) Right Outboard Elevon Hinge Moment Intercept in-lb

XD(ROBE+4) Right Outboard Elevon Hinge Moment Slope lb

XD(ROBE+37) Right Outboard Elevon Position deg

XD(RSB) Rudder Command v

XD(RSB+l) Speedbrake Command v

XD(RSB+3) Left Rudder Panel Hinge Moment Intercept in-lb

XD(RSB+4) Left Rudder Panel Hinge Moment Slope lb

XD(RSB+5) Right Rudder Panel Hinge Moment Intercept in--lb

XD(RSB+6) Right Rudder Panel Hinge Moment Slope lb

XD(RSB+7) Left Rudder Panel Position deg

XD(RSB+8) Right Rudder Panel Position deg

RTD Radian to Degree Conversion deg/cad

TFT Time in Flight at Beginning of Run see

VBI Inboard Elevon Bias v

VBO Outboard Elevon Bias v
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6.99.7 Subroutine Listing

SUB3ROUTINE CAD99 (D,IDT,DDtL)
f%

C HYDRAULIC SYSTEM TRANSIENT ANALYSIS (HYTRAN) PROGRAA~ AND
C SIX DEGREE OF FREEDOMR ASCENT (SDE'ASC) PROGRAM
C COMM1UNICATION ROUTINE

INTEGER ROBE,RIBE,RSI3,BF
C
C DECLARATIVE STATE14ENTS ASSOCIATED WITH HYTRAN
C

DOUBLE PRECISION DD
DIA1ENSION D(1) ,DT(1) ,0D(1) ,L( 1)
COfL.1~viON/SU3/PARfM(150,9) PM(1500) Q 1l(1500) P(300) Q(300) C( 300)
1,Z(300) ,RhlO(20) ,S2ORHiO(20) ,VISOC(20) ,FULK(20) ,TE1MP(20) ,PVAP(20)
2,ATPRES,T,DELT,TFINAtI,PLJTDEL,PI,TITLE(20),LEGN,ICOtI
3,KTEi1P(99),LSTART(150),NLPT(150),LTYPE(99),NC(99),INX,INJZ
4, INV, ISTEP, NLINE, NEL, IND, IENTR,i'iNLIIJL,MNEL,IqINLEG,I4NiNODE,4N PLOT
5, NNLPTS, M1DS
COMMAON /COLo1PD/ XD(4500),LX(1500),LEX(99,4)

C
C DECLA\RATIVE STATEMENTS ASSOCIATED W~ITH SDFASC
C

CO:A1LON /FARRAY/ FC(200)
E OU IVA LENC E
*(DTFCS ,FC( 2)),(IRESET PFC( 6)),(RTD ,FC(7))
* (TFT ,FC(l))

C
IF(IENTR) 1900,2000,3000

1000 CONTINUE
IRESET =1

TPAST =T

DTVEO=1.173/6.7 246
V~30=7. 61*1.173/6.7246
V!31=7.538*.683/3.92
DBO=-7. 61
DBI=-7. 539
RITDT=9. 499/4. 413
RITVY=4. 59/4.413
RITVP=4. 59/5.449
DTVEI=.683/3.92
RITDEO=6.*7246
RITDEI=3.92

C***DbTERMiINE THL LOCATION OF THE ACTUATOR OT ARRAYS
C IN THE XD ARRAY.
C L(I)=COM~POMENT NIt43ER OF THE ACTUATOR

LOBE=LEX(L-( 1),2)
L1'3E=LEX(L( 2) ,2)
ROT3E=LEX(L( 3), 2)
RI3,E=LEX( M(4),2)
RSB=LEX(L( 5) ,2)
BF=LEX(F46) ,2)
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6.99.7 (Continued)

N1P=LEX(L(7) ,2)
N1Y=LEX(L( 8) p,2)
N2P=LEX(L(9) , 2)
N2Y=LEX(L( 10) ,2)
N3P=LEX(L( 11) 2)
N3Y=LEX(L( 12) ,2)
CALL SDFASC
TFO=TFT
CALL FDUL'IP(FC,1,200)
XD(LOSE)=FC( 149)*DTVEO+V3O
XD(LIBE)=FC( 146) *DTVEI+VBI
XD(ROBE)FC( 149) *DTVEO+V130
XD(RI3E)=FC( 147)*DTVEI+VBI
XD(NlP)=FC( 166) *RI'2VP/RITDT
XD(NL2P)=FC(167)*RITV/ RITD'j.
XD(Nt3P)=FC(168) *RITVV/ RITDT
XD(N1Y)=FC( 171) *RITVY/RI'tD'
XD(N2Y)=FC( 172)*RITVY/RIT0T
XD(N3Y)=FC(173)*Ri'rVY/RI'fDT
DT( 1)=C( 186)
DT( 2)=FC( 185)
DT( 3)=RITDr*FC( 191)
DT( 4)=RI'TOT*F'C( 192)
DT( 5)=RITDT*F~C( 193)
DT( 6)=RITDT*FC( 196)
DT(7)=RIT0T*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)
OT(14)=FC(167),
DT( 15)=FC( 158)
DT( 16)=FC( 171)
DT( 17)=FC( 172)
DT( 19)=FC( 173)

DT( 19)=FC( 71)*RTf)
DT( 20) F'C( 7 2) *RTO
DT( 21)=FC( 79) *,RTO
DT( 22)=FC(80)*RTD
DT( 23)=FC( 81)*RTT)
IDT( 24)=FC( 181)
DT(25)=FC( 132)
RETURN

2000 CONTINUE
RETU RN

3000 CONTINUE
IRESF'r 0

C***INTERFACE PA~RAMETERS TO BE TRANSFERRED TO SDFASC

6.99-6



6.99.7 (Continued)

C***TVC POSITIONS
FC( 166)=XD(N'IP+37)*RITOT
FC( 167)=X,"D(N2P+37) *RITDT
FC( 168)=XD(N3P+37)*RI'rDT
,FC( 171')=XD(NL1Y+37) *RITDT
FC( 172)=XD(N2Y+37) *RI'rDT
FC( 173)=XD(N3Y+37) *RITDT

C***ELEVON POSITIONS
FC( 148)=XD(LOBE+37)*RITDEO+DBO
FC( 146)=XD(LIBE+37)*RITDEI+iDBI
FC( 149)=XD(ROBE+37)*Ri~rDEO+DBO
FC( 147)=XD(RI3E+37)*RITOEI+DBI
IF((T-TPAST).LT.1JTFCS)GO TO 3200
TPAST=T
TFT=T+TFO
CALL SDFASC

('***INTERFACE PARAA4ETERS TO BE TR~ANSFERRED TO HYT,1RAN

C***TVC COtsl4ANT)S
XD(0'1P)=FC( 191) *RITVP
Xr)(N2P)=FC-( 192)*RITVP
XDUN3P)=FC( 193) *RITVP
XD(NlY)=FC( 196) *Ri~fIvy
XD(N2Y)=FC( 197) *Ri~rvy
XD(N3Y)=FC( 198) *l'ITVY

C***ELEVON COMME'ANDS
XD(LOBE)=FC( 186)'*DTVLO+V3O
XD(LIB3E)=F'C( 185)*0)TVEI+V31
XD( RO3E)=FC( 186) *rrVbO+VT3O
XD( RI:3E)=FC( 195) *DTVLEI+V3I

C***RS3 & '3F Cim)S.
XD(RSB)=0. 0
XD(RS3+1)=O.0
XDU3F) =0.0

C***ELFV. OUT~30ARD ClIDS.
DT( 1)=FC( 196)

C***ELEV. 11430ARD CAlDS.
DT( 2)=FC( 195)

C-'***TVC PITCH Cri!D-S.
DT( 3)=RITDT*FC( 191)
DT( 4)=RIT0T*FC( 192)
DT( 5)=RIryro*FC( 193)

C***TVC YAW Cm-DS.
DT( 6)=RITDT*FC( 196)
OT( 7)=RITD'r*FC( 197)
DT(8)=RITDTr*FC( 198)
CALL FD~t!tP(FC,1,20O),

3200 CONTI14UE
C***ELEV. POS. LO,LI,RO,RI

DT( 9)=FC( 148)
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6.99.7 (Continued)

DT( 10)=FC( 146)
DT(11)=FC( 149)
DT( 12)=FC(L47)

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**ALPHAk
DT( 19)=FC( 71) *RTD

C***BETA
OIL 20)=FC( 72) *RTO

C***BODY RATES
DT( 21)=FC( 79) *RTD
DT( 22)=FC( 80) *RTJ)
DT( 23)=FC('91)*RT!)

C***BODY ACCELERATIONS
DT( 24)=FC(181)
DT( 25)=FC( 192)

pl

C
R ETUJRN
END
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6.99.*7 (Continued)

SUBROUTINE CAD99 (D,DT,DD,L)

C HYD~RAUJLIC SYSTEL-1 TRANSIENT ANALYSIS (HYTRAN) PROGRAt4 AND
C SIX DEGREE OF FREEDO. DESCENT (SDFDES) PROGRAM4
C C00IMUNICATION ROUTIN4E

INTEGER ROBE,RI3E,RS8,3,F
C
C DECLARATIVE STATEMENTS ASSOCIATED WITH HYTRAIN
C

DOUBLE PRECISION DO
DIMENSION D(1),DT(26),DD(1),L(6)
COR'4~ON/SU3/PAR±i-( 150,9) ,Pm( 1500) ,Qm(1500) ,P( 300) ,Q( 300) ,C( 300)

1,Z(300) ,RHO( 20) ,S2ORHO( 20) ,VISC(20) ,IULK(20) ,TEA.P( 20) ,PVAP( 20)
2,ATPRElS,T,DELT,TFINAL,PLTOEL,PI,TITLE(20),LEGN,ICON
3,KTEM,ýP(99),LSTART(150),týTLPT(150),LTYP6(99),NC(99),INIX,INiZ
4, INV, ISTEP,NLINE, NEL,IND, IENTR,MNLNLIN, MNEL, NLEG,mOJNODE,I1N PLOT
5,MiNLPTS,i4DS
COi4;10r4 /CO:ýiPO-/ XD(4500),LX(1500),LEX(99,4)

C
C DECLARATIVE STLATEA*ENTS ASSOCIATED WITH SDFDES
C

COiMMO1N /FARRAY/ FC( 200)
EQUIVALENCE
*(DTFCS ,FC( 2)),(IRESET ,FC( 6)),(RTD lFC(7))
* (TFT ,FC(l))

C
IF(IENTR) 1000,2000,3000

1000 CONTINUE
IRESET =1

TPAST =T

DTVLO=1. 173/6.7246
DTVLI=. 683/3. 92
RITT)EO= 6. 7 24 6
VflO=7. 61* 1.17 3/6. 7246
V31=7. 538*.683/3.92
DBO=-7.61
DBI=-7. 538
RITD1&I=3. 92
DTVR=. 184
DTVS~3=. 0937
DTVI3F=. 13

C***DETERA4INE THL[ LOCATION OF THE ACTUATOR DT ARRAYS
C IN THE XD ARRAY.
C L(I)=COi,!PONENT NUM3ER OF THE ACTUATOR

LOBE=LEX(L( 1) ,2)
LI3E=LEX( L( 2), 2)
ROT3E=LEX(L( 3) ,2)
RI'3E=LEX( L(4), 2)
RSB=LEX(L(5) ,2)
BF=LEX(L(6) ,2)
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6.99.7 (Continued)

CALL SDFDES
TFO=TFT
CALL FDUi±IP(FC,1,200)

C***INITIALIZE COMN4ANDS
XD(LOBE)=FC( 172)*DTVEO+VBO
XD(LI3E)=FC( 172)*DTVEI+VflI
XD( ROBE) =FC( 171) *DTVEO+VBO
XD(RISE)=FC( 171)*DTVEI+VBI
XD(RSB)=FC( 174) *DTVR
XD(RSB+1)=FC(173)*DTVSI3
XD(13F)= 0.0
XD(13[+1)=FC( 144)

C***INITIALIZE H.4.
XD( LOBES+3)=FC( 132)
XD(LI3E+3)=FC( 130)
XD( ROS3E+3)=FC( 133)
XD( RI3E+3)=FC( 131)
XD(LOE3E+4)=O. 0
XD(LI3E~+4)=O.O
XD(RO'3E+4)0O.0
XID( RI3E~+4)=0. 0
XO( PSB+3)=FC( 126)
XD( RSB+5)=FC( 127)
XO(R'S3+4)=0. 0
XD(RSB1+6)= 0.0
XD(3F+3)=FC( 134)
XD(Z3F+4)0O.0
DT( 1)=FC(172)
!OT( 2)=FC( 171)
DT( 3)=FC( 148)
DT( 4)=FC( 146)
1OT( 5)=FC( 149)
DT(6)=FC( 147)
DT(7)=FC( 174)
OT( 8)=FC( 173)
DT( 11)=FC( 169)
DT( 13)=FC( 71)*RTD
DT( 14)=FC( 72)*RTO
D)T( 15)=FC( 79) *RTD
DT( 16)=FC( 90) *RTD
DT( 17)=OC( 81)*RTD
DT( 18)=FC( 193)
DT( 19)=F'C( 194)
DT(9)=FC( 136)
DT( 10)=FC( 137)
DT( 12)=FC( 143)
DT( 13)=FC( 145)
DT( 19)=FC( 144)
DT( 20)=FC( 126)
DT( 21)=FC( 127)
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6.99.!Y (Continued)

DTC 22)=FC( 134) '
DT( 24)=FC( 130)
DT( 25)=FC( 133)
'-T( 2E3)=FC( 131)
RETURN

2000 CONTINUE
RET URN

3000 CONTINUE

IRESET = 0I
C***INT"ERFACE PARALLTLRS, TO B3E TRANSFERRED TO SO)FDES
C***ELLV0l POSITIONS

F'CC148)=XD(LOI3E+37) *RI.PDE0+')B0
FýCC 146)=XO(LIBE+37) *RI.FDEI+DBI

FCC 149)=XD(R0BL±37)*RITDLO+D230
FC( 147)"-XD(RI'3E+37)*RITDEI+DBI3
FC( 195)=.25*(FCC146)+FC(147)+FL(1L4R)+FC(l49))

C***RL1DDLR/S13 POSITIONS
FCC 143)=(XD(RSE3+7)4,XD(RSB±48) )/2.
FC(145)=-(XD(RF33+8)-XD(RSB±+7))

C***BO0DYFLAP POSITION'

FCC 144)=XDCBF+1)
IF( (T-TrPAST) .LT.DTP-CS)rO TO 3200
TPAST=T
TPFT= T+TF 0
CALL SDODES

C***INTERFACE PARALILTERS TO BE TRANSFLRRED 'TO HYTRAN

C***LLEVON COf1.1AN]S
XD(LOBE)=FC( 172)*DTVEO±V3O
XD( LIi3E)=FC( 172)*DTVLI+V131
XD( ROBE)=FC( 171)*DrTvLO+vuO
XD( RI'3E)=FC( 171)*DTVLI+VBI

C***LLLVON HINGE .IO0iENT I' TLRET
'XD(LO3E+3)=FC(132)-FC(1-05)*RiTrDEO*XD(LO'3f,+37)
XD(LIBE±3)=FC(130)-FC(103)*RITDEI*XDCLI3E+37)
XD(RO3E;+3)=FC(133)-FC(106)*RITDLO*XD(ROBL+37)
XD(RII3L+3)=FC(131.)-FC(10I)*Ri'rDLi-xD)(pIBE+37)

C***bLEVON H..SLOPES
XD(LOBE±4)=FC(105)*RITD)EO
XD(LI3E+4)=FC( 103)*PiTDEi
XD(ROBE,+4)=FCC1OG)*RIrPDEO
XD(RI5L+4)=FC(104)*RITDE:I

Ck***BUTDDER CONIMA1ND
XD(RSll)=FCC 174)*DTVTR

C***S[3 COel'1iAND
XD(RS3.+1)=FC( 173)*DTVSB

C***PUTDDEP/SB3 H.1-1. IlTERCEPTS (LLFT),(RIOJHT,
XD(RSit3+3)=FCk'l26)-XD(RS9+7)*FCC 107)
XOCPSB+5)=FC(127)-XD(RSL3+9)*FC(108)
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6.99.7 (Continued)

C***RUD)DER/SB H.M'. SLOPL]S (LEFT),,(RIGHT)
XD(RSI3+4)=FC( 107)
XD(RSB+6)=FC( 108)

C***BODYFLA? RATE COMM4AND
XD(BF')FC( 169)

C***rjODYFLAP U.vi1. IPr3.ERCEPT
XD(BF+3)=FC(134)-XD(BF+1)*FC(109)

C***I3ODYFLAP H.M. SLOPE
XD(13F+4)=FC( 109.)

C***ELEV. CMD. L,1R
DT(1)=FC( 172)
DT( 2)=F'C( 171)

C***RUD. Ci"ýD.
DT(7)=FC( 174)

C***S!3 CMD.
DT( 8)=FC( 173)

C***BF RATE CAD.
DT( 11)=FC( 169)
FC( i11)=XD(LO8E4-3)
FC( 112)=XD(LIBE+3)
FC( 113) =XD( RO13E+3)
FC( 114)=XD(RI3E+3)
FC( 115)=XD(RSB+3)
FC( 116)=XD(RSB+5)
FC( 117)=XD(BF+3)
FC( 119)=XD(LOi3E+G8)
FC( 119)=XD(LIBE+68)
CALL FDUJ1IP(F'C,,200)

3200 CONTINUL
C***LLEV. POS. LO,LI,RO,RI

DT( 3)=PC(148)
DT( 4)=FC( 146)
DT(5~)=FEC( 149)
DTC6)=FC( 147)
DTC 13)-=PC( 71) *RTD
DT( 14)=FC( 72) *RTD
DT( 15)=FC( 79) *RTD
DT(I16)=FC( 80) *RTD
DT( 17)=FC( 81) *RTD
DT(9)=FC('36)
DT( 10) =FC ( 137)
D'r(12)ý-FC( 143)
Dr( 18)=FC( 145)
DT( 19)=FC( 144)
DT( 20,)=F:( 126)
DT( 21)=FCC 127)
DT( 22)=F'C( 134)
DT( 23)=FC( 132)
DT( 24)=FC( 130)
DTC 25)=FC( 133)
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6.99.7 (Continued)

DT(26)=FC(131)
C
c

RETURN
END
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6.101 SUBROUTINE ACTIOl

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 is 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 slot 3.E inputed independently, to allow the

valve areas to be matched to the actuator piston areas.

The initial actuator position iE inputed, togethe.±r with the external

loads at the fully retracted and extended stroke positions. The load stroke

curve is assumed to be linear between these positions.

The steady state balancing system uses the load at the initial position

to determine the pressure drop across the piston. The effects of atmospheric

pressure is incorporated into the load.

6,101.1 Math Model

The math model can be divided into two sections, the flow calculations

and the integral calculations.

The flow calculations are based on a combination of the line equationn

valve orifice equations, and the volumeric impedance.

The sign convention used is, flows into the actuator cavities (Ql), and

(Q2) are 4-ve, which iN the same as the line convention. The flows are cal-

culated using the gerneral formulae

FLOW - (SORT(FN2**2+4*FNl*ABS (C -PT))-FN2)/2,0

where FNl - (XV*VK)**2
FN 2 -YNl*Z

XV - Valve Position
VK - W*SQRr(2/RHO(IT))*.65*Slot width

Z - LJ e Characteristic Impedance + Volumetric Impedance
C - Line Characteristic Preasure

PT - Chamber volumetric pressure
IT - Fluid Temperature/Pressure Indication
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where the volumetric impedance ZVl - DT (KBULK) / (D (VOLI)+D eARKEAI)*D. (PX))

and the chamber volumetric pressure.

PT - DT(PPl)-DT(VUL)*D(AREA1)*ZV1

The actuator velocity is calculated using the equivalent network given in

Figure 6.101-2.

The two flowa DT(QI) and DT(Q2) are calculated using the value orifice

equations and predicted actuator pressures rT(PPlP) and DT(PP2P).

The network is solved for piston velocity DT(VEL). 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

term.

The network solution takes'into account the volumetric effect of the

two actuator cavities, The assumption is that a portion of the flow is lost

too or obtained from these volumes due to changes in prcssure within the

cavities.

The basis network equatious are: -

VELO-DT(VEL) - (OLD VELOCITY)

DT(VEL)*D(AAHAl) - DT(Ql) + (o'v(PPl)-Pl)*GVl (1)

DT(VEL)*D(AREA2) - -DT(Q2)-(DT(PP2)-P2)*GV2 (2)

DT (VEL)*D (K7AMP) - Pl*D (AREAl) -P2*I) (AREA2) - DP+VELO*DT (INERT) (3)

where

DP - External Load

- DT(LOADZ)+DT(PX)*DT(LOA0S)

+ DT(LOADEX)

The atmospheric load is kept separate to allow time varying computations of

values for DT(LOADZ) AND DT(LOADS) to be added later.
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Ret rn Press
:'Input~Connection No. 2/ "••-Connection No. 1

Command XV + VE

Load 0

No. 2 Volume No. 1 Volume
UiP 14 07P32

FI3URE 6.101-1
TYPE NO. 101 VALVC CONTROLLED ACTUATOR

DT(PPl) DT (PP2)

AR L AREA2 < - DT(Q2)

DT(UP1) old value DT(PP2)old value

FIGURdM 6.1n1-2

SCHEMATIC DIAGNA2M FOR TYPE NO. 101
VALVE CONTROLIAI,) ACTUATOR
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Equations (1), (2) and (3) are combined to eliminate P1 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 possible, 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 friction,

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 dynamics of the actuator are of no particular concern.

6.101.3 Computation

Section 1000

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 is depends on the valve position at time zero.

If NODE - 1 it is in 71 cavity, if NODE - 2 it is in #2 cavity.

The steady state section is complicated by the need to determine

if the actuator is at its stroke limits, and if the flow guess is

taking it toward or away from the limit.

When it is at its limits, and is being driven into the limit,

a high impedance is added into the leg (ZQ - 40000.), and the overboard

flow is set to zero. (Overboard flow is a displacement flow due to unequal

areas).

The steady state calculation set up requires that :onnection #1

must be the last or only element in the upstream leg. and connection #2

is the first element in the downstream leg.

The upstream leg flow is used to calculate the overboard flow

and piston velocity. If the valve is closed the overboard flow is set

to zero.

For the upstream leg the valve impedance DT(PPIP) is added into

PQLEG(INEL,S). For the downstream leg, the valve impedance PT(PP2P) is

added into PQLEG(INEL,8), ZQ is added into PQLEG(INEL,6) and the constant

pressure drop DELTP across the piston is subtractei from PQLEG(INEL,5) or

added if it is a pressure rise.
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Section 3000

This section calculates the transient response of the actuator using an

integration 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. For XV >0, Qi is the flow

from connection #1 to chamber #1, and Q2 the flow from chamber '2 to connection

#2. For XV<O 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 Ql and Q2 calculated the next section calculates the value of

DT(PPI) and DT(PP2) and the velocity of the piston.

The piston velocity is calculated by summing the forces acting on it

and dividing by the mass plus the damping coefficients.

A check is then made to see if the piston in at a stroke limit. If it

is, the velocity is set to zero if it is in the limit direction.

The pressures are calculated by taking the sum of the flows in.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 characteristics of the valve and the straight

line load characteristics limit the applicability of this subroutine to a

rather rudimentary type of actuator. It can however be used to generate

waterhammer transients due to rapidly closing valve motion, with the

advantage of a good uLmulation of the actuator cavity pressure response.

6.101.6 Variable Names

VARIABLE DESCRIPTION DIMENSIONS

D(AREAl) #i piston area IN**2

D(AREA2) #2 piston area IN**2

C(Ll) Connection #1 line characteristic PSI

C(L2) Connection #2 line characteristic PSI

D(DAMP) Piston damping factor LBS/SEC/IN

DT(DMTP) Pressure drop across piston PSI

FLOW Temporary value of line flow CIS

FNI Temporary variable

FN2 Temporary variable

DT(FORCE) Load at maximum stroke LBS

ICALC CalculaLion counter

GVl Conductance of Vol 1 Crs/PS1

GV2 Conductance of Vol 2 CIS/PSI

DT(INFRT) Load Inertia Lb SEC/IN

IN2 Interpolation indicator returned --

from INTERP
D(INPOS) Initial actuator position IN

DT(KUULK) Oil bulk modulus times Al PSIT*SEC
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6.101.6 Variable Names (cont'd)

VARIABLE DESCRIPTION DIMENSIONS

DT(KDAMP) Damping factor LB/SEC/IN

L(IY) Address of first value in valve position --

table

DT(LOADS) Load slope LB/IN

DT(LOADZ) Load at zero stroke LBS

DT(LOADEX) External load LBS

Li Dummy variable

L2 ,ummy variable

N Integer counter

D(MASS) Load mass LB SEC 2 /1N

D(MINST) Minimum actuator stroke IN

D(MAXST) Maximum actuator stroke IN

D(M].NL) Load - actuator fully retnraitud LBS

D(MAXL) Load - actuator fully extended LBS

DT(NCAV) Flow for cavitation volume CIS

L(NODE) Node location indicator --

L(NTAB) Number of points in time table --

DT(PFORCE) External actuator load LBS

DT(PPI) Pressure in #1 cavity) PSI

DT(PP2) ssure in #2 cavity PSI

DT(PPJ.P) Predicted pressure in #I cavity PSI

DT(PP2P) Predicted pressure in #2 cavity PSI

DT(PX) Predicted piston position IN

QA Leg flow in steady state section CIS

DT(Ql) Flow into cavity #1 CIS

DT(Q2) Flow out uf cavity #2 CIS
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6.101.6 Variable Names (cont'd)

VARIABLE DESCRIPTION DIMENSIONS

QS Flow sign

D(SLOTWI) Sloth width Vol #1 to Con #1 IN

D(SLOTW2) Sloth width Vol #1 to Con #2 IN

D(SLOTW3) Sloth width Vol #2 to Con #1 IN

D(SLOTUW4) Sloth width Vol #2 to Con #2 IN

DT(VEL) Actuator Velocity IN/SEC

VELO Previous actuator velocity IN/SEC

VK Temporary value of SLOTW • IN

D(VOLI) Minimum volume cf cavity #1 IN**3

D(VOL2) Maximum volume of cavity #2 IN**3

DT(X) Piston position IN

XV Valve position IN

ZQ Cross piston leakage impedance PSI/CIS

ZT Temporary value of line impedance

ZVi CON #1 valve impedance PSI/CIS**2

ZV2 CON #2 valve impedance PSI/CIS**2
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6.101.7 Subroutine ListinR

SUB3ROUJTINE ACri0l (D,DTr,DD,L)
C ***RE:VISED JUJL. 197G **

DOUBLE PRECISION DO

COLvimON NT)ILPL,NTOLPtJ,IPT,IPOINqT,(ýPTS,INLL,KNEL,NTOPL,NLPLl'(61,3),
1 PQLIEG(90,12),LCS(90,10),ILEG(1400),PN(90),QNl(0)O
COiliriO'L/SUI3/PARa1(150,9),Pi,1(1500),Qil1(1500),P(300),Q(300),C(3 00)

1,Z(300),PHO(20),S20RIiO(20),VISC(20),BULK(20),TiýL.-iP(20),PVANP(20)
2,ATPRES,T,DELT,TFiNAL,PLTDLL,PI,TITLE(20),L1EGN,ICON
3,KTSM~P(99),LSPARýT(150),NLPT(150'),L'rYPs99),NC(99),INX,Iiýz
4, INV, IST P, NLINE~, NL, IND, IENTR, ANLINE, mNLL, INLEG, i.1NNODt,Ž'iN PLOT
5,, MN LPTS ,-i DS
INTEGER ri.REA1,ARLA2,VOL1,VOL2,sLOTK-1,SLOTW2

1,SLOTW,3,SLOTW.4,DAi.IP,X,PFORCE,FORCE,PPlP,PP2P
2, PP1, PP2,Q1,Q2,kJLL,PX

C D ARRAY VARIABLEiS
DATA AREA1/1/,ARLA2/2/,VOL1/3/,VOL2/4/,NI"IST/5/,ýiAXST/r,/,

1 DAeIP/7/, ~A~SS/8/ ,SLO-T;Q1/9/, SLO'fh 2/10/, SLOTW.3/1 1/, SLOTVý-4/1 2/,
2 islINL/13/,L~iAXL/14/,Ir'POS/15/

C L ARRAY VARIABLES
DATA NTA3/5/,IYý/G/,NODE/7/

C OT ARRAY VARIAi3LES

DATA X/1/,Vý,L/2/,L-OADZ/3/,LOADS/4/,PPl/5/,PP2/6/,

1. Q1/7/,Q2/01/,K3ULIT'/9/,N4CAV/10/,PPlP/11/,PP2P2/12/,I
2 PFORICL/13/,FOPsCE/14/,KDAc'iP/15/,PX/16/,ILNLRT-/17/,LOAIJU)X/1R/

C IF(ILNTiR) 1000,2000,3000

C * 1000 SECTION
100n CONTINUE

IF(INLL.NL.0)GO TO 1500
C ACTUATOR PARAA-1LrLR INPUT

D(SLOTW42)=D(SLO~I'l2)*0.55*S2ORHUi(KTLi.1P(I;'ID) )
)( SLOT l3 )=DSLO)Th3) *0. -5*S 20R1-i( KTLN~P( I-ND))
1J(SLOTWi4)=D)(SLOTfý4)*O.65*S2ORIO(.KTLA-P(IID-) )
UPT(LOADS)=(D(AAXL) -D(tvINL) )/(D(viXST)-D(AIN1ST))
£Yr(LOANDZ)=D(k.iAX[,)-DT( fOADS)*D(L.A'XST)
DT(FORCE)=D'i(LOADZ)+DTr(LOAi)S)*D(INPOS)
DTP(LOADLX)=ATP~rS*(D(AREA1)-D(AREA2))
OT ( I NERT) =Dk(IMA'S~) /DErLT
DT( KDAi'iP) =D( DAiP) +DT( INERT)
DT( X)=D( It1PS)
DrI(K31ULK)=B3ULK(KTUi4P(IND) )*[DIL'r
UiELTO2=D~LLT/2. 0
L(NTA3) =L( 12)
L( IY)=(L(?qTAfB)+7)/8
L( IY)=17+L( IY) *8
L(NOf)L)=1
XV=DC L( Y))
DT(NCAV)=l.0
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6.101. 7 (Continued)

DT( PFORCE)=DT(FORCE)/D(AREA~2)
IF(XV) 60,70,80

60 DT(PPlP)=l/(D(SLOTW~2)*XV) **2
DT(PP2P)=l/(D(SLO'rH3)*XV) **2
L(NODE)=2
DT( PFORCE)=DT( FORCE)/D( ARL.~l)
GO TO 90

70 DT(PPIP)=400000.
OT( PP2P)=400000.
DT(NCAV) 0. 0
GO TO 9 0

R0 Dr( PPPI)~=1/( D( LOTkjl) *XV) **2
DT( PP2P) =1/(D( SLOTW4) *XV) **2

9fl RETURN
C
C ** 1500 SECTION~
C THE STEADY sTeNTE SLCTION

1500 CONTINUE
QA=PQLEG ( I; E&h, 1)
QS=PO~iG( lULL, 2)
LCS( INLL, 7)=5
IF(KNLL.UO.2) GO TO 1750
IF(M\NLL.NL.1) GO TO lq00
IF(L(NODL).S~Q.2) -Q S -QS
Z ()= 0. 0
N=LCS( lUL,,3)
IF()-T(X).rT.0.0) GO T.O 1600
IF(QS.GT.0.0) GO TO 1650

1550 QWU () =0. D
Zfl=10000.
IF(L(NODL).LQ-.1) GO) 'P 1700

1O TOD 1850
1600 IC(DT(X).LT.r)(,iAXS'P)) GO TO 1550

IF(QS.GT.0.0) GO TO 1550
1650 IF(r4NODE).LQ.2) Go TO 1200

1700 DTPORL = D FRE)-'J ()ALl DAi~ ) )/u(Ai.LA2)
Df( PP1) =PN(N
DT(PP2-)=PN(N~)-D'r(PPOIýCL)-OA*rqS*Z
DTI(Vl-L)=Q.A*OS/D( ARLAl)
PQLL.G(INL:L,8)=PQLL,( INLL,R)+DT(PPiP)
RET'U RN

1750 PQLLG(INLL,8)=PQLLG(INLL,8)+DT.(PP2P)

PQLLJ( INEL, 5)PýtAEG( IýLL, 5)-D'r( PFORýCL-:)
PQLEG(ILL, 11) PQLLG( I NL, 11) -DTr( PEOCL) -QA*nS*(ZQý+OA* DT( PP'P))
RETURN

1q00 Qý)S- Qs
'!N(N)=-DT(WCA\J) *QA*fr)S*( O(AREAI~)-D( AL.A2) )/D( APlJ\ý2)
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6.101.7 (Continued)

DT (IL2) =PN (N)
DTr(P?1)=PN(ý')-DT(PFORGE)-~QA*QS*zQ
DT(VLL)=-QA.QS/D( ARLA2)
R ET 1 R N

1900 WRITL(G, 1950) IN'D,KNLLD .-NEfL
1950 FORd1AT(5X,7HCOt~1P 140,13,2011, HAS INVALID CON NO 13,

I11Hu, IN LEG NO ,14)I
2000 C014TINUL

Dr(pp1P) =DT( pp1)
DT( PP2P) =DTP( PP2)
DT(PX)=DT( X)-I'r(VLL)*DULT *1
DT(FORCL)=0.0
XV=D(L(.EY) )
UT(Q2)=Q(LC 2))
DT(rQl)=Q(LC 1) )

ir (,"V. GT.0. 0) GO TO 2020

DT(-, )Q(L(2))
2020 CONTINUE

RLTUIRN

C c** 3000 SE~CTION
3000 Co.ýTIIUL

L1=L( 1)
L2=L(2)
GV1=(D(VOfI)Aý)DT(pX)*D(ARLA1))/(DT(KB3Lmr{)*rJLLT)
ZV1=1. 0/o3vi
Drr(PP1?)=DT(PP1)-DoT(VL;L) *D( ARL'Al)*ZVI
"CV2:-(D(VOL2)-D'r(PX)*o(AýiýLA2))/(DTP(KBuLI•)*DLLpr)
ZV2=1. 0/GV2

ZI'AM, I']TLRP (,(7,(CY)1,~T3,vj2

c CALCULA'PL LIiL F~LC)WS A1ND PLSSORLSS

C: XV Ll- S:3, ',HAN 0
140) V•=ID(SLOTW3)

Z'T=Z (Li) ±ZV2
D)P=C( L1)-r)'( PP2P)
IC A LC= 1
GO TO 210

150 DT(Q2)=SiGN(FLOW,1)P)
Q( Ll)=DT(Q2)
\fK=DCSLOTW~2)
ZT=Z ( L2)+ZV1
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6.1.01.7 (Continued)

DP=C(L2)-DT(PPIP)
ICALC=2
GO TO 210

16 0 DT(01) =1I3N(FLOW,DP)
Q(L2) =D~r(Q1)
GO TO 220

C
c XV= 0

170 DT(Ql)=0.
DT( Q2) =0.
Qk(L2)=0. 0
Q(LI)=0.0
ICALC=5
Go To 220

C XV GRt:ATER T-iAN 0
180 VK=D(,;LO~r~1)

ZT=Z (Li) +Zv~l
oP=C(LI) -DT( PUlP)
IC ALC=3
GO To 210

100 DTr(-i) =SIGN (FLOWDP)
Q CLi)=DT (Q 1)
VK=D(SLO'2W4)
ZT=Z( L2)+ZV2
DP=C( L2)-DT(PP2P)
.fCALC=4
GO To 210

200 DTrr(2)=SIG'-IC FLO-W,DP)
Q(L2) =T(02)
0O To 220

C CALCULATEb AI3sOLUTL VN'LUL' OF FLOOS

210 FNl=XV*XV*'vyIl*ViJ,
FL42=EN1*ZT
FLOW,4(SR'T(FN2**2+4.0*FN1*A3S(DP))-Ftl2)/

2.0

GO TO (1 5 0 ,160,190,2n0),ICALC
C

220 CONTINUEL
PC Li)=C (Li) QLi) *Z( Li)
P(L2)=C(L2)-Q(L2)*Z(L2)
VIAPVAP(KTI-XvP( IND))
IF(P(L2).GT.VAP).AL'D.,Df(NqCAV).LrE.o.0) GO TO 270

FLCOW0. 0
GO TO ( 2 3 0 , 2 3 O,240,240,250),ICALC

230 FN2='N1*ZV1
OP=VAP-DT( P212)
FLOW=(SQRT(FN2**2+4.OPF'Nl*ABS,(DP)>-FN2)/

2 .0

FLOW=SIGN (FLOW ,DP)

DT( Qi)FLOW
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6.101. 7 (Continued)

GO TO 250
24n~ Fiq2=F N1* ZV2

D ?mVANP- D'r ( P P 2P)
FLOiq(sQirT(Fr42**2+-f4.O*Fc-41*A13S(DP) )-PN2)/2.0
FLOV4=SIGN ( FLOW, DP)
DT(Q2) =FLOWJ

250 Q(L2)=(C(L2)-VAIP)/Z( £2)
PC L2) =VAXP
DT(NC.V)=DOr(AcAv)-4-CLOtv-Q(L2)

270 CONTINUE
C
C CALCULJATE~ ACTIUATroi VL~LOCITY

Gl=GV1/D( APLAl)
G2=lJV2/D( AIkA2)
ZlW=DT( KOAi'P) +D( Ai<L.A ) /G14 D( AlLA2) ,'G2
T)P=0DT(LOADEX) +0T(LOA DZ)+DTE( PX)*D~r(LO". DS)

VLLO=OP( VLL)

DT(VEL)=,r( xtLiO+LL*T ]*k2r )/%N(P
lF( ')DPT;1.x.) Tx=Drx

IFC~?.0.0fl)VLLI,=DTf(VI 1 )
DT(P?1)=Or-(PP1)+CO(D0(1)VLLO*D)(ARI.iA1))/-.VlI
0DT(Pi)2)=Oi7(PP2)+(r'r((Y,2)+VLLO*D(t.ilA2))/GV2

SL T U Rf
LNI F)
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6.102 SUBROUTINE ACT102

ACT102 simulates o basic utility actuator. The current subroutine

allows the input of piston rod loads at zero and maximum stroke. Straight

line interpolation is used between these two loads.

Connection No. 1 Connuctlon No. 2

No. 1 Volume-'

No. 2 Volume
.3,54 4l U1tJ .5

FIGURE 6.102-1

IYPE NO. 102 UTILITY ACTUATOR

b.102-1
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6.102.1 Math Model

The ACT102 subroutine simulates a simple utility actuator. Figure 6.102.2

shows the various forces acting on the actuator.

Al PI A2 P2F

L VveF X+ve FI

Figure 6.102.2

Summing the forces on the actuator yield

F = Pl*Al-P2*A2-FD-FT 6.102.1

where F is the load on the actuator, lb,

PI is the head side pressure, psi,

Al is the head side area, in 2 ,

P2 is the rod side pressure, psi,
2

A2 is the rod side area, in,

FD is the damping force, lb,

FI is the inertial force, lb.

The damping force, FD, is

FD = V*DAMP

where, V is the velocity of the piston, in/sec

DAMP is the piston damping coefficient, lb sec/in.

The inertia force, FI, is

FI = (V-Vo)*M/ T

where Vo is the previously calculated velocity, in/sec,

M is the mass of the piston and load, lb-in/sec 2

T is the calculation time step.
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The unknown quantities V, P1 and P2 must be determined. The value of P1

and P2 may be determined from figure 6.102-3.

PI P2

Z(LI DAM Z(L2)
(L1 AA 1v_ C (L2)

1GV

DT(Pl) DT(P2)

Figure 6.102-3

ACT102 Schematic

The past values of P1 and P2, DT(Pl) and DT(P2) respectively, are shc..n

at the ends of pseudo passages along with their conductances, GVl and GV2.

The conductances GVI is calculated using the equation

GVl = (VOLl+X*Al)/BULK* T

where, VOLl is the head side volume, in 3 ,

X is the displacement of the piston, in,

BULK is the bulk modulus of the fluid, psi.

Similarly, GV2 is calculated using

GV2 = (VOL2-X*A2)/BULK* T

Summing the flows about P1 and P2 yields,

(C(Ll)-Pl)/Z(Ll)+(DT(PI)-Pl)*GVI - V*Al

(PL-C(L2))/Z(L2)+(P2-DT(P2)*GV2 = V*A2

where, DT(Pl) is the previously calculated head side pressure, psi,

DT(P2) is the previously calculated rod side pressure, psi
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Solving the above equations for P1. and P2,

PF [LI) + DT(Pl)*GVI -V*A1] /[ 1/Z(LI) + GVl ]
Z(L1)

P2 -(L4) DT(P2)*GV2 + U*A2] / [I/Z(L2) + GV2]

Let,

CI - C(LI)/Z(LI) + DT(Pi)*GV1

C2 - C(L2)/Z(L2) + DT(P2)*GV2

G1 - 1/Z(Ll) + OVI

G2 - I/Z(L2) + GV2

Substituting Cl, C2, GI and G2 into the equations for P1 and P2 yields,

P1 - (Cl - V*Al)/Gl 6.102.2

P2 - (C2 + V*A2)/G2

Rewriting 6.1.02.1 using the equations for P1, P2, FD and VI gives,

F - ((CI-V*A1)/Gl)*Al-((C2*V*A2)/G2)*A2-V*D•MP-(V-Vo) *M/•T

Solving for V gives

V- [Cl*Al C2*A2 F+Vo*M/A Al 2 + A22 + DM+/4
G -G2 J/GlI T2 (DM+/T)

With the velocit:y of the piston, V, known the pressures in the head and

rod side of the actuator may be determined using,

P1 - (Cl - V*AI)/Gl

P2 -• (C2 + V*A2)/C2

The displacement of the piston is given by

X - Xo4 + (V-Vo) AT

where Xo is the previously calculated displacement, in.

The pressures and flows at the connections to the actuator may then be

calculated as follows,



P(LI) - P1

P(L2) - P2

Q(Ll) = (C(LI) - P(LI))/Z(Ll)

Q(L2) = (C(L2) - P(L2))/Z(L2)

where, P(Li) and P(L2) are the pressures at the connections, psi

Q(LI) and Q(L2) are the flows at the connections, cis.

6. 102.2 Assumptions

Friction and stiction are assumed to be zero

6.102.3 Computational Method

1000 Section

Mhe slope of the actuator load stroke curve is calculated

DT(LOADS) = (D&(IAXL)-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 is ostablished such that flow into the volume 1 chamber

and the resulting, piston velocity are positive.

Various variables are initialized to zero.

1500 Section

The entry first determines whether connection no. I is attached to an

upstream or downstream line. This establishes the actuator steady state mode

of operation. If entry is made using connection no. 2, leg pressure gain (or loss)

and le,, laminar constant are updated. Pressure at connectioi, no, 2 is also calculated and

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.
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If the piston i:; on a stop and the flow guess is such that motion

would be into the stop, the node overboard flow is set to zero and impedance

is set to a very large number (40000).

If the piston is free to move, the overboard flow, piston velocity,

P across piston and pressure at connection no. 2 are calculated.

2000 Section

The variables used in the 1500 section art changed to the values

needed in the 3000 section.

3000 Section

A series of t'mporary variables GVI, Gl, Cl, ClI and DP etc. are calculated

using the predicted actuator position DT(PX). The variables are used in the solution

ci the network shown in Figure 6.102-3.

The velocity of the piston is calculated osing

PT(VEL) = (Cl -C22-1)P+VELO*l)T (INERT))/ZN

The DT(INE'RT) term is used to Incorporate the effect of the load mass in

much the same way as the fluid flow is; included in the pressure to give a

characteristic pressure. The Inertia term is eqiuil to the force required to

declcrate thle p s ton iroem the Old ve1oc itV to zero In the time interval DELT,

and hence contrihuLtes to the net force on the piston.

If the velocity is constant then the inertia term [nclu-ded I in )T(NDAMP)

balanccts out the ( DT(INERT) term and producc:, no net effect

Thue position oF tie piston is the Calculated from

)T (X) = )T (X)+ (VELO+i) I'(VI:L) ) ýl)E'I,TO2

The p1ston position is checked to determine wLIet her or not it exceeds the

maxinmum or minimum actuator stroke specified in the input data.

The pressures within Vo)lumes 1 and "2 are t hen calculated using,

01' (P ) =(Cl -l)' VE1.) *1)(AREA 1))/ IC

DTl(1'2)= (c2+T (Vti) *1) (AREA2) )/;2
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The flows and pressures into :,nd out of the actuator is then calculated by

D(LI) - (C(LI) -DT(PI))/Z(LI)

P(Ll) - DT(PI)

Q(L2) - (C(L2) - flT(P2))/!(L2)

P(L2) - DT(P2)

b.102.4 Approximations

None

6.102.5 Limitations

With no friction or stiction the model response to small pressure

changes or load changes will not be accurate.

The model is inaccurate if the actuator volumes are allowed to cavitatC.
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6.102.6 Variable Names

Variable Description Units

D(AREAI) #1 Piston area (Extend) in"

D(AREA2) #/2 Piuton area (Retrart) in 2

Cl Temporary variable

Cli Temporary variable

C2 Temporary varlable

C22 Temporary varlable

5 (DAMP) Seal friction I h-sec
in

DELT02 Integratlon, constmlIt sec

DT (DELTI') Pressure drop acro0s 13istun psi

DI, External load lb

GVI Conductance of Voluinw I cis/psi

GV2 Conductance of Volunie 2 cis/psi.

Gl Temporary variable

G2 Temporary variable --

DT(TNERTf) Load inertla 11) see/in

D(INPOS) Initial actuator pcsiLtiOn in

DT(KBULK) Oil bulk modulus Lime.- T psi*see

1TkL0A luX Extcrn1l-oa,.d 1 hs

DT(LOADS) Load slope lb/in

DT(LOADZ) Load at zero stroko lbs

LS Conniction sign

LI Dummy variable

L2 Dummy variable
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Variable Description Units

D(MASS) Load mass lb sec 2 /in

D(MAXL) Load - actuator fully extended lbs

D(MAXST) Maximum actuator stroke in

D(MINL) Load-actuator fully retracted lbs

D(MINST) MiAimum actuator stroke in

N Integer counter

DT(NDAMP) Load damping factor lb sec/in

DT(PX) Predicted piston position in

DT(Pl) Pressure in volume 1 psi

DT(P2) Pressure in volume 2 psi

TLOAD Temporary variable --

DT(VEL) Actuator velocity in/sec

VELO Previous actuator velocity in/sec

D(VOLI) Volume 1. at zero stroke in 3

D(VOL2) Volume 2 at zero stroke in 3

DT(X) Piston position in

ZN Temporary variable
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6.102.7 SuhroutAýne Listig~

SUBRLOUTINL ACT102 (D,DT,DD,L)
C ****RlýVI3,LD JUNE .1976 ****

DOUBLE PRLCCISION' DD

COvlO '1MWTLLPL,NTODLPLip'r,IPO0INT,NPTS,IN1LL,KNýLL,NTOPL,NLPL'T(61,3),
1 ?Q)LRG(90,l2),LCS(90,10) ,TLI~G(1400),PN(90),QN](90)

1,7,(3fl0),RE1OC20),S201R[]O(20),VISC(20),13ULK(20),ThLiP(2fl),PVAP(20))
2,ATPRLS~, T,0ULLT,TFINAL, PLTDLL, PI,TITLE~(20) LEON, ICON
3,wT1-,lIp(99),L,ST~iTC150),NLPT(150),LTYPL(99),NC(99),IwX,INZ
4, INV, I63TEP,NrTL\JL, NLL, IND, INR NI,~E,~NL,'NOTAPO

ITEW±GER~ 1RETU,,AiL-A2,VOL1,VOL2,DAAIP,X,VEL,P1,P2,Z@,DLLTP,PX
C0 ARr"AY VA.IABLLS

D'VTA ARLA1/1/,AfEA2/2/,vOL1/3/,VOL2/ý4/,~INS3T/5/,:.iAXSTF/6/,

C OT ARRAY VARIASL)2S
DATA X/l/,VLL/2/,LOýADZ/3/,LOA)Sý/4/,1LOADL)ýX/5/,P1/6/,P2-/7/,

IF(IENTR) 1000,2000,3000
1000 CO-ITIMEJC

IC' (lINhL.rL.0) '30 TO0 1500
DO 1010 Iý1,20

L((3))=1

L( 4)=-1

'DT(Zq) =0.0
C)Tj(DL:LrP)=~

D)T( L OAD'D S ) = ( D ( I.1AXL) D i 1 IN L) D/ D( viA X ST) -1 ( , SI'f5)
.1'F(L0)A z) =D(ý iAXL) rLOA DS)*D (..AXST)

0T(rOADJL )=DT[~('L0AD)*P(INPO) )*DLLT7)(D,ýRLl-,(\L2))A-'k

DlFLT02=DLLT/2.0

C****S'6hEADY STATE~ SECTION"***

1500 C014TIN~UL
r)A=PQLEG( I!4EL, 1)

LS=L( 2+KNLL)
QS=P0LEG( INEL, 2) *LS

LCS( INEL, 7)=5
IP(LS,3T.0) GO TO0 1510 -

IF'I~.NE1.LJDi(~L.'~1)GO TO 1900
N=LCS( INLL,2)
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6.102.7 (Continued)

1510 IF(1.'EL.EQ.2) GO TO 1850
IF(D(INqPOS).GT.D(AlINST)) GO TO 1600
IF(DT(LOADEX).GE.0.0) GO TO 1550
IF(OS`.GT.0.'0) GO TO 1650

1550 ON(N)=0.0
DT(ZQ)=4 0000.
TLOADT0 * 0
DT(VEL)=0.0
GO TO 1700

1600 Il'(D(INPCr3).LT.D(0'AXST)) GO TO 1650
IF(DT(LOADEX).LU.0.0) GO TO 1550
IF(QS.GT.0.0) GO TO 1550

*1650 D'T(ZQ)~=0.0
T LOAD= DT ( LONDE;X)
Q-N(N)=(1.)*QA*Q)S*(D(ARE~Al)-TDCMLA2))/D(ARLA1)
DT VL) =0A*QS/D( ARUAl)

1700 OT(D.ELT6P)=(PNM(>ý)*(D(ARL7A1)-D(APLA2))-
lTLO1NO-DT(VLL) *D(1DAivP) )/D(ARYPA2)

*1750 DT(P1)=PW(N)
OT(P2)=PN(N)4.DTP(Di-,LTP-)-OA*QS*OT)7(Z))

1800 REITURN
1950 I(X.Q1MLSL.-)GO TO 1900

PQLEG( INEL, 5) =PQLLG( IWfL, 5) +Dr( DELTP) *LS

1900 '4RI'rE(6,1950) IND,KNIEL,1NLL
1950 PORiAAT(5X,711C0t.IP 'iO,I3,20H, HAD I'1VAhr CON No '13,

1 11H, IN LEG NO ,14)
WRXTE( 6,999)

999 FORAAT( l0X, 33HPR0GRAý'i STOP Ivi SIMROUT1i1t1L, ACT.V02)
S TO P

29100 CONTINUE

DT( NDAAP) =D( DA.,1P) +DT( INLRT1)

OT ( ZQ) = 0. 0
P LTURPN

3000 CONTINUL
Ll=L( 1)
L2=L( 2)
GV1=(D(VOL1)-+DT(PX)*ID(AP.EA1))/D'T(K,3IJL1,')
GV2=(D(VO)L2)-DT(PX)'kD(AREA?))/D~r(K3U]LK)
Gi =1.0/Z(L1)+GV1
G2 =1.0/Z(L2)4-G\72
C1=CCL1)/Z(Ll)+DT(Fl)*GVl

C2=CCL,2)/Z(L2)+DT(P2)*C0V2
C22=C2*D(ANRL;A2)/G2
DP=OT ( LOADLX) +DT( LOA DZ ) +DT( LOADS ) * Di'(PX)
DT( ZQ) =~DP
VLLO=Df( VEL)

6. 102-11



6.102. 7 (Continued)

ZA=T)T(NDA4,P) +D(A RLA1) **2 /Gl+D(ARLA2)**)/G2
DT)(VL;,L) =(Cl1-C22-nPl2VLLO*D)T( I LRT) )/ZN
DT( PX) =DT( X)
DT(X)=DT(X)4-(VLLO4-DT(VEL,))*Dl:-LTO2
CALL XLIAI1T(DT(X),..)T(VLL),DP,D (,I INST),O(viAXOST))

IF(DP.NE.O.O) DT(PX)=DT( X)
DT( Pl)=(C1l-D'r(VLL)*D(ARnAl) )/G1
DTf(P2.)=(C2+TJT(VLL)*D(A1RkA2))/G2
Q(L1)=(C(Ll)-DT(P1))/Z(Ll)
P( Ll)=!)T(21)
Q(L2)=(C(L2)-DT(P2))/Z(L2)
P( L2) =TT( £2)
Rbru1PN

L0Nr
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6.103 SUBROUTINE ACT103

Subroutine ACT1O3 model3 the shuttle elevon actuators, the layout of

which is shown in Figure 6.103-1. The elevonl actuators operate from threeI

pairs of hydraulic suppP' and return lines. The actuator supply and return

is selected from the three hydraulic systems by a switching valve module as4

shiown in Figure 6.103-2. For the purposes of modeling the switching valve

module is considered to be an independent uiodel 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

guidance 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 VEB, to generate

commands to the servo valve torque motor. The net 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, continues 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 stimming linkage.

The power spool displacements, XPS, generate differential flow the main ram

causing elevnn deflection. The elevon deflection is sensed as VEB and compared

with the elevon position command V0 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.
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6.103.2 Assumptions

The model is limited to simulating one channel of thI! 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 differential pressure transducer does not have static

and dynamic 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 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.

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.
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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 calculated. 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 l.0/(D(KQLOSS)*D(KCHAN) is added to the Q2 value in

PQLEG (INEL,8), and the pressure drop DELP is subtracted from the inlet

pressure PQLEG(INEL,ll).

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 conmviand 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 hinge moment at this

position and using that at the previous time step uses a linear interpolation

to obtain a hinge moment at zero actuator position and the slope of hinge

moment versus position.
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ACT103 uses the zero and slope values, to interpolate values of TAERO

until those values are updatcd by the next SDF computation. The interface

between this subroutine ACT103 and the SDF program is via the following

variables DT(l) thru DT(4).

Variable Description Dimensions

DT(VC) Input position command Volts
(Calculated by SDF)

DT(VFB) Elevon actuator position Volts
(Calculated by ACTl03)

DT(KAERO) Elevon hinge moment at zero stroke In lbs
(Calculated by SDF)

DT(KAEROP) Elevon hinge moment slope In lbs/in
(Calculated by SDF)

The input command DT(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 througn the main control valve is calculated using the predicted

actuator cavity pressure and the valve orifice equations which are solved

in conjunction with the line characteristic equation.

The line characteristic'pressure is reduced by an amount equal to the
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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 positive when flowing into the actuator

cavities, are then 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 computation is complicated by the actuator deflection

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 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 thp technique used in the TVC design.
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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 SOF program. Because of tho simplifica-

tion in the area of the secondary actuator the small signal response 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.
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6.103.6 Variable Names Outboard Inboard

Variable Description Valve* Valve Dimensions

APS Working Area of Power Spool 0.193 in2
o2

D(AR) Effective Ram Area 
18.02 21.80 in2

D(BE) Effective Elevon Damping 15000. 45000. in-lb-sec

Coefficient

EPST Net Error Torque 
in-lb

EYE Torque Motor input Current ma

OEYL Servo Amplifier Saturation Limit 8.0 na

FL Ram Force to Load lb

2

D(IE) Elevon Moment of Inertia About 2663. 9743 in-lb-sec

Hinge Line

L(ISYS) Active Hydraulic Connections

KA Servo Amplifier Gain 15. ma/volt

DT(KAERO) Hinge Moment at Zero Stroke in-lb

DT(KAEROP) Hinge Moment Slope in-lb/in

D(KB) Bernoulli Force Coefficient 0.319 0.755 in

D(KCHAN) Number of Active Channels 4

1)(KFB) Linear Position Transducer Gain 1.173 0.683 volts/in

KQLOSS First Stage Lealtage Coefficient 0.0237 CIsi PSI

D(KQPS) Power Spool Flow Gain 51.8 124.7 in 3(sec ib)

KQS Secondary Valve Flow Gain 0.387 in 3(sec lb)

D(KS) Structural Stiffness 154000. 298000. lb/in

KTM Torque Motor Gain Constant 0.045 in-lb/ma

K1S Wire Feedback, Power Spool to 6.22 in-lb/in

Torque Motors

D(MAO) Initial Position of Elevon 8.793 15.09 in

Actuator

D(MAI) lst Moment Arm Constant -4.063E-2 -2.90E-2 in/in
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2h
D(MA2) 2nd Moment Arm Constant -5.5LE-2 -3.22e-3 in/in

D(MA3) 3rd Moment Arm Constant 1.40E-3 6.40E-4 in/in 3

D(MA4) 4th Moment Arm Constant 6.40E-4 -5,88E-5 in/in 4

DT(PL) Load Pressure Across Ram Piston PSI

DT(PI) 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-lb

TAUC Dynamic Load Damping Time Constant 0.1 sec

TAUFB Linear Position Transducer Demod. 0.004 sec
Time Constant

VAP Vapor Pressure PSI

DT(VC) Position Command Signal volts

DT(VFB) Ram Position Feedback Voltage volts

VLVOL Power Valve Overlap 0.0006 in

D(VOLI) #1 Cavity Volume at Mid-Stroke 82.6 169,0 in 3
D(VOL1) #1 Cavity Volume at Mid-Stroke 82.6 169.0 in3

D(VOL2) #~2 Cavity Volume at Mid-Stroke 82.6 169.0 in3

DT(XFB) Ram Pistion Position I.

DT(XPS) Power Valve Displacement in

* Same as inboard unless otherwise noted.
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6.103. 7 SurutineListing

SUBROUTINE ACT103 (D,DT,DD,IJ)
C
C ****REVISED aJUNE 1976 ***

C SHUTTLE ELEVON ACTUATOR L40DEL WITH SWITCHING VALVE
C

DOUBLE PRECISION DD
COMMLON NTELPL,NTOLPL,IPT,IPOINT,NPTS,INEL, KNEL,NTOPL,NLPLT( 61,3),
1 PQLEG(90,12),LCS(90,1O),ILEG(1400),PN(90),QN(90)
COr4MON/SUB/PARM(150,9) ,P4( 1500) ,Qt4(1500) ,P(300) ,Q(300) ,C(300)

1,Z( 300) ,Ri-O( 20) ,S2ORHiO( 20) ,VISC( 20) ,BULK( 20) ,TEMP( 20) ,PVAP( 20)
2,ATrPRES,T,DELT,TPIINAL,,PLTDEL, P1 ,TITLE( 20) ,LEGN, ICON
3,i(TEMP( 99) ,LSTART( 150) ,NLP'I( 150),LTYPE( 99) ,NC( 99) ,INX,INZ
4,INV,ISTEP,NLINE~,NEL,IND,IENTR,P1NLINE,MNEL,MNLEG,lý1NNODE,MNPLOT
5, MNLPTS, 14DS
REAL KA,KC,1KTI,KQS,KXPS,KQLOSS
INTEGE~R AR,BE,VC,VFB,VFBP, P1,XPS,

2 TXPSFPS,XYQS,QS,XQI,XQ,
3 XYXPSD,XPSD,XPSI,Q1,Q25 PPI,PP2,XYTEVTE,DELEDT,
4 XYDLED,VXL,RFXL,XL,XSD, XYPLF PL,VPLI ,XYXFI3,XFB,VFE3I,
5 VOL1,VOL2,VXLP,XFBP,P1P
6 ,FIBETA,XLP, XlQl,XIQ2,VCS,VCN,VCL
7 ,CRA,CSA,CRV,CSV
8 ,XP,XPP,VELP, XS ,XSP,V1LLS ,COEFVP,COEFVS
DIMENSION D( 16) ,DT( 100) ,DD(1) ,L( 10)

C D ARRAY VARIABLES
C

DATA KCHAN/1/, KB/2/ ,KQPS/3/ ,AR/4/,KS/5/, IE/6/,BE/7/,KFB/8/,

2 VOLI/9/,VOL2/10/ ,MAAO/12/,MAl/13/,MA2/14/ ,MA3/15/,MA4/16/

C

DATA VC/1/,VFB/2/,VPI3P/3/,KAERO/4/1 ,KAEROP/5/,
1 P1/6/,XPS/7/,TXPS/6/,PS/9/,xYQS/10/,QS/11/,
2 XQI/12/ ,XQ/13/ ,NQLOSS/14/,NQS/15/,NQPS/16/,NCAV/17/,
3 IBETA,'18/, XYXPSD/19/, XPSD/20/,XPSI/21/,Q1/22/,
4 Q2/23/,PPl/24/,PP2/25/,XYTE/26/,TE/27/,D)ELEDI/28/,
5 xYDL1,ED/29/,VXL/30/,RFXL/-3I'/,-L/322/,XSD/33/1 XYPL/34/.Pl,/35/,
6 VPLI/36/5 XYXFB/37/ ,XFB/38/ ,KINT/39/, KFLOW/42/ ,VXLP/45/ ,XFBP/46/,
1 P1P/47/ ,VFBI,'48/ ,DPFB/49/ ,DPFBP/50/ ,FIBETA/5i!,,
2 XLP/52/,XIQ1/53/,XIQ2/54/, KCOM/55/,VCS/58/,VCNq/59/,VCL/60/,
3 XP/61/, XPP/62/,VELP/63/, XS/64/, XSP/65/.eVELS/66/,f
4 COEFVP/67/,COEFVS/68/,LOSS/69/,LEAK/70/,LSWACT/71/,
5 NSUPRP/72/,NRETRP/73/,ISYS/8/
6 ,CSA/74/,CSV/75/,CRA/76/.,CRV/77/ ,TP/78/,KDAPIP/79/,KTRANS/82/

C
C INITIALIZE CONSTANTS COMMAON TO ALL ACTUATORS**

DATA VLVOL/.0006/,
1 DORFCP/. 5/,DORFCS/. 5/,OLP/.005/,OLS/..005/, zSPP/15./,sSSPP/50./,
2 AlPS1/.338/,A2PS2/.274/,A3PA/. 263/,A4PR2/. 327/,
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6.103. 7 (Continued)

3 AlSS1/..338/,A2SS2/.230/,A3SB/.263/,A4SR2/.382/,
4 KA/15./,KTMI/. 045/,EYLL/8.0/,1(QS/. 387/,KXPS/6. 22/,
5 APS/.193/,XPSL/.065/,KQLOSS/.0237/,ZS/6.5/,ZR/6.5/ý,
6 KC/.000019/`,T'AUC/.1/,T'AUFB/.004/
IF (IENTR) 1000,2000,3000

1000 IF (INEL.NE.0) GO TO 1500
C
C INITIALIZATION
C

DO 1001 1=11100
1001 DT(I)=0.0

C CORRECT INPUT DATA FOR FLUID TEMPERATURE
I=KTEV1P( IND)
DT(NQS)=S20RHiO(I)/SQRTr(2./7.82E-5l)
DTr(NQPS)=D( KOPS) *DT(NQS) *SQRT( 2.)
DT(NQLOSS)=KQLOSS*DT( NQS)
DT( NQS )=KQS*DT(NQS)
DT( I3ETA)=BULK( I)
DT( FIFRETA)=DT( IBETA) *D(AR) *D(AZR)/D(KS)
CALL TUSTIN(1,1.,DT(KINT) ,DELT)
CALL TUSTIN(2,.005,DT(KFLOW),DELT)
CALL TUSTIlN(2,.0159,DT(KCOM),DELT)
CALL TTJSTIq( 3,TAUC, 1.T(KDALIP) ,DELT)
CALL TUSTLILN(2,TPAUF13,DT(1(TRANS) ,DELT)

C
C SET UP SWITCHING VALVE CONSTANTS

DINP=. 75/( 12* 32. 2*DELT)
DEkLT02=DELT/2. 0
B13VP=( DORFCP/A3PB) **2
BVP=BBVP*( .1+DINP)/2.0
SQI3VP=BVP**2
1313VS=( DORFCS/A3SB) ','
BVS=BI3VS*( .l-+-)DL'P)/2.0
SQ13VSý13VS**2
DT(COEFVP)=2.0*.65*S20RHO( I)
DT(COEFVS)=2. 0*.65*S2ORHO( I)
DT( LEAK) =1000000.

C
L( ISYS)=1
IF(INV) 1220,1250,1200

1200 IF(L(g).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)=RHO( 1)*M.06
Dr( LSWACT) =1. /( DT(COEF VS )*2) **2+DT( LOSS)
IF(L(ISYS).GT.2) GO TO 1260
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6.103.7 (Continued)

DT(LSWACT)=DT(LSWACT)+1.o/(DT(COEFVP)*.2)**2+DT(LOSS)
1260 CONTINUE

RET URN
C
C ------------------ STEADY STATE SECTION
C
1500 CONTINUE

QI.OSS = (l.0/(DT(NQLOSS)*D(KCMAN)))**2
COES=DT( LEAK)
IFU(KNEL+1)/2.NE.L(ISYS)) GO TO 1600
DT( QS )=PQLEG( INEL,1) *PQLEG( INEL, 2)
COES=0. 0

1600 QSA=PQLEG( INEL, I)
PDELTA=PQLEG( INEL, 2) *QSA* (QSA*DT( LSWACT) +COES)
DELP=PQLEG( INEL, 2) *QSA**2*QLOSS
PSA=PQLEG(INEL, 11)-PDELTA
PRA=PSA-DELP
PQLEG( INEL,J.1)=PRA-PDELTA
PQLEG( INEL, 6) =PQLEG( INEL, 6) +COES* 2.0
PQLEG(INEL,8)=PQLEG(INEL,8)+2.0*DT(LSW.ACT)+QLOSS
IF(COES.NE..0.) GO TO 1700
DT(PP1)=PSA
DT( PP2)=PRA

1700 RETURN
C
C----- VARIABLE INITIALIZATION
C
2000 CONTINUE

DT(NSUPRP)=DT( PP1)
DT(NRETRP) =DT( PP2)
DT( CSA)=DT(CPP1) +DT(OS ) *ZS
DT(CSV)=DT( PP1)-DT(QS)*ZS
DT(CRA)=DT(PP2)-DT(QS) *Z
DT(CRV)=DT( PP2)+DT(QS) *ZR
DT (VCL) =DT (VC)
DT(VCS)=DT(VC)
DT(VFB)=DT(VC)
DT( XFB) =DT( VFB)/D( KA'B8
DT( XYXF!3) =DT( XFB)
DT(VFBI)=DT( XFB)
DT( XYXFB)=DT( XFB)
DT( XFl3P)=DT( XFB)
TAERO = DT(KAERO)+DT(KAEROP)*DT(XFB)
DT(RFXL) =D(M~AO)+D(i1A1)*DT(XFB)+D(iMA2)*DT(XFB)**

21+DT(XFB)**3*(D(MA3)+DT(.t-FB)*D(tMA4))
DT(XL) = DT(XFB)-(TAERO/DT(RFXL))/D(KS)
DT ( X LP) = DT( X L)
Fl = 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(PP1) = DELP+F1/2
DT(PP2) = DELP-F1/2
DT(PL) = F1
DT( XYPL)=F1
DT(XIQ-1)=(D(VOL1)+DT(XFB)*D(AR))/(l.-DT(PP1)/DT(I3ET'A))
DT(XIQ2)=(D(VOL2)-DT(XFB)*D(AR))/(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
IGO TO 2040

2020 DT(XP)=-.2
2040 DT(XPP)=DT(XP)

DT( XSP)=DT( XS)
DT(QSh=O.0
RETURN

3000 CONTINUE
C
C TRANSIENT CALCULATIONS
C
C ***INTIALIZE VARIABLES

RFXLS=DT( RFXL)
DT(RFXL) = D(MAO)+D(LIA1)*DT(XL)+D(MA2)*DT(XL)**2
1 +DT(XF'B)**3*(D(MA3)+DT(XFB)*D(14A4))
RFXLP=2. *DT( RFXL) -RFXLS
TAERO=DT( KAERO) +DT( KAEROP) *DT( XFBP)

C
C SECONDARY ACTUATOR
C
C --- SERVO AM4PLIFIER
C

DT(VCN)=DT(VC)
DT(VCL)=DYN4AM(DT(VCS),DT(VCL),DT(KCO1ii))
DT(VCS)=DT(VC,).
EYE=KA*(DT(VCL)-DT(VFBP))
IF(ABS(EYE).GT.EYEL) EYE=SIGN(EYEL,EYE)

C
C --- TORQUE M4OTOR
C

TXPSS=DT( TXPS)
DT(TXPS) = DT(XPS)*KXPS
TXPSP=2. *DT( TXPS )-TXPSS
Tel = EYL*KTH~
EPST=TM4-TXPSP
IP(ABS(EPST) .GT.0.02) EPST=SIGN(0.02,EPST)
DELP=DT(PS)-SIGN( 1.0,EPST)*DT( PiP)
IF(D)ELP.LT.0.0) DELP=0.0
DT(QS) = EPST*DT(NQS)*SQRABS(DELP)
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6.103.7 (Continued)

C
C ---- MAIN CONTOL VALVE POSITION
C

DT(XQI) = DYNqALI(DT(XYQS),OT(XQI),DT(KFLOWq))
DT(XPSD) = DT(XQI)/APS
DT(XPS) = DYNALI(DT(XYXPSD),DT(XPS),DT(KINT))
CALL XLIMIT(DT(XPS),DT(XPSD),TM~,-XPSL,XPSL)
IF(TPI.EQ.0.0) GO TO 60
DT(QS)=0.0
DT(XQI)=0.,0

60 CONTINUE
DT( XYXPSD)=DT( XPSD)
DT( XYQS)=DT( QS)
QLOSS = (ABS(DT(XQI))+DT(NQLOSS)*SQRABS(DT(PS)))*D(KCHAN)
Q1S=DT(Ql)
Q2S=DT(Q2)
NXV=DT( XPS )/VL VOL
IF(NXV)J 1130,170,180

C
C XPS LESS THlAN 0
C

130 XPSS=((DT(XPS)+VLVOL)*DT(NQPS))**2
SGN=DT(CRA)-DT( PP1)+QLOSS*ZR
FN2=XPSS*Z R
IC ALC= 1

C
C CALCULATE MAIN CONTROL VALVE FLOW'S
C

140 FLOW=(SQRT(FN2**2+4.0*XPSS*ABS(sGN) )-FN2)/2.0
ZCALC = ICALC
GO TO (150,160,190,200),ICALC

C
150 DT(Q1)=SIGN(FLOW,SGN)

QRA = DT(Q1)-QLOSS
FN2=XPSS* ZS
SGN=DT(CSA)-DT( PP2)-QLOSS*ZS
IC ALC 2
GO TO 140

160 DT(Q2)=SIGN(FLOW,SGN)
QSA = DT(Q2)4-QLOSS
GO TO 220

C
C xPS= 0
C

170 DT(Q1)=0.
FLOW=0.0
QSA = QLOSS
DT(Q2)0O.
ORA = -QLOSS
ICALC=5
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6.103.7 (Continued)

GO TO 220
C
C XPS GREATER THAN 0
C

180 XPSS=((DT(XPS)-VLVOL)*DT(NQPS))**2
FN2=ZS*XPSS
SGN=DT( CSA) -DT( PP1 ) QLOSS*ZS
IC ALC =3
GO TO 140

19,0 DT(Q1)=SIGN(FLOW,SGN)
QSA = DT(Q1)+QLOSS
FN2=ZR*XPSS
SGN=DT(CRA)-DT( PP2)+QLOSS*ZR
ICALC=4
GO TO 140

200 DT(Q2)=SIGN(FLOW,SGN)
QRA = DT(Q2)-QLOSS

C
220 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

230 FLOWI=SQRA13S(XPSS*(VAP-DT(PP1)))
DT( i) =FLOW
GO TO 250

240 FLOW=SQRAi3S(XPSS*(VAP-DT(PP2)))
DT( Q2)=FLOW

250 QRA=(DT(CRA)-VAP)/ZR
PRA=VAP
DT(NCAV) =DT(NCAV) +FLOW-QLOSS-QRA

270 CONTINUE
DT(PS) = PSA-PRA

C
C---------------ACTUATOR CHAi'LIER PRESSURES

PFLOW=DT( VXLP) *D( AR)
PDIO"=DT( XLP) *D( AR)
DT(XIQ1)=DT(XIQ1)+.5*DELT*(DT(Q1)+QIS)
DT(XIQ2)=DT(XI02)+.5*DELT*(DT(Q2)+Q2S)
FQ1=DT( FII3ETA)/DT( XIQ1)
FQ2=DT( FI3ETA)/DT( x1Q2)
BETA1=DT( IBETA)*( 1.+FQ2)/( 1.+FQ1+FQ2)
BETA2=DT( IFETA) *( 1.+FQ1)/( 1.+FQ1+FQ2)
PP11=BETA1*(1.-(PDIS+D(VOL1))/DT(XIQ1))
PP22=BETA2*(1.+(PDIS-D(VOL2))/DT(XIQ2))
PP21=PP11*FQ2/(1. +FQ2)
PP12=PP22*FO1/( 1.+FQ1)
DT( PP1)PP11+PP12,
DT( PP2) =PP22+PP21
IF(DT(PP1).LT.VAP) DT(PP1)=VAP
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6.103.7 (Continued) R
IF(DT(PP2).LT.VAP) DT(PP2)=VAP
DT(PL) =DT(PPl)-DT(PP2)

C --- LOAD DYNAMAICS

FL=D:T( PL) *D( AR)

TR =FL*RFXLP
DT( XSD) =FL/)( KS)
FDRIVE=TR-,TAERo

* CALL CFRIC2(FDRIVE,FF,DT(VXLP),'Yr(VXL~),DT(TEi),DTr(XYTE),
I T(DELEDI),DELS,201000.,1.263,1.)
DT( TE) =FDRIVE+FF-DT( VXLP) *D( BE) /RFXLP
D'r(DELEDI) =DYNA14(DT(XYTE),DT(DELEr)I),DT(KINT))
VXLS=DT(VXL)
DT(VXL) = DT(DELEDI)*RFXLP/nCIE--)
DT(VXLP) =2.*DT(VXL) -VXLS
DT(XYTE) = DT(TE)
XLS=DT( XL)
DT(XL) = DYNAIA4(DT(XYD)LED),DTr(XL,),DT(KI14T))
D~r( XLP)=2.*DT( XL)-XLS
DT(XYDLED) = DT(VXL)
XFl3s=DT(XFB3)
'Ylr(XF!3) = DT(XL)-iDT(XSD)
DT(XFBP)=2.*DI'( XFI3)-XFB1S
PlS=DT( P1)
DT(P1)=DT(XPS)*D(KI3)*(DT(PS)-SIGN(DT(PL),DT(XPSfl)/APS/D(KCHiAN)
DT( PlP)=2.*Dr( P1)-PliS

c POSITION AND PRESSURE FELDBACK
* C

DT(VPLI) = DYNiAL~I(DT(XYPL),DT(VPLI),DT(KDAi4IP))
DT(XYPL) = DT(PL)
DT(VF31) = DYNAMi(DT(XYXP3),Drt~VF13T),0T)'(KTRAN'S))
UT(XYXFB) = DT(XF13)
VFBS=DT( VFI3)
DT(VFB)=DT(VFBI)*D(KFI3)+DTr(VPLI)*KC
DT(VFIP)=2.0*DT(VFB)~VFI3S

C
c SW4ITCHING VALVE CALCULATIONS
C

DO 3010 I=i,6

Q( IL)=0.0
3010 P( IL) C (I L)

Q)SV=0. 0
QRV=0. 0
PSVýDT( CSV)
PRV=DT( CRy)
NS~-1
PXP=DT( XP) * ,0-DP( XPP)
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6.1033.7 (Continue~d)

PXS=DT(XS) *2. 0.-'r( XSP)
N 1)I ',Vi P X P/O0L P
NOTSVS= PXS/01AS
IF'(NDISVS) 3020,3G40,3029

3020) C,=( PXS+O 1,S) 4DT( COLA.'il) 2
COE=CO1I-/ (COL* DT(LO3) + 1. 0)
NS=3
GO TO 3036

3 0219 1i F( MAIM) 3030,3045,3035
3030 NS3-2
3035 COLP-1 0/((PXP-'UIGN(OLP, PXP) ) *0orCOLF'VL)))2 D-f(1,0!.;)

COLS=1 O/((PXS-OLS) DT ( COLL'VS3)*2+4Yr( Lxsý
cOE"1 . 0/ ( cmO'lPc0LS-)

3036 LS=NS* 2
LR=L( T..S3)
L.3=L( LS-1)

C SUPPLY CALCULATION
Z A= ( Z(LS)-:Z S) COl;/ 2. 0
OS V= -Z A+3QRT( Z A* *2 +A 3S(C ( b; T)-T( C,;V) C01,)

Q8=SIGN (QSV, C( LS) -D-C'r(CV)
ikSV=J'r( CS3V) +Z5'**OLV
Q( LS) 'zOSV
P( LS)-C( LS)-Q3V*Z( LS)

C RUTU1RN CALCTJLATION
ZA=C'(X L1) +ZR) *COl-./2. 0
O)RV= -ZA+L3Q'V.( ZA* k 24 All.;( (C( Li%) -D)T( kC PV ) ) *.
QI{V= SI1GN (OR V, C ( L R) -DTY( C RV)
PRV:=DT1'f C RV) 4 Z k * lkV
Q( T.,R) =0RV

P'i( 1,H) =C( 1,)=C -1R)V* v Z ( ( 1,R)m(kV (T

3040 r4=1
1lF( N DISVPI) 3 04 3, 31o, 0 34 4

3043 N = 4+ 2

3044 D)T(NS3UPiRP) .P( L( N)

Go rO 3100I
3041) lD(NS1UPiP)=PSV

3100 CONTINUE
VL LPO1=DT ( VI: LP)

I(P0X3T1=PLT.0 1)) PLT(1(2

PS 1'1, ( 7S) Su P* XP+ P( L( 3 ) ) A2 W; 24 P( L( 4) A414 1,(-I 1i A 1 1 :; 1)
PNS 1L1 PS 11L-VL LPO* DIN P) /A 3)111

DT (V) 1, P) 13V l+:L;o()f(S IV P+1 I~V P* A ;% I il:;B 1";1 'L)I
DL' CVE;LI) =SI1GN( DTI'( VEL II)),P 3'- P,; P1.)
DT1( X 1)P) = DT ( X 11)

( ~6.1033-18j



6.103. 7 (Continued)

CALL XLIMlIT(DT(XP),DT(VELP),PSPL,-
2 ,.2 )

cIF(PSPL.NE..0.) DT(XPP)=DT(XP)

VELSO=DT(VELS)
PBST=DT(NSUPRP)
IF'(PXS.LT.Q.l) PBST=DT(NRETRP)

PSPL=(ZSPP-SSPP*PXS+P(L(5))*A2SS2+P(L(
6))*4R

1 -DT(NStIPRP)*A1SSl)
PSPL=(PSPL-VELSO*DINP)/A3SB
DT(VELS)=-BVS±SQRT( SQBVS+3BVS*ABS( 

PBST-PSPL))

DT(VELS)=SIGN(DT(VELS) ,PBST-PSPL)

DT(XSP)=DT(XS)
DT(XS)=DT( XS)+( VELSO+DT( VELS) )*DELTO2

CALL XLIAIT(DT(XS),DT(VELS),PSPL,-
2 ,.2 )

IF(PSPL.NE.O.O) DT(XSP)=DT(XS)

DT (CSA) =PSV+ZS*QSV
DT( CSV)=PSA-ZS*QSA
DT( CRA-) =PRV+ZR*QRV
DT (C RV) =PRA-Z R* QRA

DT( 89)=TAERO
DT( 90)=TR
RETURN
END
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6.104 SUBROUTINE ACTI04
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FIGURE 6.104-1.

TYPE NO. 104 SIIUTYLE ENGINE CONTROL ACTUATOR

Thu, No. 104 actuator, Ii a model, of a puuh-puih servoactuator. External

Iuadi; a,t well am I ri tion are not included in the model- Data inputs requiredI

ark- pVuitLioi trandu't-or gain, uur,oval'ze gain constant, average effective

mIoimenit arm and pj.8Lun area.
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6.104.1 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 torque

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,

continues 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 piston. The actuator position

is sensed as VF and compared with the position command VCOM to close the loop.

For purposes of interfacing with HYTRAN program the servoactuator

schematic can be considered as follows:

Pi xCQ (LI)-Q QLI

QC

Z(L1) 7(L2)

xl.

QL

Fl = Cl - Q1,1) Z(Ll)

P2 = C2 + Q(Ll)*Z(L2)

QC = XC*SQRT(Pl-P2)

6.104-2
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QL = XL*SQRT(PI-P2)

Q(Ll) = QC + QL

Q(Ll) = (XC + XL)*SQRT(PI-P2)

Q(Ll) 2  
s

-xcx-E2 = (CI-C2)-Q(Ll)*(Zl+Z2)

Solving for Q(Ll) by putting in quadratic form

Q(Ll) - (SQRT(ZT**2+4.0*ABS(CDIFF)/XCL)-ZT)*XCL/2O0

where:

ZT = Z(Ll)+Z(L2)

CDIFF = Cl - C2

XCL = (XC+XL)
2

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

integration methods, where the integrals are effectively 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 RHO dependent variables for the input temperature.
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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 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,ll).

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 Sectio'

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.

N• Interface between this subroutine AC1PJ4 and the guidance and control

subroutine CAD98 is via the following variables DT(l) and DT(2).
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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(l) and L(2) for the supply and return connections respectively.

6.104.4 APPROXIMATIONS

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.

6.104-6
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6.104.6 Variable Names

Variable Desc-ription Dimensions

AMPKT Constant (KAMP*KT*KV)

CDIFF C(Ll)-C(L2) PSI

DELTO2 DELT/2 SEC

D(KAMPI) Constant(57.3/(Effective Mcment DEG/IN3

Arm* Piston Area))

D(KC) Servovalve Gain Constant for 100'F --

DT(KCOM) Position Command VOLTS

DT(KC'7) Servovalve Gain Constant for Run --Temperature

D(KF) Position Transducer Gain V/DEC.

DT(KPH) Actuator Position Feedback Voltage VOLTS

DT(KQ) Actuator Flow CIS

DT(KQI) Actuator Displacement IN 3

DT(KQL) Old Vaiue of Actuator Flow CIS

DT(KXLK) Leakage Leg Constant for Run -

Temperature

UI Dummy Variable for L(l) --

L2 Dummy Variable for L(2) --

VE Difference Between Cotumand and Valve VOLTS

Position

VILM Constant (ILM/KAMP) --

XC Flow Constant for Actuator Leg --

XCL Constant (Sum of Flow and Leakage Leg --

Constants Squared)

XLK Leakage Leg Constant for 100°F

6.104-7
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ZT Sum of LI and L2 Characteristic PSI

Impedance.

DT(KLAG) Integration Constant --

D(LAG) First Order Lag Time Constant see

6.104-8
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6.104.7 Subroutine Listing

SUBROUTINE ACT104 (D,DT,DD,L)
C **REVISED NOV 3,1975**
C SH~UTTLE SSME ENCINE. CONTROL ACTUATOR vlODEL

DOUBLE PRECISION DO
DIAENSION D(1) ,DT(1) ,DD(1) ,L( 1)
COMA~ON NTELPL,NTOLPL,IPT,IPOINT,NPTrS,INEL,gNEL,
I1 NTOPL,NILPLr(61,3),PQLEG(90,12),LCS(90,10),ILEG(1400),
2 PN(90) QN(90)
COi.1140M/SUB/PARM.( 150, 9) P.'(150O),QM1(15O0),P(3OO),Q(300),C(300)
,Z(300) ,RH-O( 20) ,S20RHO( 20) ,VISC( 20) ,BULK( 20) ,TEIIP( 20) ,PVAP( 20)
2,ATPRES,T,DELT,TFINqAL,PLTI)EL,PI,TITrLE(20),LEGN,ICON
3,KTE14P(99) ,LSTART( 150) ,NLPT( 150) ,LTYPE(99) ,NC( 99) ,INX,INZ
4, INV, ISTEP,NLINE,NEL, IND, IENTR, INLI NE, MNEL,mNLEG, iNNODE, O1N PLOT
5, M~NLPTS , MDS

C **D ARRAY VARIABLE.S
DATA KF/1/,KC/2/,KALI'PI/3/,LAG/4/

C D* T ARRAY VARIABLES
DATA T('COoi/l/,KýPH/2/,KQL/3/,KQ/4/,KQI/5/,KXL1</6/,KcTr/7/

1 ,KLAG/8/,KCONS3/11/,KCOiANt/12/,KCOi'IL/13/
DATA AlMýPXT/.08688/,VILel/.184162/,XLK/.02108/

C Ap1PKT=KA~iP*KT*KV,VILM~=IL~l/KAIIP
C XLK=1.155*(1/SQRT(3000) ), KAL4PT=57.3/(A*ol)

IF(IENTR) 1000,2000,3000
1000 C-ONTINUE

F~ (INEL. NE.0) GO TO 1500
XCL=S20RHiO(KTEi41P(INID) )/SQRT(2./7.82E-5)
DT( KXLK) =XLK*XCL
OT( KCT)=D(!(C) *XCL
DT(T<COil)=0.0
CALL TUSTriN(2,0(LAG),DT(KLAG),DELT)
RETURN

1500 XCL=1.0/DTE(KXLK)**2
PQ.LEG( INEL, 8) =PQLEG( INEL, 8) +XCL
DT(KQ)=PQLEG(INEL,1)**2*PQLEG(INEL,2)
PQLEG( INEL, 11)=PQLEG( INEL, 1l)-DT(K1Q) *XCL
RLT URM

2000 CONTINUE
DT(KO)=0.0
DT( KPH)=DT( KCOn))

DELT02~=DELT/2. 0
DT( KCOp1L) =DT( KCOM-)
DT( KCO.AS) =DT( KCOA,)
P.E T"URN

3000 CONTINUE
L1=L( 1)
L2=L(2)
ZT=Z ( L1) +Z ( L2)
DT( KCOi~lN) =DT( TCO,*I)
IDT(1(COrIL)=rYN4Ail(O.T(KCOM'S),0DT(K(CO',r) DT(XLAG))
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6.104-7 (Continued)

DT( KCOr'IS) =DT( KCOIN)
VE=D(KF)*(DT(KCOA1L)-DT(KPH))
CDIFF=C(L1)-C(L2)
IF(ABS(VE) .GT.VILU4) VE=SIGN(VILM,VF2)
XC=VE*AcIPKT*DT(KTCT)
XCL=(DT(KXtK)-iABS(XC) )**2
QO(L1)=(SQRT(ZT**2+4.0*ABS(CDIE'F)/XCL)-ZT)*XCL/2.O
Q(L1)=SIGN(Q(L1) ,CDIFF)
P(L1)=C(L1)-Q(L1)*Z( Li)
O(L2)=-Q(LI)
P(L2)=C(L2)-Q(L2)*Z( L2)
DT(T(QL)=DT(KQ)
DT(KQ)=XC*SQRA3S(P(L1)-P(L2))
DT(KQI)=DT(KQI)+(DT(KQL)+DT(KO))*DELTO2
DT(KPIH)=DT(KQI) *D( KA0PI)
RETURI'
END
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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.
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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 is 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 is 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
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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,lI).

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).

DT(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 intervals. The six degree of freedom (SDF) subroutine uses

the latest value of actuator position feedback DT(XFB) in its calculations

as an indication of the actuator position. The SDF program also calculates a

hinge moment at zero actuator position and the slope of hinge moment versus posi-

tion.
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ACTi05 uses the zero and slope values, interpolate values of TAERO

until those values are updated by the next guidance and control computation.

The interface between this subroutine ACT105 and the guidance and control

subroutine is via the following variaDles DT(l) thru DT(5).

Variable Description Dimensions

DT(VC) Input position command Volts
(Calculated by SDF)

DT(XFB) TVC actuator position In
(Calculated by ACT105)

DT(KAERb) TVC hinge moment at zero stroke in lbs
(Calculated by SDF)

DT(KAEROP) TVC hinge moment slope In lbs/in
(Calculated by SDF)

The line pressures and flows are returned via the P and Q array.3 using

the address L(l) - L(6) for the supply and return connections.

The input command DT(VC) is feed via a first order lag to the junction,

where it 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 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 (m.An contro 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 flaw through the main control valve is calculated Wi•a1 the pre-

dicted actuator cavity press;ure and the valve orIffcle Fquat-ion-, which ;ire

6,105-6



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 method avoids the need for a simultaneous solution which

would have required a more expensive iterative solution.

The computed flows, which are positive when flowing into the actuator

cavities, 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

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.
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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.

Because of the TVC package 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/AREA 2

for Q = 150 CIS

= 2.13/AREA
2

= 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
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The pressure drop across the valve holes

AP = Q2 *DT (LOSS)

where the loss coefficient

DT(LOSS) = RHO/(2*.652*AREA2 )

= .000485 @ 130OF

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 on the

positions at the last two time steps.

PXP = DT(XP)*2-DT(XPP)

Predicted values are used to 4 'iprove the computation accuracy

during switching, no effort is made to correct the computations 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
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true value, but still avoiding the predictor - corrector type of

computation, which leads to stability problems.

The computation would be improved by the use of a very small time

step, but it is doubtful if there would be any significant improvement

in the overall system accuracy.

The initial position of the valve is determined from the system

indicator INV which indicates the conditions of the three systems.

This is translated into the local system indicated (ISYS).

where

L(ISYS) = 1 primary system active

L(ISYS) = 2 first back-up active primary failed

L(ISYS) = 3 second 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. I and No. 2 systems,

and just one 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 used primary and secondary as the valve names.

The two valves are almost identical 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 responds.

The achievement of this will depend on the transient preqstures

that occur during switching.
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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 connecting the return or pressure ports and the

bootstrap area end of the valve. Scaling the drawings available 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 leiigtb gives a total of 1.4 PSI/CIS 2

At the 21 CIS flow this will give a pressure drop of 617 PSI which will.

have a significanL effect on the bootstrap pressure.

In going from the initial position of PXP=.2" to the switches position

of PXP= -. 2", oil is pumped out of the bootstrap cavity, initially into

the P1 supply and later when PXP <.I", it is pumped into the R1 return.

The bootstrap reference pressure PBST is switched when PXP <.l from PBSr =

P(L(l)) to PBST = P(L(2)).

The spring pre-load is 5 lbs @ XS = .2 and the spring rate is

50 lbs/in.

This makes the spring load

11 ZSPP-DDISVP*SSPP

where ZSPP - 5 + .2*50

S15 lbs.

and SSPP = 50 lbs/in
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The predicted valve displacement PDISVP is 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

ACCN = .4*2*104 = 8000 in/sec2

FORCE = .002x8000 = 16 lbs.

6.105.5 Approximations

The servo valve first order lag of 0.005 seconds is an approximation.

6.105.5 Limitations

The TVC module can be used to simulate the overall response of the

actuator and surface to coumnands vrom the SDF program. Because of the

simplification in the area of the secondary actuator the small signal re-

sponse is better than can be expected in practice. Tha 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 ;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 in 2

D(AR) Effective Ram Actuator Area 20.03 in2

D(BE) Effective TVC Damping Coefficient 1000. 16-sec
in

EPS7 Net Error Torque in-lb

EYE Input Current ma

EYEL Servo Amplifier Saturation Limit 50.0 ma

6.105-14
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Variable Description E3P* Dimensions

FDRIVE Net Ram Force lb

FF Friction Force on Ram lb

FL Ram Force Applied to Load lb

D(IC) Engine Moment of Inertia About Hinge 48400 in-lb-sec 2

Line

KA Servo Amplifier Gain 11. ma/v

KB Bernoulli Force Coefficie .702 in

D(KCHAN) Number of Operative Channels --

KDEL Dynamic Pressure Feedback Gain .2 -

KDPF Dynamic Pressure Feedback Gain .00062 in lb/PSI

KE Dynamic Pressure Peedback Integrator 59.4 --

C :in

D(KFB) Actuator Feedback Gain .367 in-lb
in

KQLOSS First Stage Leakage Coefficient .0237 CIS/PSI

D(KQPS) Power Spool Flow Gain 121.0 CIS/lb

KQS Secondary Valve Flow Gain 3.743 in 3 /(SEC lb 3)

D(KS) Structural Stiffness 226000. lb/in

KTM Torque Motor Gain .04 in-lb
ma

D(KXPS) Power Spool Feedback Gain 5.82 in-lb
in

D(MAO) FiftsL Momeat Arm Constant 27.79 in

D(MAI) Second Moment Arm Constant -. 3499 in/in

D(MA2) Third Moment Arm Constant -. 00787 in/in 2

VLVOL Power Spool Overlap .0006 in

D(VOLI) #1 Cavity Volume at: Mid-stroke 1-22.0 in 3

D(VOL2) #2 Cavity Volume at Mid-stroke 115.0 in 3
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Variable Description E3P* Dimensions

XPSL Power Spool Displacement Limit .05 in

Engine No. 3 Pitch TVC.

'il

AIPSI Primary valve AREAl IN2

AISSI Secondary valve AREAl

A2PS2 Primary valve AREA2

A2SS2 Secondary valve AREA2

A3PB Primary valve AREA3

A3SB Secondary valve AREA3

A4PR2 Primary valve AREA4

A4SR2 Secondary valve AREA4

BBVP Damping coeff.

BVP Damping & inertial coeff.

COE Combined orifice coef.

112/IN
DT(COEFVP) Metering orifice coef. CiS/(PSI)

DT(COEFVS) Metering orifice coef.

COEP Primary combined orifice coef. PSI/(CIS) 2

COES Secondary combined orifice coef.

DELT02 DELT 2.0

DINM Spool inertia coef
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DORFCP spool damping orifice coef

DORFCS Spool damping orifice coef

I Do loop counter 
I

IA Actuator line address

IL Line address

IN Connection number

IPASS Calculation counter

L(ISYS) Active system indicator

DT(LEAK) Leakage coeff when valves are closed

DT(LOSS) Orifice coef of inlet holes PSI/cIS2

DT(LSWACT) Combined coef oc metering orifice and hose coef PSI/CIS2

N Connection counter

NDISVP Integer position indicator

NDISVS Integer position indicator

DT(NRETRP) Return reference pressure

NS System indicator

DT(NSUPRP) Supply reference pressure

OLP Primary valve overlap IN

OLS Secondary valve overlap IN

PBST Bootstrap referernce pressure PSI

PDELTA Steady state pressure drop PSI

PXP Predicted value of XP IN

PXS Predicted value of XS IN

PSPL Pressure exerted by spool forces on bootstrap PSI

volume

" QS rlow through valve

6.105-17
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SQBVP BUP 2

SSPP Spring slope or rate LBS/IN

DT(VELP) Primary spool velocity IN/SEC

VELPO Previous value of DT(VELP) IN/SEC

DT(VELS) Secondary spool velocity IN/SEC

VELSO Previous value DT(VELS) IN/SEC

DT(XP) Primary valve position IN

DT(XPP) Previous value of XP IN

DT(XS) Secondary value position IN

DT(XSP) Previous value of XS IN

ZA Temporary impedance PSI/CIS

ZSPP Spring load at zero position LBS

.I
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6.105. 7 Subrutine~istin

SUBROUTINJE ACT105 (D,rDr,ID,L)
C
C *****REVISED NOVL1M13ER 1975
c SHUTTLE SSME 'rye ACTUATOIý M~ODEL
C

DOUBLE PRECISION DD
COMMtON NTLLPL,NrVOLPL,-IPTr,IPOINTf,NPTrs,INISL,KNEL,NTOPL,NLPLT(61,3)
1 PQL.EG(90,12),LCS(90,10),ILEGCI(4n0),PN(90),QN(90)
CCXIIION/SUBL/PARM,( 150,9), PiAC 1500)*QM1( 1500) ,P( 300) ,Q( 300) ,C( 300)

1,Z( 300) ,RHO( 20) ,S2ORH[O( 20) ,VISC( 20) ,I3UL<( 20) ,TEI4P( 20) ,PVAP( 20)
2,AT.PREST, DELT, TFINAL, PLTDLL, PI TITLE( 20) ,LEGN, ICON
3,KTEMP(99),LsTr~liýT(150),NpTPr(150),L'rYPi(99),NCC99),INX,INZ
4, INV, ISTEP, NLI NL, N LL,, INI1), T ENTR, MiLl NE, MNE L, 1N LEG, PINNODE, AN PLOT
5 DMNLPTS ,MDS
RrIAL KA,FTr4,KQS,KDE!L,KDPiýý,KE,KQLOSS
INTEGER AR,13E,VC,P1,XPS,

2 TXPS, PS, XYQS, OS, XQl,
3 XYXPS D, XPSD, XPSI, Q3 (2, PP1, PP2, XY-L, TE, DELLDI,
4 XYDLED,VXL,bl'VXL,XL,XSD,PL,VPT,XEi3,
5 VOL1,VOL2,VXLP,XF'131,P1P
6 ,TP,TPN,DPPB,DP-1M3P,FI13L'PApXlPl,XI01,XIQ2,VCS,VCN,VCT,
7 ,CRA,CSA,CRV,CSV
8 ,XP,XPP,VELP,XS, XSP,VL-LS,COLFVP,COL,:VVS
EDIMENS ION D( 16) , DT( 100) , Dl( 1) , L( 10)

C
C **D ARRAY VARIABLl-S
C

DATA KCB[AN/IL/,KBi/2/,'KQPS;/3/,AR/4/, KS/5/,IE/6/,BE-/7/,KFB/R/,
2 VOL1/9/,VOL2/10/ ,'XPS/11/,MIAO/12/,NIAl/13/,MA2/14/

C
C **DT" ARRAY VARI'3t.IK:S
C

DATA VC,/l/,KAEPO/4/,.KAi.,RP/5/,
1 Pl/6/,XPS/7/,TrXPS/8/,PS/9/,XYQS/ 0/,QS/11/,
2 XQI/12,',NQLODSS/14/,NQS/15/,NOPIS L6/,NCAV/17/,

4 Q2/23/, PP1/24/, P1:2/25/, XYTiE/26/,TE/27/, oELED)I/28/,
5 XY)L.ED/29/ ,VXL/30)/ , FXL/31/, XL/32/ ,XSD)/33/,
6 PL/35j/,VPI/ThD/,XF!3/38/,KINT/39-/,KFLOWý/42/,VXTP/45/,XFBP/46/,
1 PIP/47/,TPN/48/, 0PFLB/49/',DPb'3P/50/, FI!3L-..A/51/,
2 XLP/5j2/,XIQ1/53/,X1Q2/54/, KCOAl/55/,VCS/58/,VCN/59/,VCL/60/,
3 XP/61/,XPP/62/,VI-LP/63/ ,XS/64/, XSP/65/, VL~lS/66/,
4 COEFVP/67/,COLP[-VS/6,8/,LOSS/69/,LEAK/'70/,LSWACT/71/,
5 NStJPRP/7 2/, NIZERP/ý 3/, TSYS/3/
6 ,CSA/74/ ,CSV/75,/,CRA/-7('/ ,'RV/77/ ,,P/7?,/

C
C INITIALIZE CONS;TANTS CO01,1,1N TO ALL, ACTIUATRoPS

DATA VLVOL,/.000E,/,KDfV1ý/.2/,KD)PF/.00062/,KL/ý9.4/,
1 DORF~CP/.5/,DOIPFC(S/.c5/,O1,P/.0)05/,OLS/.005/,ZSPP/15./,SSPP/50./I
2 AlPS1/.33B/,A2PIS2/. 274/,' -AlPB/.263/,A4PRý2/.327/,



6.105.7 (Continued

3 AlSSI/. 338/,A2SS2/.230/,A3SB/.263/,A4SR2/. 382/,[4 KA/li./ ,'~, (T/. 04/,EYEL/50./,KQS/3.743/,
5 APS/. 393/,XPSL/.05/,I(QLOSS/.0237/,ZS/6.5/`,ZFR/6. 5/
IF (IENTR) 1000,2000,3000

1000 IF (INEL.NE.0) GO TO 1500
C
C INITIALIZATION
C

DO 1001 1=1,100
1001 DT(I)M0.0

C CORRECT INPUT DATA FOR FLUID TEM~PERATURE
I=KT~iP( iNO)
IDT(NOS)=S2ORHiO(I)/SQRT(2.ý/7.82E-5)
DT(NQPS)=D(KQPS)*DTr(NQS)*SQRTC 2.)
DT(CNQLOSS) =KOLOSS*DT( NQS)
DT( NQS) =KQS*DT( NOS)
o'r( 3CTA)=BULK( I)
DT( FIt3ETA) =DT( I3ETA) *D(AR) *D( AR)/D( KS)
CALL TUSTIN(1,1.,DT(KINT),DELTr)
CALL TUSriN( 2, . 005, DT(KFLOJ) , DELT)
CALL TUSTriN(2,.01R72,DT(KCOMI),DE;LT)

C
C SET UP. SWITCHING VALVL CON4STANTS

DIN[,. 75/( 12* 32. 2*DELT)
DELTO2=DELLr/2. 0
BBVP=(DORE'CP/A3P13) **2
[3SIP=133VP*( .1±DINP)/2.0
30i3Vp=1Vp*k
T3f3VS=(DORFCS/A3SB) **2
BVS=BI3VS*( .1+DI~qP)/2.0
S )VS =3VS ** 2
DT( COEI'VP) =2.0*. 63*S2OPHO( 1)
DT(COLFVS)=2.0*.65*S2ORHO( I)
D)T( LhAK)=1 000000.

C
L( ISYS)=l
IF( INV) 1220, 1250, 1200

1200 IP(L(9).EO.INV) GO TOC 1250
IFCL(]10)-EQ.TNV) GO TO 1-230
L( ISYS)=3
GO TOC 1250

1220 TP(L(9).NL.-Il4V) GO TO 1250

1230 L(ISYS)=2I
DT(LOSS)=RIIj( 1)*6.06
OP( LSWACT)=1. /( DT( COEFVS ) *2) **2+Dr( LOSS)
IF(L(ISYS).GT.2) GO TO 1260
DTr(LSWACTr)=DT(LSWACT)+1.0/( OT(COEFVP)*.2)**2+D)T(LOSS)

1260 CONTINUE
RELTUlRN
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6.105. 7 (Continued)

C
C ----- STEADY STATE SECTION
C
1500 CONTINUE

QLOSS =(1.O/(DT(NQLOSS)*DCKCHAN)))**2
COES=DTr(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,l)
PDELTA=PQLEG(INEL, 2)*OSA*(QSA*DT(LSWACT)+COES)
DELP=PQLEGC INEL, 2) *QSA**2*QLOSS
PSA=PQLEG( INEL, 11)-PDELTLA
PRA=PSA-DELP
PQLEG( INEL, 11)=PRA-PDELTA
POIEG(LNELL,6)=PQLEG(IN4EL,6)+COES*2.0
PQLEG(INUL,8)=PQLEG(lNEL.,8)+2.0*DT.(LSWACTr)±QLOSS-
IF(COES.NE.0.0) G~O TO 1700
OT( PP1 )=PSA
DT( PP2)=PRA

1700 RETURN

C ------ VARIABLEH INITIALIZATION

2000 CONTINUE
DT(NSUPRP)=DT( PP1)
DTCNRETRP)=DT( PP2)
DT(CSA)=DT( PPl)+DT(QS)*ZS
OT(CSV)=DT( PP1)-DT(QS)*ZS
DT(CRA)-=DT(PP2)-DT(QS)*ZR
DT(CCRV)=DT(PP2) +DT (QS )*ZR
DT (XFB) =DT( VC ) *KA* 1TMl/D( KF3)
DT( XFI3P) =DI( XFf3)
TAERO =DTC(KAERO)+DT(KAEROP)*D'T(XFB)
DT(R1?XL) =D~iAAOfl+D(v~1Al)*D'r(XFB)+D)(M'A2)*DT(XFII)**2
DT(X(L) = DTCXF83)-(TAERO/DT(R[,'XL))/D(KS)
DT (XLP) =DT (XL)
Fl =TAERO/DT(RFXL)/D(AR)
DT(PS) = DT(PP1)-DTr(PP2)
DELP = (DT(PP1)+DT(PP2))/2
DT(PPl) = DELP+Fl/2
DT(PP2) =DELP-1/2
DT(PL) = Fl
DTr(XIQ1)=(D(VOL1)+DT(XF13)*D(AR))/(l.-DTf(PPI)/DT(I13ETA))
DTXQ)((O2-TXL)DA)/I-TP2/T13T)
DT( VCL) =DT( VC)
DT(VCS)=DT(VC)
DT( DPF3) =DT( PL) *KDEL-*IDPF/KL
DT( XP) =0.2
Dlr(XS)=0. 2

6.1.05-21



6.105. 7 (Continued) 
[l

IF( L( ISYS)-2) 2340, 2020, 2010
2010 DT(XS)=-.2

GO TO 2040
2020 DT(XP)=-.2
2040 DT(XPP)=DT(XP)

OT( XSP) =OT( XS)
DT(QS)=0.O
RETURN

3000 CONTINUE

*C* TRANSIENT CALCULATIONS.**

C
C INTIALIZE VARIAB3LES

RFXLS=flT( RFXL)
DT(RFXL) = D(A4AO)+D(L,4Al)*DT(XL)+DHtA2)*DTCXL)**2
RFXLP=2.*DT( RFXL) -RFXLS
TAERO=DT( KARRO) +DTr( 1(EROP) *DT( XFBP)

C
C SECONDARY ACTUATOR
C
C--- SERVO At'1PLlFIER

OT (VC N) = DT (VC)
DT(VCL)=D)YNAM-(DT(VCS),DTP(VCL) ,uT(KCOL'fl))
OT(VCS) =DT( VCN)
EYE=DTCVCL) *KA
IF'(ABS(EYE).GT.EYEL) E-ESIGNCEYEL,UYE)

C
C TORQUE MOTOR
C

TXPSS=DT( TXPS)
DT(TXPS) = DT(XPS)*KXPS
TXPSP=2. .*DT(' TXPS) -TXPSS
TM = EYE*KT(T
EPST=TM-DT( XF13P) *D( KE13) -T'.XPSP-DT(TrP)
EPST = .03042*EPST
IF3(ABS(EPST).GT.0.02) FPST=3IGN(0.02,E;PST)
DELP-DT(PS)-SIGN(1.0,EPST)*DTC PIP)
TF( DELP..LT.0.0) DELP=0. 0
DTP(QS) = EPS'T*DT(NQS)*SQRABESCDELP)

C
C - 1iýIN CONTOL VALVE POSITION
C

DT(XQI) =DYNAM~(DT(XYQS,),E)T(XQI),U)T(KFLOW))
DT(XPSD) = DT(XQI)/APS
DT(XPS) =DYNAil(DTr(XYXPSD)FDT(XPS),DT(KINIT))
CALL XLI,4ITE(DT(XPS) DTr(XPSD) 'riA,-XPo-l,XPSL)
IF(rM.EQ.0.0) GO TO 60
DT(QS)=0. 0
DT( XQI)='0.0
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6.105 .7 (Continaued)

60 CONTINUE
D'r( XYXPS D) = DT ( X PS 1))

DT(Xy QS)=DT (QS) + OLOSS) SQRA35(DT (PS) )D M-HA)
QLOSS =(B('(Q)
QIS=DT( 01)
rO2S=D'ft 02
NXV=DT( X PS ) /VJLVOL
IF(NXV)l3,710

C
c XPS LESS THAN 0

C130 XpS S=(DT (XPS) +VLVO W* Dq'(N( Pý))
2

SGN=DT(CRA)-D'f(PPJ)4-QLOSS*ZR
fN2=XPSS*ZR
IC ALC=l1

C CALCULATE 4ANCNCO ~L~~L
C

ZCALJC = ICALC 0 c~~
GO TO (15 0 ,1 6 0 ,p)o,20)JCL

c 1 5 0 D T Q ) - I W F O J s N

QRA = T(01VL)-!ASS
FN2=XPSS* ZSS
SGN=DT( CSA) -DTC PP2) -QLO;*
IC ALC =2
GO TO 140

160 DTr(O2) =SIGN( FLOW, SGN')
QSA = D*V(02)4-Q[lOSS
GO TO 220

C

170 DT(Ql)=O.

QA QLOSS
0T( Q2)O.-

qA= -QL053
I CNALC =
GO To 220

C
C XI'S GREATER~ 'i'HAN 0

180 xs=)rxs-Vv1)DrNv)"
FN2=ZS*XPSS

ECALC=3
co ro 140
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6.105. 7 (Continued)

rQS A = DT(QI )+Q LOSS
FN2- ZR*XPS.S
SGA=DPT C I RA) -DT( PP2) +QLOSS*ZR
ICAL.,C-=4
Go To 140t

200 DT(Q2)=SIGN(FLOVW,SGN)
QRA = 0T(Q2)-QLOSS

c
220 PSA = 0T(CSA)-ZS*QSA

PRA =1D'P(CRA)-ZR*O1 T A
VAP=PVAP( KTE4P( I9D))
IF(PlRA.(GT.VAP.ANr).DT(NCnýV).LE,.0.0) GO TO 270
Go TO (230,230,240,240,250),ICALC

230 ELOW=SQRAGS(XI)S.;*(VAP-DT(PP1)))
DT( L) =FLOW
GO TO 250

240 1CLOW-)-SQr~l~i3S(XPSS*(VAP-DTC(PP2))

250 nRA=(DT(CRA)-VAP1)/ZR
PRA=VAP
DT( NCAV) =DT)'(NCAV) +FILOW-QLOSS-QRA

270 C 0WOIN 1) L
DT( PS) = PSA-PRA

C
C ACTUATOR CHAMOBER PRESSURE'S

PF'LOV ="P( VX LP) *DC (AR)
P'DIS=D'P( XIP) *D( AR)
UT( XI21 ) ý-D'( xi-Qi ) +. 5*DELT* ( DT( Qi) +Q1,)S)
IYP(XT(32)~=DP(XIQ2)+.5*DELT*(DT(Q2)+Q-2S)
F0l=DT( IRE'rA)/oT( xiQ)l
FQ2=D'P( F13Lr)/DT( X10,2)
l3ETA17=J)F( I'-L'A) I .+FQ2)/( I.+FQ1+FQ2)
LETA2=DP[( Iý3LTA) I( ..AFQ1)/( 1 .+FO1-4FQ2)

Pill1=BL'TA1 I .- ( PDIS+D(VOLl) )/DT( XIQ1))
PP22=PLTA2*I1. +( PDIS-D(VOL2) )/DT( XI-2))
PP2l=PiY1 it*L-02/( 1. +FQ2)
Pill 2=PP22*[-'Q1/( I1. +F01)
DT(PP1)=PPl1+PPl2
D'r( PP2)=PP4224PP21
IP(D)T(PPI).L1,.VAP`) OT(PP1)=VAP
IF( D'r(1Pr)2). Lr.VAP) DT( PP2)=VAP
PLS=1JP(PfL)
D'I(PL) = DT(P[P1)-9,r(PP2)
DLi.,r ý-DT( PL)
l1F(ABSIý(DLLT').C,T.2000.)DLLT=SIGN4(2000.,DLLT)
DT( VP) DLLFT*K'DE:L*KI)PP-KLý*DT( DPPBP)
TPNS =DTL(TPN)
Dr( TPN 3 SQRARS ( D'F( P)3
IL)PP 38 UT'1 (D PP '
DTF(DUP1 ) =DP (DP p'.' + 4..*5*DEL'r* (DT ( TPN3+TP)NS)
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6.105.7 (Continued)

DT(DPFBP) =2.*DT(IDPFB)-DPPBS
C
C --- LOAD DYNAMAICS
c

P'L=DT( PL) *D(AR)
TR=FL*RFXLP

DT C XSD) =FL/D(XIS)
FDRIVE=TR-TALRO
CALL CFRIC2(FDRIVE,FF,DT(VXLP),DTCVXL),DT(TEF),DT(XYTFý),
IDT(DELEDI) ,DELS,201000.,l.263,I.)
DT(TE~)=FDRIVE+F'P-DT(VXLP) *D(BE)/RFXLP
DELS=OT( DELED)I)
DT(DELEDI) =DYNAM(DT(XYTE),DT(DEL~EDI),Dr(KtNT))
VXLS=DT(CVXL)
DT(VXL) =DT(DELED)I)*RFXLP/D(lE)
DT(VXLP) =2.*DI(vxL) -VXLS
DT(XYTE) =D'r(TE)
XLS=DT(XL)
DT(XL)= DYWAL'i(DT(XYI)LED),DT(XL),DT(KINT.))
DT(XLP)-2.*DE( XL)-XLS
DT(XYDLED) = DT(VXL)
XE'Bs=I)r( XFB3)
DT(XFI3) =DT(XL)+DT(XSD)
DT(XF13P)=2.*DT( XFB3)-XFBS
DELP=DT( PPY)-DT( PP2)
PlS=DT( P2)
DT(P1)=DT(XPS)*D(KB)*(DT(PS)-SIG-N(DELP,DT(XPS) ))/APS/D(KCHa.N)
OT( P1P)=2.*DT( P1)-PlS

C
C SWITCHING VALVE CALCULATIONS
C

DO 3019 I=1,6
IL=L( I)
Q(IL)=0.0

3010 P(IL)=C(IL)
QSV=0.0
QRV=0. 0
PSVl-DT( CSV)
PRV;-DTk CRV)
NS~l
PXP=DT( XP) *2.0-DT( XPP)
PXS=DT( XS) *2 0-Dr( xsp)
NI) ISV P= PX P/ L P
NDISVS=PXS/OLS
IP(NDISVS) 3020,3040,3029

3020 COE=((PXS+OLS)*DT(COLF~VS))**2
COE=COE/( COE*DT( LOSS) +1.0)
NS=3
G~O TO 3036

3029 IF(NDISVP) 3030,30453,3035
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3030 NS=2
3035 COEP=1.0/((CPXP-SIGN(OLP,PXP))*DT(COEFVP))**2+iDr(L0S)

COES=1.0/( (PXS-OLS)*DT(COEE'VS))**2+-DT(LOSS)
COE=1. 0/( COEP+COES)

3036 LS=NS*2
LR=LC LS)
LS=LC LS-1)

C SUPPLY CALCULATION
ZA=(Z(LS)+ZS)*COE/2.0
QSV= -ZA+SQRT(ZA**2+ABS(C(LS)-DT(CSV))*COE)
QSV= SIGN(QdSV,C(LS)-DT(CSV))
PSV=DT( CSV) +Z S*QSV
Q(LS)=nQSV
P(LS)=CCLS)-QSV*Z( LS'J
DT(NSUPRP)=C(LS)-QRV*(Z(LS)-ABS(QRV)*COýhP)

C RETURN CALCULATION
ZA=( Z( LP)+ZR)*COE/2.O
QRV= -ZA±SQRTCZA**2+ABS(C(L5R)-DT(CRV))*COE)
QRV= SIGN(QRV,C(LR)-DT(CRV))
PRV=DT( CRV) +ZR*QRV
Q(LR)=QRV
P(LR)=C( LR)-~QRV*ZC LP)
DT(N4RETRP)=C(LR)-QRV*(ZCLR)-ABS(QRV)*COEP)

3040 N=l
IF(NDISVP) 3043,3100,3044

3043 N=N+2
3044 DT(NSUPRP)=P(L(N))

D)T(NRETRP)=P(L(N+1))
GO To 3100

3045 OT(NSUPRP)=PSV
DT( NRETFRP) =PRV

3100 CONTINUE
VELPO=DT( VLLP)
PBS'r=PCL( 1))
IF(PXP.LT.0A1) PI3ST=P(L(2))
PSPL,=CZSPP.-SSPP*PXP+P(L(3))*A2PS2+PCL(4))*A4PR2-P(L(l))*AlP51)
PSPL=( PSPL-VLLPO*DlNP)/A3PB
DT( VELP) =-r3VP+SQRT( SQ3VP+313VP.':A3S ( PEST-PSPL))
DT(VELP)=S IGN(DT(VELP) ,P3ST-PS3PL)

DT( XPP) DT( XP)
DT (XP) =DTC XP) VE LPO+DT(CVELP) ) *DELTO2
CALL XLIi4IT(Elr(XP),DT(VULP),PSPL,-.2,.2)
IF(PSPL,NE",0.0) DT(XPP)=DTCXP)

C
VELSO=UT( VELS)
PBST=DT( NSUPRP)
IF(PXS.LT.0.1) PI3)ST=DTr(NRETRP)
PS PL= (ZS PP-SSPP* PXS+P(L(45) )*A 23'S2+P( L(6) ) *\N452

I -.LT(NSUPRP)*AlSS1)
PSPL=( PSPL-VELSO*DI.NP)/A3SB
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6.1.05.7 (Continued)

DT (VELS )=-VS+SQRTC SOB VS+BB VS* ABS( PB ST-PSPL))
DT(VELS)=~SIGN(DT(VELS) ,PBST-PSPL)
DT( XSP)=DT( XS)
DT(XS)=DT(XS)+(VhELSO+DT(VELS) ) *DjE,'10
CALL XLIMIT(DT(XS),DT(VELS),PSPL,-.

2 ,.2 )

IF(PSPL.N.E.0,O) DT(XSP)=DTCXS)
DT(CCSA) =PSV+ZS*QSV
DT(CSV)=PSA-ZS*QSA
DT ( CRA) VPR V+Z R* QRZV
DT( CRV) =PPA-Z R*QRA
RETURN
END
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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

unit, and rotary surface actuators. The component has six hydraulic connec-

tions, two for each hydraulic system, attached to it. Each system powers a

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 guidance system, which is .04 seconds. The valve

may be commanded to open in the extend direction, open in the retract

direction or close.

The body flap subsystem is essentially an open loop system with no

feedback between the body flap and the valve. The position of the body flap

is supplied to the command and control subroutine which commands the position

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

guidance 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 connections, Q(Ll), Q(L2),

P(LI) and P(L2) are then calculated. The pressure drop due to the load on

the motor is,

PMLR = (QR-VMTR*RMDIS)/DKPQ 6.106-1

where

PMLR is the pressure drcp due to motor load,

QR is the flow through the valve,

VMTR is the velocity of the motor,

RMDIS is the displacement of the motor,

DKPQ is the motor leakage coefficient.

The total pressure drop through the valve is,

PS-PMR = QR 2 /CK 2  6.106-2

where

PS is 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*IMDIS)/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/speedhrake

model.. Values of panel inertia, stiffness and damping are approximations

based upon similar rudder/speedbrake value.

6.106-3
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6.106.3 Computational Method

This subroutine uses Tustins 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 thu 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 model 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.

Subroutine variables are zeroed.

1500 SECTION

This section is used to return values for the steady state calculation.

In the steady state calculation the motors are assumedto be stopped and the

valves are closed. The steady state flow for each system is assumed to be

a leakage flow through the valve.

2000 SECTION

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 Lhe variables used to calculate the body flap position are evaluated.

Constants used by the 3000 section are evaluated.

3000 SECTION

The 3000 section models the transient response of the body flap and

follows the model in Figure 6.106--2. It is divided into four parts. Part

one models Lhe valve, part two models the pressure and flow demands of the
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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 guidance and control program.

This command may be +1, -1 or 0. The command is delayed .05 seconds

before being used by the subroutine. If within the .05 second delay the

command 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 coefficient. If

A(XPSL) is positive the flap up flow coefficient, UKQP, is used. If A(XPSL)

is negative the flap down flow coefficient DKQP, is used. If A(XPSL) is

zero the flow coefficient is assumed to have a leakage value of .00000001.

The resulting power valve flow coefficient, CK, is used to calculate the flow

through the body flap.

Part two of the 3000 section uses the power valve flow coefficient,

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 connected to the body flap. The flow through

the valve, QR, is calculated. This flow is equal to the flow through the

body flap. With the flow known the pressures at the connections are

calculated. The flow, QR, is then used to calculate the velocity of the body

flap motor, A(VMTR+MA), (NA may equal 0, 1 or 2 depending on which system

-,s being solved).

Part three sums the individual body flap motor velocities. The tutal.

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 is calculated

6. ] oha-r
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next. The torque'is integrated twice to yield the position of the body flap

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 available. 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 ne.essary,

rudder/speedbrake data was used. This, obviously, will produce some error

in the body flap performance. However, the flow requirements and surface

rates do approximate those specified for the body flap.
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6.106.6 Variable Names

Variable Des cription Dimensions

AEROTI Body flap aerodynamic load in-#

BM Motor visions friction coefficient .015 in-lb-sec

BP Viscous damping of panel 40000. In-lb-sec

BRK Motor brake torque in-lb

A(COM) Time delayed input command deg

CK Valve flow characteristic cis/ psi

DJMR Motor moment of inertia .00636 in-lb-sec2

DJI' Inertia of body flap panel 2579. in-lb-sec2

DKd[C Rotary actuator spring constant 16.5E6 in-lb/rad

DKVQ Motor leakage coefficient .001 cis/psi

DKQP Body flap down valve coefficient cis/ psi

DLAG Power valve and linkage response time .0083 sec

DMLK Valve leakage impedance l.0E6 psi/cis

EFFII Gear efficiency 96 percent

A(FAR+MA) Net motor torque in-lb

A(FBP1) Net torque on panel in-lb

FDR , Gross developed motor torque in-lb

FFP Friction force on body Ilap panel in-lb

FFR Friction force on motor in-lb

FRIC M•,tor columb ftict [oi 9.0 in-b

FRICP Panel columb riet iou 9.0 in-lb

A(FSTR) Body flap panCel load in- lb

ClI Power train gear ratio 56640

A (KINT) Integration Constali-nt

A(LAG) Integration const ant

6. 106-7
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Li Supply connection number

1.2 Return connection number

MA System indicator

A(PMLR+MA) Body flap motor load pressure psi

A(POSR) Total drive unit rotation rad

A(PSC+MA) System pressure loss across body flap psi

QR Flow through body flap cis

RMDIS Motor volumetric displacement .01432 in 3/rod

A(RIPOSR) Body flap position rad

SPOSFR Body flap deflection rad

SPOSIR Body flap hinge rotation rad

SR Ratio of motor static to columb friction 2.0 -

Sid.' Ratio of panel static to columb friction 2.0

STR Torque due to body flap deflection in-lb

SXPS Sign of valve opening

DT(TALRO) Aerodynamic load from SDF in-lb

TR Gear box reaction torque in-lb

TSW Valve delay counter uec

UKQP Body flap up valve coefficient cis/ pbi

DT(VC) Body flap position coumiatid

VLVOL Power valve overlap .043 in

VM Motor fluid volume 2.77 in 3

A(UMTR+MA) Body flap motor velocity rad/sec

A(VRT) Sum of motor velocities rad/sec

A(XPS) Valve posit ion
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6.1.06.7 Subroutine Listing

SUBROUTINE ACT106 (DDT,DD,L)
C SHUTTLE BODY FLAP MODEL
C REVISED AUGUST 28, 1976

COMMON NTELPL,NTOLPL,IP'r,IPCINT,NPTS,IkL'JL,KNEL,NTOPL,NLPLT(61,3),
1 PQLE;G(90,12),LCS(90,10),ILLG(1400),PN(90),QN(90)
COMMO4N/SUB/PARM(150,9),Pýl(1500),QMC15100),P(300),Q(300),C(300)

1,Z( 300) ,RHO( 20) ,S2ORIiO( 20) ,VISC( 20),~BULK( 20) ,TEM4P( 20) ,PVAP( 20)
2,ATPRES,T,DELTr,TFINAL,PL.TDEL,P1,TITLE(20),LLGN,ICON
3,KTEMP( 99) ,LSTART( 150) ,NLPT( 150) ,LTYPE( 99) ,NC( 99) ,INX,INZ
4, INV, IS TEP,NLINL,NEr,,IND, I NTP.,,NL IN L, PN L,MNLFEG,ivNN0DE, mNPLOT
5, MN LPT S, MDS
DIM~ENSION D(l) ,DT( 13) ,D)( 1) ,1 1) ,A(70)
REAL MTORR
INTEGER XPS,POSIR,RPOSIR,RPOSRS,RPOSIRP,RPIR,PSC,QRS,PL'ILR,
I VMTR,VTRFTR,VRT FETH, RPI,VC ,TfARO,VTRP,VTRO, FAR,FARO
2 ,XPSS,XPSN, XPSL,V13P!-,VBP,P13UP, FBPO,VB3PO,COiI

C
C----------- A ARRAY VARIABLES-----------
C

DATA XPS/1/,PsC/2/,QRS/5/,PMILR/8/,VM4'rR/11/,TR/14/,VTR/17/
I ,POSR/20/,RPC)SR/21/,R-POSRS/22/,IZPOSIRP/23/,RPIR/24/,FAR/25/,
2 F'ARO/28/,VRT/30/,FSTXý/32/, RPl/35/,KILNT/37/,KSSGN/40/,
3 KRP1/41./,VTRP/44/,VTRO/47/,LAG/50/, XPSL/53/,XPSS/54/ ,XPSN/55/
4 ,VL3PP/60/,VBP/61/, FJ3.-/63/,FB3PO/65/,VBPO/66/ ,COM/69/

C
C------------- DT ARRAY VARIABLES-----------
C

DATA VC/1/ ,TAERO/4/
C----------INITIALIZATION OF' CONSTANTS ------

DATA DKPQ/.001/,VM/2.77/,B/180000./, DJP/2579./,
1 BP/40000./,DMILK/1. 0U6/,DKVC/.002/,DKPI/. 000138/,
2 DKA/15.0/,D)KTL,1/0.045/,DKXPS/ý6. 22/,DAPS/0.193/,
3 VLVOL/. 043/, RMDT1'!!. 01432/, BM/. 015/,DJR/00636/,
4 DKPR/. 184/, tLKIIC/lb. 5h;6/,UK 13/. 52/,
5 GH/56640./ ,EFFI3/. 82/?EFFG/.96/,FRIC/9 .0/,
6 SR/2. 0/, BF/l. 0/, Dl!/. (,'0/, DI L/8. 0/, 0LAG/. 0083/
7 , FRICP/). 0/,SHF'/2. 0/, BFP/1 . 0/

C
IF (IENTR) 1000,2000,3000

1000 IF (INEL.NE.0) GO TO 150(0
C-------IIIIATO
C -~------INTAIAIN----

C
DO 1001 I=1,70

1001 A(I)0O.0
DO 1002 I=1,211

1002 DT(I)=0.0
TDRHO=520R110(KTEMP(IND))/SQRT(2./7.82E-5)
CALL TUSTIN (l,D[kpi4YA(KINT),DELT)
CALL TUSTIN (2, DL-AG,A( LAG) ,DLLT)

6.106-9



6.106.7 (Continued)

CON 3=DJ P/BP
CALL rusTriN(2,CON3,A(KRP1),Dl:LT)
RE TUR N

1500 CONTINUE
ŽiA=( ( KNEL+1.)/2)-1
QA=POLEG( INEL, 1)
Q)S PQLEG( TNEL, 2)
PQLEG(INUL,6)=PQLLG(INEýL,6)+DM\LK
PQLEG( INIEL, 11) PQLEG( INEL, 11)QA*QS*Di4LL(
A( PSC+vIA) =QA*QS*DMLK
A( Q)RS+L!A) =OA*QS
RU TU RN

2000 CONTINUE
UKQP=-( .65*320RHO( KT MP( IND))*PI/4 0)**2
DKQP=UKQP*. 112**4
UKQP=UKQP*. 063**4
UKQP=UKQP*D)KQP/( UKCQP+DKQ)P)
DELT2ýDELT/2. 0
A( RPOSR) i1'P( 2)/57. 3
A( RPOSRP) =A( RPOSR)
A(POSR) =A( RPOSR) +( DP(2) *DT(A.F1:RO+41 +DT( rAERcj) )/D)K.C
A( POSIR) =A( POSP) *Gil
A( COUI) =DT(V\C)
1RLTUFRN

3000 CONTINUE
IF'(DT(VC) NE.A(MC.1) )GO TO 3050
T.SV=. 05 0
C0 TO 3070

3050 TSN=TSW-OLLT
IF(TSV. LE. 0. )A(COM) =D'1'(VC)

3070 CONTINUL
AEROT1=DT(TýERO) +DT(TAEflO+1) *A( IRPOcSR) *57. 3
XPOS=A(RFP0SR)*57.3
CALL .XLIrMIT(XPOS,AX(COji) ,A(KSS(Gý) ,-1!1.7,22.5)
M( XPS1)ýACCOOi)
DT(8B)=A( XPS)
A( XPSN)-A ( XPS)
A( XPSL) =DYNAt4 C A( XPSS) ,A( XPS L) ,A( LAG)
A( XPSS) =A( XPSN)
DTf(6)=A( XPSL)
SXPS=SIGN(1.0,A(XlPSL))
NXV=A( XPSL)/VLVOL
IU'(NXV) 3100,3110, 3120

C----------- XPS LESS 'PtIAN ZhRO----------.
C

3100 XVLV-,%(XPSL)+VLV0L
CK=DKQP*A3S( XVLV)
GO TO 3130

C------------ XPS LESS THAN VALVE OVERLAP----
31.10 XVLV~=0.0
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6.106.7 (Continued)

CK=. 00000001
GO TO 3130

C ----- XPS GRLATER THAN ZEPRO-
3120 XVLV-A(XPSL)-ILVOL

3130 D'P(7)=XVLV
C PRECSSUNE DOPOP1 f"ETWEIN CONNECTIONS------------
C THE VARIAriLLS IN THEL A ARRAY WVILL B3E USLD IN SETS OF rT-1RLL
C USING OWL" POSITION FOR EACH SYSrE~m. THE POSITION OJILL 13E
C r)Th1'RMINED 13Y THk CONSTANT ~iA.

931=CK/mKpQ

DO0 3300 1=1,3

U>=L( 2*I-1 )

PA(PSC-I-pA)
QV1R-A Vil'TP+.IA) *1h.LD 1. 1
C1I=( Ps+QVR,*3XpLS/DKP0) *CK

nR~~BivzQT(13*2+4. 0*C1))2. 0)
QR-~SIGN(R, C1)

A ( PSC±olA) =C ( M 1) ,OR*Z( 1Ai)-C( L2) -0R*Z( L2)
QC [,I) =0R
r)( 12) =-OR
P 1 , I) =(LI) -0( Li) Li)
P( L2) =C ( Lý2)-)( L-2) *Z ( b2)
A( PAlLR+A) =C~R3P~(VT+i)*~DS)DP
ITGOIMýA( Pii1P4 )* kI 0

C------------- iiOTOR FM CT ION ANIO DAAPING LPPECTS------------

BRK = 0.0
1I0( P( LI l LT'. 2220. ) 31dK=( 2221).-P( Li) )/2220. *73. 8
CALL CPRTC( FOR, 1VP,A(VfRP)+AA) ,A(VTR+I-A) ,A( PIR+MA) ,A( FARO+lIA)

A( F! O9+,,'A) =A( F~AfR+,1A)
N~( VAiR+nA) =1-DR-A ( VT1\PhAcA) *(B /JR 1'P
A ( VVI' M4,4A) A[( VIP 4-AA
A\( VlTR+AA) ýA (V VTRU+.'A) +0Li1'2* ( A( FAR+CiA) +L'( FPAO±1-A)
A( VTLRP+:'lA) 2. 0* ACVT P 4-AA) -A ( VTA0+YiA)

A( V!-1"')~A )= (VT P 4ilA

A( VRP+ Vi'l'IT-
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6.106.? (Continued)

S POSF'R=S POS IR-A ( RPOS RP)
STR=SPOSFR* DKHC
At:FSTR)=STR-AEROT1
CALL CF'PIC(A(FSTR),F'FP,A(VBPP),A(VBP),A(FBP+1),A(FBP0)
1, FRIC P, S RP, 3FP)
A( FBPO) =A( FEP+l)
A(Fl3P+1-)=A(FSTR)-A(VBPP)*(BP/DOP)+-FFP
A(VBPO)=A(V13P)
A(VBP)=DYNAii(A( FIP) ,A(VBP) ,A(KINT))
1\(VBPP)=2.0*A(VPP)-A(VBPO)
A(RP1)=A(RP1+1)
AC RP1+1)=ACVI3P) /BP
A( RPOSRS)=ACRPOSR)
1k(RPOSR)=DYINAiIA(RflP),A(RPOSR),A(KIýNT))
AC RPOSRP)=2.0*A(RP0SR)-A( RPOSORS)

C VWITI'L(6,4700O)ACVRT),A(VRTr+l),A(POSR),A(VBP),STRAEROT1,A(FSTrR),
c 1 k(Fi3P+1),A(IRP1±1)jA[RPOSR)
C4700 F~ORiAT( 2X~ 1-3, 2X, 10LB2. 5)
C
C--------------- GEAR EFFICIENCY CALCULATION-------
C--------------- HINGE GEAR EFFICIFNCY---------------------

TIkP=S'TR/Gi-1
00 3440 I=1,3
NATI-1
IF(ST.R*A(RPl).GE.O.0) GIO TO 3410
TRPll=TRP/LFFUH
GO TO 3440

3410 TRPEI=TRP*E-FF'Ii
3440 A (T R+NA) =TR P11

0T( 2)=A( RPOSP) *57.3
D'TC9)=A( VRT+1) *60./( 2.*3.14159)
DT ( 10)=AC( POS R) * 57. 3
DP( 11)=A( RP1+1)
R LTDRN
END
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6.107 SUBROUTINE ACTI.07

Subroutine ACT107 models the shuttle rudder/speedbrake actuation subsys-

tem, the layout of which is shown in Figure 6.107-i. The subsystem consists

of six hydraulic motors, two power valves and two 4-channel servo actuators.

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 servo 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 ulpates the values at each sample time

iiterval 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 jower valve and

the rudder motor. The models of the, speedbrake are identical to those of the

rudder except for constants which describe the physical characteristics of the

rudder and speedbrake. Figure 6.107-2 also shows the. rotary actuator and aero-

dynamic surface model which is common to both the rudder and speedhrake.

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 conmmand and guidance program.

The input command, VC, and the rudder position feedback, 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/speedbrake may be represented

6.107-1
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by six parallel orifices with a common supply and retu2n, Figure 6.107.-'.:

Two of the orifices represent the servovalves first stage flapper valves.

Two of the orifices represent the servovalves second stage valve aLud the

mod piston. The third set of orifices represent the power valves and rudder/

speedbrake motors.

The total flow through the sybtem is equal to the sum of the flows

through each orifice.

QT = Ql + Q2 + Q3 + Q4 + Q5 + Q6 6.107.1

where, QT is the total flow through the rudder/speedbrake

Q1 to Q6 are the flows through each orifice

The flow through each orifice is

QN = C /2 (1 -LN1/2 N - 1,6 6.107.2

where QN is the flow through each orifice,

CN is the orifice flow coefficient,

PS is the pressure drop across the component connections,

PLN is the load pressure on each orifice.
1/2 PLN) i/2

Combining 6.107.1 and 6.107.2 QT = PS1/2 ECN (1 - •-N-/ 6.107.2a

CN must be determined for each orifice.

For the two orifices which represent the rudder and speedbrake flappje r

valve CN Is simply the first stage 1-akage coefficient, ITLOSS.

The orifice flow coefficient for the rudder and specdbrake second stapge

valve varies depending upon thL error signal to the flapper valve. The error

signal produces a torque in the flapper valve torque motor which is summed

with the secondary wire feedback torque and the pressure compensated feedback

torque to yield a flapper valve error torlue.
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EPST = TC - TXPS - TP1

where, EPST is the flapper valve error torque,

TC is the torque motor input torque,

TXPS is the wire feedback torque,

TP1 is the pressure compensated feedback torque.

The orifice coefficient is then calculated from

K2 - EPST * DKQS

where, K2 is the orifice flow coefficient for the rudder,

DKQS is the secondary valve flow gain.

The orifice coefficient for the power valve depends upon the displacement

of the power valve. The power valve displacement is equal to the displacement

of the mod piston which is,

FLOW - XQI /PS - PIP

XQS = FLOW/DAPS

XPS = XQS

Where, FLOW is the flow to the mod piston,

XQI is the secondary valve flow coefficient,

PlP is the mod piston load pressure,

XQS is the mod piston velocity,

DAPS is the mod piston area,

XPS is the displacement of the mod piston and power valve.

The flow coefficient for the power valve is,

K5 = (XPS - VLVOL) * DKQP

where, K5 is the power valve flow coefficient,

VLVOL is the valve overlap,

DKQP is the power valve flow gain.

The power valve and motor are modeled as shown in Figure 6.107-4.
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PV
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Figure 6.107-4

The pressiure drop across thO valve anid ImILutL', PS, is

PS = IN + PIM

Where, PV is thi pressure drop c'ross the valve,

I'M is thu pressure drop atr ss tiLh m•et•or.

PS in terms of the flows through the orifices is

QR 2  + (?1 -- QVR 17
i' ý.2- DKPQ 6. 107.3

where, QR is the flow th-1rough timc Vwa1y,

QVR is the flow displaced by the motor,

I)KFQ Is the motor leOkage, C(Wftf I eitnt.
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With the oriiice flow coefficients, CN, calculated for each of the six

orifices a total flow coefficient, CT, is calculated

PU1/2PL•[
CT i CN( -N -- ) N = 1,6 6.107.4

For the flapper valve orifices and the power valve and motor equivalent

orilice, Pl 8N Is e"'Iial to zero.

The pressure drop across the component is

PS = Cl - C2 - QTZI - QTZ2 6.101.5

where, Cl aad C2 are thu characteristic lin, pressures, Z1 and Z2 art,.' the lin

ilflpledllilCc;. Tli' pre'ss Iltr drop act ross tli compollent ill terms-; of CI Is:

PS 107.6

Combining 6.107.5 and 6.107.6 and solving for QT,

-2 4_(cT2(Cj _ C2))
1CT2(Z1 + Z2) ± (CT2 (Z1 + Z2))2 + I ( - Z)Q' 2 CT -4 z1 T Z2)2

QT is compared to thi, QT calu('Hlated during the previous time stop and if the

difference is less than .001 CIS the program proceeds to the next section.

1f 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 Ithe pressure drop across the component calculated the flow through

the power valve, QR, may ,,e calculated. The, pressure drop across the power

valve and motor is,

(11,2 OR-3/
(=K1 + QKImQ
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Solving for QR yields,

-K52 (2K + PS)S+ KP + K2QVR+ S
QR= DKP K_ Q DKPQ2

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 down.

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

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,ll). MA may have the value of 0, 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 (I.0/(DQLOSS)*8.0))**2.0 is added to the Q2 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
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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 command 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=I 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 displacement, A(XPS+N), Is used to calculate a power valve flow

coefficient A(K5+N).

Part two of the 3000 section uses the power valve flow coefficient along

with the flapper valve leakage coefficient, A(KI+N), and the secondary 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 calculation technique uset, an itera-

tive procedure to solve for the total flow from each system, A(QRS+MA). (MA

may be equal to 0, 1 or 2 depending on which system is being solved). With

the flow known, the pressures at the connections are calculated. TI he

flow to the motors through the power valve, QR, is calculated next and is

used to calculate the velocity of the rudder motor, A(VMTR+MA).

Part three sums the individual rudder motor velocities. The total

velocity is integrated to give the total angular displacement of the power

drive unit. The angular displacements for the rudder and speedbrake are then

summed to give the angular displacement of the rotary actuators. The torque

caused by loads on the panels are calculated next. The torques acting o,

0 .107-11
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both panels are integrated twice to yield the position of the rudder/

speedbrake panels.

Part four models the effect of the grear efficiency 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 were used and should be revised

when actual values become available.

6.107.5 Limitations

None.
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6.107.6 Variable Names

Variable Description Dimensions

AEROTI Aerodynamic load on R.H. panel in-lb

AEROT2 Aerodynamic load on L.1I. panel in-lb

BM Motor viscous friction coefficient 0.015 in-lb-sec

BP Viscous damping, each rudder panel 1808. in-lb-sec

CER Combined Rudder Orifice Coefficient CIS/P S7

CES Combined Speedbrake Orifice Coefficient CIS/FPE

CK Total flow characteristic CIS/iP/V

CT Flow characteristic array CIS/iV-P

DAPS Mod piston area 0.1930 in 2

DH Torque motor hystersis 0.006 in-lb

DIL Servo amplifier saturation limit 8.0 ma

DJMR Motor moment of inertia (rudder) 0.00636 in-lb-sec2

DJMSB Motor moment of inert'a (speedbrake)0.00565 in-lb-sec 2

DIP Inertia of each rudder panel 1169. in-lb-sec 2

DKA Servo amplifier gain 15.0 ma/v

DKB Bernoulli coefficient 0.52 in

DKHC Rotary actuator spring constant 7.OE6 In-lb/rud

A(DKP) Rudder position gain 0.184 v/deg

A(D'•l•• ) Spccdbrake position gain 0.0937 v/deg

DKPI Nozzle pressurc feedback gain 0.000138 in 3

DKPQ Motor leakage coefficient 0.004 CIS/PSI
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DKQP Power spool flow gain 73.24 in 3 /(sec-lb 1/2)

DKQS Secondary valve flow gain 0.3868 in3/(sec-lb3 /2)

DKTM Torque motor gain 0.045 in-lb/ma

DKXPS Wire feectack gain 6.22 in-lb/in

DNLK Power valve leakage coefficient 1.0E6 PSI/CIS

DQLOSS First stage leakage coefficient 2.37E-2 CIS/PSI

EFFG Efficiency of summer and mixer

gearing 96 percent

EFFH Efficiency of rotary actuators

(Hinge gear boxes) 82 percent

EPST Net error torque in-lb

EYE Torque motor input current ma

A(FB+N) Bernoulli force on power spool lb

FDR Net rudder motor torque in-lb

FDSB Net speedbrake motor torque in-lb

FFLP Friction force on left panel in-lb

FFR Friction force on rudder motor in-lb

FYRP Friction force on right panel in-lb

FFSB Friction force on speedbrake motor in-li)

F1 Dummy variable

FLOW Fliow to mod piston CIS

A(FLP) Net torque on left panel in-lb

FRIC Motor Coulomb friction 9.0 in-lb

FR1CP Panel Coulomb friction TBD in-li)

A(FRP) Net torque on right panel in-lb

A(FSTL) L.H. panel load in- lb

A(FSTR) R.H. panel load in--l)
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GH Power hinge gear ratio 473.921:1

GMR Mixer gear train ratio, rudder 1.47:1

GMS Mixer gear train ratio, speedbrake 4.46:1

CS Summer gear train ratio 7:32:1

ITER Iteration counter

A(KI+N) Servovalve leakage characteristic

A(K3+N) Secondary actuator load characteristic

A(K5+N) Power valve flow characteristic

Ll Supply connection number

L2 Return connection number

A(PMLR+MA) Rudder motor load pressure PSi

A(PMLSB+MA) Speedbrake motor load pressure PSI

A(POSR) Total rudder motor rotation Rad

A(POSSB) Total speedbrake motor rotation Rad

A(PSC+MA) System pres.sure loss across

rudder/speedb rake PSI

A(PI+N) Mod piston pressure PSI

A(QRS+MA) System flow through rudder/speedbrake cis

A(QRV+MA) Flow through rudder power valve cis

A(QSBV+MA) Flow through speedbrake power valve C I

QVR Flow through rudder motor cis

QVSB Flow through speedbrake motor cis

RMTILS Motor volumetric displacement

(rudder) 0.08276 in 3 /rad

A(RPOSL) Left panel position Rad

A(RFOSR) Right panel position Rad

SPOSFL Left panel de flect ion Rad
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SBMDIS Motor volumetric displacement

(speedbrake) 0.08276 in 3 /rad

SPOSFR Left panel deflection Rad

SR Ratio of motor static to Coulomb

friction 2.0

SRP Ratio of panel static to Coulomb

friction 2.0

STL Torque due to left panel deflection in-lb

STR Torque due to right panel deflection in-Ib

SWIT Switching valve switching pressure PSI

SYS System supplying servovalve

A(TAEROL) Left panel aerodynamic load in-lb

A(TAEROR) Right panel aerodynamic load in-lb

TC Torque mortor torque in-lb

A(TPIP+N) Mod piston predicted pressure feedback in-lb

TR Rudder gearbox reaction torque in-lb

A(TXPS+N) Wirt feedback torque in-lb

VA Net position error v

Ur(VC+N) Rudder/speedbrake position command Deg

VLVOL Power valve overlap 0.0011 in.

VM Motor fluid volume 2.77 in

A(VMTR+MA) Rudder motor velocity Rad/sec

A(VMTSB1+MA) Speedbrake motor velocity Rad/z-c

A(VHT+l) Sum of rudder motor velocities Rad/sec

A(VSBT+].) Sum of speedhrake motor velocities Rad/sec

XIII Power valve displacement limit 0.065 in

A (Xrs;+N) Power valve displacemenit i.

XV!IV Elffective powVr valve displacement in.
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6.107.7 Subroutinle TLiSting

SUBROUTINh. ACT1O7 (fl,DT,-DD,L,)
C REVISED JANUARY 28,1976

COMMiiON NTEPL,t'voLPL,TPT,~IPrIý,NP'PS,IL'ýL,KNiLL,NqTOPL,NLPLTr(61,3),
1 PQLEG(90,12) ,LCS(90,10) ,ILEG(1400) ,PN(90) ,QN(90)
COtý1MON/SUi3/PARý1( 150,9) ,Pl( 1500) ,Q.1( 1500) ,P( 300) ,Q( 300) ,C( 300)

1, Z(300) ,RiiO( 20) ,S20RHiO( 20) ,VI3C( 20) ,BULf(( 20) ,'PEL~iP( 20) ,PVAP( 20)
2,ATPRIUS,Tr,D1LT,TF-INAL,PLTrDEL,PI,TI'rLL(20),LLGN,ICON
3,1(,T~LIP(99),LSTAiý'f(150),N'LPTf(150),LTrypL(99),NC(99),INX,INZ
4, INV, IS¶VEP,NLINE,14EL, IND, ILNTR,M4NLINL:,i'1NEL,lýLýNLEC,iINýNODL,iANPLO'F
5, MNNLrTS, A-DS

DILI4EN6IOl Dcl) ,D)'r(13) ,DD(1),L(1) ,A(170) ,CT(6),PL(6)
REAL 4.'TOlZR, i'TOlSf3
INTEGER VFP,'TXP3, XPS,'fPIP, XYQS, XQl, XQ,XQS,

1 Pl,PB3,PlP,PGSRZ,POSSB,RP)OSR,,RPOSL,VRýPP,VLPP,
2 PSC, QiS, PiLR, PiLS3,WIT R, V,-!rSI,V1R, VTS13, SYS: TR' rsB,
3 vRTr,vsB~r,FSTRP,PSfL,,RPI,Rr2,VC,TAElIoR-,,TALIýoL,
4 VTRIP,VTSBP,VTIRO,VTSDO,FARý,FARO,FASB,I,'ASt3O,DKP,QýRV,Q).I3,V
5 ,FRP,FLP,FRPOFLPO,VIZPO,VLPO,ViPP,VLI),RPOSRP,RPOSLP,RPO',RS,lRPOSLS
6 , COI's , COrmN, Cot,', L

C
C---------- A AR~RAY VARIA9LLS-----------
C

DATA V1'r/l/,XPS/5/,TP')1r/7/,xcnI/9/,
1 XYQS3/11/,XQ/15"/,P1/17/,FM3/19/,PlP/21/, PSC/23/,
2 ORS/26/, PýILRý/ 29/, PdLS!3/ 32/, V:IT1i/ 35/, VeI'TS3/ 38,',
3 TR/41/,Tr'313/44/,VTIN'/47/,VTSB/50/ý, POSR/53/,POQ;SB/54/,
4 lRPOSR/59/, RPOSL/56/,VlHP/57/,VLP/58/,Q)IV/59/,QSt3V/62/,XQS/65/,
5 DKP/6q/,FAR/71/,PARO,/74/,FAs13/77/,F'ASBO/80/,Vlý'/83/,VSiv'r/15/,
6 E'STR/87/,PSTfL/88/,VRýPP/89/,VLPP/90/,RPl/91/,RP2/93/, KT T/95/,

7 E4sSGN/,9E/119P/,99/12,rVjL/1O2 2/, KISB/125,4/,V15ý/K2-/.6/,VT(?B/11,/,

) ,KFLOW/133/,'fXP.,3/136/,F'RP/138/,F'LP/14()/,FIýPO/142/, FLPO/143/
A ,VRPO/1441/,VLPO/145/,i<POSIkP/14()/,RPOSLP/147/,RPOSR~S/148/,
B RPOSLS/149/,CO3i/150/,COYIN/151/,COi'll/152/,KCOi,1/156/

C
C------------ OT IN]WAY V'\RTABLL`------

DA~TA VC/ 1/, rALROL/4/ ,TAIiWýlýi)P//

C ---- REJDDLR/S)PFLD~l'<Ag1*: INP1'UTi DATIA--------

DATA D)F'PQ/0.004/,Vi,1/'2. 77/ý,R/180000./,rxJP/1].69./,BfP/1B08./,
I DAiLK/1.0E6/,D)QLO)SS/2.37L-2/,DKPI/O.000)38/,U)KA/15.0/`,
2 DI(T~i-/0.045/, DKXPS/6.22/,DAPS/0. 1'3r)/,VLVOL/.001I/,
3 RM,ýDIS/0.0R276/,SBM3ýDIS/0.03276/,B3,,/0.015/, DJ~iR/. 00636/,
4 DJM1SB/. 00565/,DKIIC/7.0E6/, DKB1/0.52/,,GS/7.32/,GMR`/1.47/,
5 G~LýS/4.46/,Gii/473.921/,EFl~u/.q2/,v-IFrG/.96/,F'RIC/9. 0/,
6 SR/2.0/,'WF/1.i)/,FIZI(CPý/I2.0/,SRP/2.0/,'3FP/1 .0/,XIIL/0.065/,
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6.107.7 (Continued)

IF (IENTR) 1000,2000,3000
1000 IF (INLL.NE.0) GO TO 1500

C
C------------ INITIALIZATION----------
C

DO 1010 1=1,170
1010 A(I1)=0. 0

DO 1020 I=1,30
1020 0T(I)=0.0

TORHO=S2ORHiO(IKTL4P(IiND) )/SQRT(2./7.82E,-5)
CALL TUSTIN (I,DEJMAY, A( KINT) L)LLT)
CON 1=DKP)/ (VLI/ ( 4 ý B))
CALL TUSTIN (2,CON1,A(KP'.1L) I)ELT)
CON 3 =DJP/,3P
CALL TUSTIN(2,C0N3,A(KRPl),DLL'r)
CALL TUSTIN( 2,.005,A(KPLON) Dh;Lr)
CALL TUSTIN(2,.0159,A(I<CON'),lJELT)
3 YS=0
DO 15 1=1,3
Kz=I+r
SY3=SYS+1
IF(INIV) 2 0, 3 0, 10

10 1 P(INV. Er. L (K) ) GO '2O 3 0
15 C 0,,]T NTrj E
20 IF(INV.L.Q.-LCK))SYS=SYS+l
30 CONTINUL

R LTU RN
1900 CO:'TIU

.,A= ((K:4L L+ 1)/2)1
QA=PQLEG( INEL, 1)
O)S=PQ-L[LG( I.NEL., 2)
IF(SYS.LQ.(KNLl,+1)/2)GO TO 1609
PQýLE( INLL, 6) PQLEf3CIiWL, 6) +DidLK
PQ L (1 L ,1 )= ýL G N-,1 )-A ) * ,i'
A( PSC+i%1A) =QA*Q)S*DilLf(
A( QRS+MIA) =QA* ;)5
RETUrjRN

1600 CONTINUE
~QLOSSý( 1.0/1( D,?LOSS*R. 0)) .0
PQDLEG( IcNLL,8) =PQLEG( I ŽLL, 8) +QýLOSS
A( PSC+iiA) :.QLOSS*rQS*rQA** 2. 0
PQLLG( INEL, 11) =PQLLG( INLL, 11)-A( PSC+mA)
AC QRS+AA)=QA*QS
RETURN

2000 CONTIN~UE
SWIT=1 300.
DKQS=O. 38G8*TDR11O
D)KC)P= 73. 24*T0RllO*sowr( 2.)
Dn'r2=DELT/2.0
A( DKP)=0. 194
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6.107.7 (Continued)

A(DKP+1)=. 0937
DKGR=l/ ( G5* Gi.'iR)
DKGS 8=1/( GS 4 GtiS)
DICO,.IR=D'T(VC)/( 57.3*A( UKP))
T)ICOLiS=DT(VCt.1)/(2.0*57.3*A(DKP+1))
8,(POS I) =( 0 1 CO, LI *G Ii) /DBi<R

A( POSSSB ) - (DICOA.S*G1t) 'DKGS 3
A(VFP) D' U(VC)
AC VF P+1 ) =DT( VC+ 1)
A( PO. R) =DICO',,R--D ICO1S
A RPO5L) =DICOM,-I +DICOIM;
,%(.POSRP)=A(RIP)OS R) -(A(1,P03R) *5 7. 3 *DTý'TA EROR+ 1) +DT-P(TAL [ROR) )/1)KHIC
A( NPOS L) =A(RPOS L) -(A(R POGýL) * 57. 3 *D'-P(T'A L ROL+1) + DT (TA LRO L))/1)KH C

AC R P~O R P) -AC1 'POS R)
C RPOSLP) =AC NRPUSL)

C
C -- INITIA1,[7I. .CO'JTROL ACTUATOR• VA!(IARLI.S -

C
C

,A( C&j, A )=DT( VC)
A(COt-i,)=DT(VC)
N (COvibL+3) =[DT(VC+ I)
A(COMS +3) =DT(VC+I 1
Du( 10)=A(VFP)

T( 1iC) =A(VFP+l )
DT ( 9) =A( RPO iIR) *57. 3
)T(8)=A(RPOSL)*57.3

CALL 'DUil.l( A( ) I A( 150), 1)
P L P U R,"•

3000 CONTJINUL
C IF N-,q0 I DICAt'I RJD0lkLL<, 'N=l INDICATS THL SPLLDAK[.

no 3oln 1=1,3

IFC(A(PSC+R(-l) .iT.:l',)GO '[TO 3020
301.0 CON';'TINUI;
3020 iF(K.flL.SY;;);,rT=I'400.

IP( P ;(.W TTr. G . 1300. )0 II-: T1 - 0.
N: 0
AlOT1 =D'F( DT .(iT L ) T i, t O NO + I ) *A( RPUS2 ) * 7 * 3
A VROT2=D'P(TAE P0, 1.) +DT( 1 A .; o1,+± 1) *A(1RPOSL) * 57. 3

3050 IF (NG.2) n(; il) 12r2(]
C
C -- - -- - - 3 i A) -A.-- -'- ---.-
c

A ( (),.N +3 * 4 ) :- T ( •" 4'4
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6.107.7 (Continued)

LYE=VA* DKA
CALL XL[-1T( Y1,TL.1,FI,-DIL, IL)

CC--------TOPQU. -IOTOR< CONSTANTS -----

C
'ri-I = L Y 0: KTO
'PC = IIYSTiL I ( T,'i, D I I, A K KH YS + 5 * N)

TXPSS=A ( T PS-+N )
A(TXPS+N) =A( XP-3 +N) * DKXPS
TXPS P= 2.0*A(TX PS+N) -TXPSS
LPST=TC-A( rPl P+N) -TXPSP
IF(.B iiLS(iPST) .GT. .064973) LPS T=SIGN( .064973,EPST)
A ( [< 3+1) =AB3( PS'P* DKOS)

S(K 1+"t)=A3DTOSL

C

C - POWI' SPOOL DISPLACJ-I.•1T -- - -
C

A(XYn:3+ 2 *.+1) =EPST*DKQ5
.A(XQ1+2N)=DYNA,I(A(XYQS+2*N),A(XQI+N),A(KFLOW))

FLO=X01 +*S., 1SA(4CSY -N)-,AN I.,(KPLOW ) )* ( P )

N( X0S+2*N+1 ) =FLOW/DAPS
( XP5-FV1) =fY;NA,l( A( XQS+2*.1) ,A( XPS+N) ,A( KINT)

CALL XLI,.iIL'( 1\( XPS+N) ,A( X)S+2*N+ ) ,A( KSSGN) ,-XIL,XIL)
lIL'(A(<sdN).V;C.0.W) '0 p. 30G0
A( X + +2* *q 1) =0. *
A( K3 •') 0.0

30601 COTi'l! I,
A(X?,+2* N )=A(X,",S±2*NJ +])
A( X YIS F-2 *A) =, ( X Y t+ 2 A + I)
P1; A (P1 +N)
A( P 1-I-N ) =A( F"' +") ) / (4 4 .0*DAPl 1)
A( I,'+Nl)=0. 0
A ( P 1 P+N) 2. 0 * A P +N) - P1S
A(TP1P) 1') )-A( P1)P1 +,) *P1)PI
N XXV=A ( X P; 4 N)/VLV")L
ý F'( N XV) 31) 0, 3 110, 120

C -------- x ::;S 'IAN ZO--------

3100 XVIV-=A(XP,'f ,-,)+VLVOL,
-o ''0O 3130

C .. XP. '; !-,I,!,-S T'HIAI, VALVE OVER:LAP-------
311.9 XVLV=0.0

CO TO 3130
C ------------ X:; v;iR.ATI.A T'PAWq "1 ,vO---------

312(1 XVITV-A(\XPI4' ')-VL VOl
3130 A(K<i~l)=ABS( (0!)P*XVhV)

D1i( ] 4±'J) XVlV
JN =I 1

CM T') 30'0
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6.107. 7 (Continued)

C ----- PIES!URE DROP 3LTWEEN CONNECTIONF ------

PC
3200 CONTINUE

DO 3300 1=1,3
IThER=0

PC TtIE VAI{IABLLS IN~ THlL A ARRAY WILL BLE USED IN SETS OF THRnLi
PC USING ONE POSITION IFOO EACH SYSTE[M. TrHE POSITION 'WILL BL
PC DETERMINED BY THEi CONSTANT ý'1A.

LlNL( 2*I-1)
L2=L( 2*1)
PS'=A( PSC+i1AN)

PC A( PSC4-L*A) IS TBLE PIRES~SUkL DROP ACROS'S THE CONNICTIPONS FRO.'i
C THE PREVIOUS TP-IL STEP.

QOLD=A( QRS+ý!A)
IF (I.L:O.SYS) GO TO 3220

C SYS IS THE ACTIVE C-ONTROL sys~vil
DO 3210 K=1,4
CT( K)=O. 0

3210 PL(K)=fl.O
GO TO 3235)

3220 DO 3230 F=1,4
PL(K)=0.0

3230 CT( K) =A(Kl(+K1-) *4.*0

PL(4)=A( Pll) P'SIG ( 1. 0,A(XPS))

3235 CONTINUE.
CT ( 5) =,%(K 5)
CT 6)-A( K6)

OVR ( iIR+V)* RAD is
QVS3=A( VlTP'.33+,l') *5341)15
?S=A( PSC+c~1A)
QR=A ( QIZV+AA)
0Sl3=A( QS3V+i'lA)
SXPSR=SIGM( I. 0,A( XPS)
SXPSSB=SIGN( 1.0,A(XPS+1))

3240 PL( 5)=( flR-QVR) *ýS.XP5/DKPQ
PL( 6 ) =( 0S13-QV5B) *.SXIPc,;r/I)KP)O
IT Lr R = 1T' El R4- 1
CK:0. 0
DO 326n K=:1,6

3260 CK=CKý+CT(K)*SQRZAIS( l-PL(K)/PS)
TF(CF(.NL.0.0) 17O TO 3265
O)NEWz=(C(L)-C(L2))/(Z(L1)+-Z(L2)+DýILK)
PS=C( L1)-QNL;W*Z ( [I)-C( 2~~.WZL2)
r.R=0 . 0
CIS13 = 0. 0
GO TO 3274

3265 CONTINUL
X=((Z(Ll)+7Z(L2))*CK**2.0)/2.()
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6.107. 7 (Continued)

TPflE>1. 0+A3S(CY)
ONEW=X* (-1. 0+SQRT(TPRLS) ))*SIGN( ±.0,Y)

IF(ABS(PS-PSN).LT..1.OR.IrLER.GT.25) GO TO 3274
PS= ( PS N+ PS) /2.
QR=0.*0
IP(A(K5).EQ.0.0) GO TO 3262

131=l/DKPQ
C1=A3S( PS+QVR*SXPSR/DKPQ)
Q)R=(-,31+SoIr'(r0i**2.+4.*Ai*Cl))/(2.*A1)
QR=QRý*SIGN(1.0,(PS+Q)VP'*SXPSR/DKPQ)*A(XpIS))

3262 QSB=0.0
IF(A(K6).LQ.0.0) '1O TO 3240
A2=1/(A(K6) **2)
B 2=1 / K PQ
C2=ABS C PS+QVS.3*S)XP~SS3/DKPQ)
QSI3=(-1B2+LQRrCI 32**'2. +4. *A2*C2))/2. *A2)
Q)S1=QSB*,3IG'N( 1. 0, C P+OVS3*SXPJ;3S;3/DKPQ) *A( MIS i1
GO TO 3 24 0

3274 CON1TINUE~
A( PS C+LAA) =PS
A( t)PV+:4.iA) =Q I
A( QS!V+A A) =QS 13
OC Ll)=QNL.N
0C L2) =-ON LW
A () OR +t 1A) = Q 1 D
PLl) =C( Ll)-Q( Li)*Z( LI)

PC L2 )=C( L2) -rOC L2-) *ZL2)
A( P.I L R4-;1 A) =( Q)R -A ( Vm T R + 0A 'l) IU)I, 1) 2 50.
A( Pi ILS B + ,I A) Q QS 3- A( V VIfSW3 +,IA) *S 13,.11) *S2 50

iTOR=~(PIlLli+1 A) *Pi.HJIS
ATORSI3A7( PAUIMf+AA) *S33i)T5D

C
C-------------- MOT'OR FRICTION AND DAtillINGl EPPEFCTS-----------
c
C

FDiR= MTIRR-A(TrR+MA)
FDSB3=.1,TORST31A( TS[3+LIIA)
lFt A( PSC+JA) .Ur. 1300. )BP( 1 300.-A( PS(4-iA) )/50. -1
CALL CFRIC( FDIR, FFR, A( VTRkP+,lA) ,ACVTR+6~A) ,A( FhR4,iA) , AC I'APO+11A)
1 , FRIuC, slR, 131)

CALL C FRIC ( FDS13 , FFSII, \( V'PS13 P±.IA) ,C AVTSI3+AA) , A( PA,'Th+kIA I~ A ( AW
1 PF ~C, sN,, RP)
3 F:=
A( FAWO+AA) =A( FAR+AA)
A( F AS310+L.1A) =A ( FA S B+ Li A
A(- PA : i- IA ) = FD R- A( VTR P+'i A) B A 1)3 ID1-1R ) +F 11R
A( FA'S8-I A ) ' =F D; 1-A ( VT S11P+ A)A * 1A V/ DJlI4SR ) 4 Fi':.; I

r6.107-22



6.107.7 (Continued)

A( VTRO+LIA) =A( V'Vx+,.I A)
A( VT'SBO+,1A) =A( VTi'3+AA)
A( V'_PR+..IA) =A•( V'I0)4, iA) +- )LLU'UP2* ( A( FAP+:IA) +A( FARO+A) )
A( VTS +•3A) 4% AC VT:13O 1-,.1 A) + DLL''2* ( AFAS3+iiA) +A( FA BO+/A) A
A VTRP1i-,A) 2.*2. AA( VTt, +*5A)-A(VT RO+AA)
1\ VT.33 P +iIA) = 2. * A ( VTSI3+AA) -A ( VTS13O+viA)
AC ViT '1rR+,.IA ) =A ( VTR-,A I /+,,, A
\( Vf•IT3+.'IA) =A( VThk+-A)/D.1i:3

3300 CONTINUE
DO 3310 I=1,3
A( FL3) =A( FR) +A( XP,)* (A( PSC+I-1)-A( PM1LR+I-i *SXIPS)
F\( F03+1 ) =A( R'B4 ] )+A( XP+3 I ) *DYKl* ( A( PSC+I-1 )-A( P(,LS3+I-1 ) *.13XpSS3)

3310 CONTINUL
c
C ---------- RUDDER AND 3Pt-D1_.lAKLhA LOAD DYNAIICS
C

A( VWPT) =A( V'IT+1)
A( V5 13T) =A( V:33±+ I 3
A( VIRIN 1 =A( V:WITH) 4-A( VV4TN+ I ) +A VMT8+2)
AC VSST4 I ) =A ( VA,.T.' ) 4 AC Vt i'3 13+ 1) +A ( VI4TS!+ 2)
1( PO--.)=DYNAA( \( VRT) ,A( POSR) ,A( KITr) )
ACPOSSB) =DYNAI.(A( V.l;'i',) A( POSS'3), A KIM£T)

1-;\ I A(PO;-R)*I< R

S31 P=A( P05513) *TDK,.,•!3
A (VF'P) = (R IP/GI)*57. 3*A(D01P)
A (VFP+I )= ( 2. 0*3(1IP/ *57. 3*( 1) KI
SPOSIR-=R I p--S13 1 P
SPOSI L=lR P11+3 3 I P
SPOSI R=S POs 1 H/ll
SPOSI L=S POSI L/GI1

, 1O,.-SF ,,. ; L"'0ý I -.-A ( I J•;•
5 P S [,=-5 110,.; 11,.-. p 10:4 1 , 1 )

ST R= S P"O-1, PR* D3- ýI I:

STL=S PJ S F I*KC iI C
A( F ST1 ) = S'T Z- -,A L: IzO'I' 1
A ( FS' L) =5T .-. ,i''L'2
('ATl, CFRICCA( t'1'`'1) .I-I.PI', A, VI1 1PP) ,A(VP) ,A(PLP+I, ) ,A( 1,L O),

I "wlIC P , :"P1 , 1, F"P)
CALL CP.'iC( A( I.';I,) ,I.'V.!,1',A( VII',) ,A( VL.,f),ACt.'LP+1) ,AFMt.LPO),

?\( FR1PO))=A( =,+%] )
A FLPO)=A( FLP+]+
A Fl,1P+) + A( F.:;Tii -AC V P1,) .C P D,'/1u) +)+FIR P
A !.'f, )+l I =A ( F.: ' lI, - A (V 1,10) A (I ,I'/ D,]11)-4t-1-,' ,I 1

AC VPO)= rA( NVM'I')
A V1,JO) -A( V II.!I)
1\ VPP)=PYNAi1( A) IP. I1) ,A( VP) ,A(KINT)
r% V LP) =1) YNAL i(A ,'1,1') ,A(V IF1) ,A(FllJT))
'\, VPI) P) ý2. Ol.( V * ' I,P) -A( VIWPO)

.A (V 1,111:) - ,I)( I I ) A (V I,)())



6.107.7 (Continued)

A( RI~P)A RPI+1)
A( 1RP2 )=A ( RP2+1)
A( 13P1+1 ) =A( VNP) /JP
A( P,12+1 )=A( VLP)/DJI?
A( IPO1SRS) =A ( RPOSIR)
A( RPOSL-S) =A( RLPOSL)
A( RPOSIZ) '=DYN~\i4( AC RP1) ,A( RPOSR) ,A( K<INT))
A( JU'OSL) =DYNA.,i( AC RP2),A( M'OSL) ,A( KINT) )
A( RFOSRIP) =2.0*A( RPOS.) -A( RPOSR-S)
N( RPOSLP)=2.Q*A( RPOSL)-A(PPOSLS)
DT(I6))=(ACPýPO3L)-A(RP)OSR))*57.3

C---------------- GLAR EFFICIE~NCY CALCfULATrION----------------
C--------------- II~GE' GEAR EFFICIENCY----------------------

IIITN~(VI1))GL.0.0) 30 TO 3410

GO iT) 3 '120
3410 T'1ZP' pj=T PlJ r; FFHL
3420 IF( KI' l*,A(V LP).G,00 GO TrO 3430

rO TC.) 3440
3430 ',N. P I -TLP 1'VFII

C-----------------. LIXLR ILA LFFICII•NCY-----------------

3440 Ti'GA P, z'P 11 II +T L PI I
TG -*11; T LII -1) 11 PT111
Tv1 V = Cr TG, N/ GM'I z (3 /S

C' -- -- SU,-144ENx GIAP LFFICIiENCY---------------------

Do~G T4O 3450*.
4~~-ljA - A 'P C

cn I') 31()0
3450 A\(T' fJA)ýTiIP*LIFG
3 4 60( I (TM';'3* A (W ATS +',]A) .(7,1-. 0. 0) -,D TO 3 47 0

A( r34 NA) =-T.IS 3/i';FF (7

341)0 ('(iJ'P 1 WJ

[)'I'( 0)-A ( Ni ', P) *%7 3
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6.107.7 (Continued)I)T( I11) =A( VtP+I)

D 12) VA(V.T+ 1) *60./( 2.* 3. 14159)
D1r(13)=A(vsi]T+])*60./(2.*3.14159)
IdL'PUI{N '

LIM)
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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 sibsti-

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.

JI
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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.

7.1.1 Math Model

Not applicable.

7.1.2 Assumptions

Not applicable.

7.1.3 Computation Methods

Section 1000

Section 1000 reads in all the plot information for line and component

plots.

Section 2000

This section first performs a test to determine if the current time

step is also a plot time, if so line or component data is stored. If it is

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 is replaced by the current calculated value. if the LIST

option has been exercised every calculated plot variable is printed. Once all

or a max of 101 points have been stored, GAPUII 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. This procedures is

repeated until all points have been plotted.
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7.1.4 Approximations

Not applicable.

7.1.5 Limitations

Not applicable.

7.1.6 Variable Name

Variable Description Units

I Counter

INDEX Line Number Associated with Pressure and/or
Flow Plots

IPLT Number of Plots
Required along Line INDEX

IPTS Dummy Variable

J Counter

LIST Input Integer Value 0 (No List) of 1 (List
of all Points)

LPT Distance in DELX's, of Required Plots from
IUpstream End of Line

1M Counter

MxTRE24 Dummy Variable

N Counter

NABSQ Not Used

NlSTEP Counter

NLPLTC Number of Line Plot Points

NOGRAF Not Used

NOMSG Not Used

NOSTOP Not Used

NPT Dummy Variable

NXTREM Input Integer Value 0 (Normal Plot),
4.1 (Plot with Max Values) or -1 (Plot
with Min Values)
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7.1,6 (Continued)

Variable Description Units

Ni Counter

Y Dummy Variable

YY( ) Arram, Used to Store Line Positions of
Required Plots

7.1-3
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7.1.7 Subroutine Listing

SUBROUTIAE STWEl
C** -REVISLO AU(J3UST 5, 1975 **

DOU'~ILi PALCISION] DO

CO~~I~/SY3PARi(150,9) Pei( 1500) 1500) ,P(300) ,Q( 3010) ,C( 301)
1, Z( 300) ,P110( 20) .520R-10( 20) ,VISC( 2n) ,31J !ý( 20) T,T t*.( 20) , PVA.*P( 20)

4, !\7ISTL P, LI:1L'W, IJLL, I -N D, I EN.1 ~LI' 1 EL, P~iI ~LOT

1ITyI4n),1IC(40),IC(40),

W-A.' ICIA.ý-/4i .tL 4r'.:DI3T, 4i!C();iP-, 4 ,VA 2111'1, 21! 2, 2H1 '

0 0 (YIK1 1) E 00 no~n

mO FMPTIS.1U.1111 "T3=1

i1TOLPL=-!
r7-A-( 5,270) Cf..-JC SGJL JT~~ 0, AI3,ViP NO:C :"A-\' ~a!3I

DO' 130 ;=1,IpU2

I r(YY(.±).LrA .0) J=-11

TF ( L?.L L(IIW) hP LP(Ir2)-

L~T U 'lf D T, 2) ~
.'T.~'hP L*j TPt,3) L= P
:3PT ~TLt,1) = LST.\PTL( I Dh)LX) + LPT) *J

13nl C I :TILtJ

11¶2 CCO:%1I ',1JL

IF'( 'OLP+.~it.L. T. IPLOT) N4TiLPT=.1 ;J JPL0T-A-TOLPL

IF(~T~,DT.LOfl)30 TO. 1250
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7.1.7 (Continued)

LPT=NTOLPL+l
DO 1200 I=LPT,NTOPL
flPT=UJLPLTr(I, 2)
N =NLPLT(I,3)
IF(N\) 1150,11130,1160

1150 1N1=-LE(NpT,r,3)+I,.+l
GO TO 1170

1160 Nl=LL(iNP'r,2)"
1170 NZLPLT(I, 1)=i41

GO TO 1200

1200 CONTI"lUE
C

IF(NXTFiý.) 5,12,10
5 14RITE(), 15i06)

11O 20) 12,23

co To 1223
12 h;RITE( r,1tmm)

11-O TO 1220

12-50 J=0

.11 = NI ?T

.iT=IJ+

15N1=.NLPLT( I,12)

N =vALP LT I , 3)
I F( I . T 14T 0L P L G 0 17 2 00
I TI TL U( 7.) =I C H A R( 1)
IN4 ( JI) =,I P.T
SY .7.) ='M * ~PAP, ~P T , 5)

IITI'rr ( JJ) =I CIV.\.( 2)
%, I= 0

IC(JJ)=ICtP\P( 6+NI)

'-0 TO 1700

2 I0 ITITLL (3-7) ICHP.(4)
I N( J J) =NPTL

IC (JJ) =Ifl ( 1

1700 IF(JJ.Lr.10.ArIT..I.LT.tNýTO,?L) GO TO 1300
III=I-J.J+1
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7.1.7 (Continued)

IF(I.GT.NTOLPL) GO TO 75
QRI TE( 6,1,500) (IT-LITlLr;(.TJJ),I N(J.JJ),I C(JJJ3),JJ=,)
•RI-M ( 6,160r) o ( J (I ITITL--(JJJ),I Y(JJ.J),I IC(.JJJ)),JJJ=1,JJ)

O T 0 1 ,
75 4RITE( 6,14)04) ((IT I 'TI.E(JJ.1),I ý(JJJ),-IC( JJJ) ),JJJ=1,JJ)

; ýRITLU( 6, 1601) (1IIIT rLS(JJJ),I Y(JJ,),I I C(JJ),J=,JJ)
1• ¢•I g 1605)

JJ=0
1300 CONTINUE

1,T.'E 6, 16 02)
I P L(6, 11 0 3)

20 C ONTIU[-

I17(IS'T ;.CC.I.,ITz.') CO TO 2010
IrV'( Nx'rig,.. EQ 0. AAUf. Lr sr. LO. o ) T::rTU R:

CO TO 2020
2015 "7 I S TE'= N I S- T ý`P.- rLP I ,ITr

201 n jXT Ei=.
IDT= I PT+ 1

V2 S TOP (IPT =T

•: "'410=
2DO 100 I=1,UTOPL

•" ;=:LPLT(I, 1)

IF(I.CT.. TOLPL) CO TO 2'05
IF (1] 03 0, ?I'0, 2......

20 4 Y= P.(-N)
SO TO 20R0}

02'S]5. IF(,:) 2,060,2150,2070
2060 Y=00)(-,,)
2 0 Y30 TO 2t!0

2070 Y=O((,!)
2030 IF( T E.,:) 20 10, 2 n , 2110
20`5 1r I '(STLP+IPO1 T... 1:: IS TfP) GO TO 2110

(CO TO: 2120

2099 I((, , PT) . GO IQ 2113
.. T') 212n

271• In ( VCTORL( L.T).L..Y) -,0 TO 2120
211n V3TOP 1.(2,,',11 ) =Y
2120 !P(LIs'T. •. 0) GO TO 2200

IF(I.EJ'.I) i&RITL.(6,2211) 7

213"0 11=NI+1
Y ,Y ; 1i) = Y
I -7(I 1.NL. 10) "G "Zj 2?0(.
•,'TýTll(I6,2210) YY
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7.1. 7 (Continued)

NI = 0
..0 TO 2200

2153 iWPITE('5,2220) I
Y=T
GO T-0 2090

2200) CONTIA(JL
C yiIr(,2) (YY(I) ,I=1,N1)

1,: V =;'lA ?-S -
CALL ;R~A?FI-

I2(ITS-'PT;)2301.,?35fl,23119
2330 s =P~r s

10 TO 21)005
2310 1 Z' =1 '1

171 i I o

?350 CON~TIi0ILT
P .TJ lT

270 9FOM.AT (1;15)
320 ~RAr(I,~00

5210 POP, T ( 5 X, 13 1,; TOO 12 -~ 5Lr~f;rL2~~yxNmE1 ~6

222 Oýln :,45V'LT Or N~ P4 200(1 5E'T)17 O CC',.? IS: ZERO I= I5

1!; f) n !7 7vr( 5x, 1 ( A A, I I ,2,2
16.01 ':'5( i,4",3~MUAL~ LLI:CTEDF,', OP OUTPUJT r-OTS3)
16)0 2 PF*)f-.\,T( ii, 53X\, 130'-]HYT'.'CAl OUTePUT)
1r-03 P07m,hj~( 1(10)

I ? r09 iI r 12V'\L)
~07 rQ, F r 0 "21,V 7 1 -.1NI AUL SL4 ?rf-'T~rt) RPL ,'SVA W]LUS CM\LCULA2EO- I

1" Till-I, LTT1~~L

I1~0 .1 70:1' AT( 2 7: I VA LULI 0LTT T')l 7\LUSX2Pi CTUAtL VA:ILU1L: C,ýLCrLA'li.
3 D ;vrL L-AC~i PLV"L' ~TiV)
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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. However, since the plotted output is such an

integral part of HIYTRAN, this subroutine has been. added to avoid the problems

involved in changing from one computer to another.

7.2.1 Theor - Not applicable.

7.2.2 Assumptions - Not applicable.

7.2.3 Limitations

The program is executed once for each plot,up to the total number of

plots NTOPT-. The DO 901 J = 1, NTOPI, controls this loop.

The first section which sets the X bcale, i.s only executed on the iirst

pass, when J - 1.

The program currently uses TIME (1) as XMIN wnd TIME' (NPTS) as XMAX.

In the second section a DO loop is ttLL~d to find the maximum and minimum

values of the Y data to be plotted, using the functions AMAXl (YMAY, VSTORE,

(l+IADD))and AMiNI (YMIN, VSTORE (1+IADD)).

With the maximum and minimum value:; es;tablishcd, a check is made to

see if they are equal, if they are, 25 is added to YMAX, and YMIN is set at

50 less than that, to avoid a fruitless search for a suitable scale.

Subroutine SCALED is then called to obt ain a pro torred sca.e for the

Y axis, and returns with values for YMAX and YMIN.
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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.

The routine then start6 the output plot section by going to the top of

a new page, and proceeds to plot the output dats, line by line until the plot

is complete. A more detailed explanation of this section will be added at

a later date.

At the bottom of the plot a descriptive line is written which gives the

line number and distance along the line for line pressure or flow plots or

the variable number and the component ninber if it is a component data plot.

The next printed line 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.
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7.2.4 Approximatione - 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 beovercone by use of the

MAX/MIN and LIST options noted in Section 2.4 of Volume I of this report.

7.2.6 Variable Names

Variable Descrip tion Units

AVS Absolute value of VS

DIST Distance of Plot Point Down a Line IN

I Counter

IADD Address J*NPITS

ICIIAR Plot character

lCI~IAR( ) X and Y Axis Write Characters

ISP Counter

ISPACE( ) Temporary Variable for Writing YX and Y Axio
Scales

ITH'ST Counter

j Counter Indicating Plot Number

L Dummy Variable
I

LINE Integer Counter for Plot Line Ntmber

NABSQ integer value I or 0
Used as Indicator

NCIHAR Dummy Variable Representing Plot Character

NVAR Dummy Variable Representing Point at which
Line Plot is tRken or Component Number

SP Column b1umber Nearest to the Ith Value of
X-Var iable

Dummy Variable
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Variable Deacription Units

XAX Temporary Variable for Writing X Axis
Scale Values

XDELTA Distance Between Stored Points on
X Axis

XMAX Last (Largest) X Axis Value

XMIN First (Lowest) X Axis Value

XSCALE X Scale Range

Y Temporary Variable (Y Axis Scale Value)

YDELTA Distance Between Stored Points on the Y Axis

YLAST Last Y Axis Scale Value

YLO Lowest Value in Search Range

YMbkX Maximum Value to be Plotted

YMIN Minimum Value to be Plotted

YUP Ilighbent Value in Search Range
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7.2.7 Subroutine. Listinyl

SU3POurIAL GHAPH
C** PlhVTSLD AUJGUST' 5, 1975

1,7,( 300) , RHO( 20) ,S2oiRiiO(20) ,VISC( 20) , 3ULh,( 20) ,TLLIP( 20) ,PVAPC 20)
2, A~i~L.3 ,1', )LL'', IrI L, PLPD'LL, l, TI'VL)I C 20) ,LLGIJ IC~u

4, 11ýV, I S'VLP, 14LINE, NEI,, I NPI, I EIRIIT,! 'TILINi, tiINLL, [.,N LLG ,.-INN0D, ANlP1,OT
5, AN LPT.ý ,DL

DL*IR"NSIONI ISPACI; ( 1 01) , XQ\X( 6~) , ICHARIT( 8)

rAT\ ICIIAPNT/1 .1P, DIP, I1C , Illii, Ili-, liA+, 11l , 1ti*/
DATA IPLS'LF, X"CAL,';/0 ,0.0 /I

C------ BLG1:I:, OUTiF) ' O> 'R 1,0J FTh X PARA,.O.rhRIS ON PlqSIV PASý3 ONLY
I IP0 9031 =1, N'POPL

.- AX=VTIV(3 4 . ' () N PTO
X.AAIN=VSUOR _'( 1PU

'1 1 1. S IV - I T L - I V

C CA'LL "CALhI.)( X.ýAX, X.--j11)

C ----- FIND Y PAiRA;iLTl:Ro.

2 YA A X = V3'r 0 ,I + f APD))I

DO 1)()2 1=2, JP1T:3

90 Y.-Il i IN I( Yt' X, I'll O~ (14 +1ADO)

IP( ("oJ~ ") 0 'P ')0')

N N "I, - 1_

1 r I F Y, iA) .'Li I ) .1 1i' '0 lAX ') r)X 2 L 0 iiN

Y.IAXýY iAN. 4 25.
- 50.

9920 A,1AX (YIlA>-:i-Y-T ý) * 0o

YPA'X Y.IAX4+AlAX

9029 CALL SCALIAM( Y--AX,Y,1 i

C ------ '1! i; /CJ( 'I JU , TY PI ()I PLOT', OUPUT ~ )A'F.-T\
L =N 1, PIA ( I ,2

I F ( J 3')IP 'V 1, rl 1 )P ) f,9 ,)
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7.2.7 (Continued)

3 ICHJAR-IC11NRT( 1)
DIST=NLPET(J, 3) 2ARm( L, 5)
GO TO 6;

4 ICfiAR=ICHAiRT( 2)

Go To 6
5 1C1]AR=ICHART( 3)

NVAiý:NLPLT( 3, 3)
C----GO TO TiOP 0O" NLXT PAGE.

6 WRITL( 6,601) 1
C ------LOOP FOR ELAC] PLOT LIN6].

Y=Y.-IAX + YM-DLL'A
7 Do 907 L1NL=1, 51

YLANST=Y
Y=Y-YDLLTA
YUP=Y+YDLL''A/ 2.
YLO=Y-Y)L'LTA/ 2.

C ----- FIR~ST4 LA~3- CHAR. ON Ll.\L = *1*
ISPACL( i1)=1CIIART(4)

C ------ FIR,.;TI 4 LAS5T UNU~S ALI, *-* XCLP'.L' *+* IN112,, ,.,1+9
IF(fLiNL.NL. 1V11). LINIL.NL. 51)GO ro 11.

9 00O 909) ISP=2,19fl

1SP'AC K C 115P) ICU A WI'(5)
C1O To 909

909 CONT 1'Ut

C ------ 'IA1 (, OL,. 2-100 O;J LI;4K' 2-50 TO * R ------- Ito Ax s
11 1 F . L,`.0. .ANV).YLAST.(-,'.0. )G0 rTO 13
12 DO 912 ISP=2, 100

13 DO0 91.3 1 SP=2,19')

9J11 IF( ( Ez;P-l ) .1,0. ( 1ý;P1,-1/19*10) 1sp1tcLc I)=C\Rr6)
C---- SEIARCH YI'-VA I til, ARRNAY cp0 rI'ijo.-,L iiNAC YLO * IT.VAfLUK G)I. Y1lIP

I L VS G'. 10. \fqID. VS.1,Lb.YUP`) GO 'TO 145
IP'(~~ 'I3Q h) GO TO 914

AVS=ABS ( VS )
I F( A VIS. LT'. Y LO. () . AVIJ . GT.. YIUJP) GO 'TO 9 1 4

C------F I '4 COLJJ~q NU,13i iNNLA RLS'1' TO I-i'l VA LTJL OP X-VARINBLE* ViMI N !3CALLD
145 S)3( V.;hO1.k1, I ) -XA1;\)/XI)LL'rA + I

I F 11-A iNIP (S 1)) rCT1. n. C)) SPI,=,;P + 0. 50
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7.2.*7 (Continued)

C----CHECK IjP. IP LT 0 OR GT 102, ERROR; IF 0, ADD 1; IF' 102, SUF3T. 1
IP(ISP) 914, 15, 16

15 IBSP1
GO) TO 1R

17 IF(SP=1021 91,1

18 IliPACE( I SP~) =1CAR
914 CONTINUE

C---LINESi 1,11,21,31,41,+51 [HAVE Y-VALFULS; THESL LINES, PLUS LINES 6,
C 16,26,.... ALSO HAVE *+ IN COL. 1+101 IF E;I4PTY

IFC (LINE-i) .NL.(LINL-1)/5*5)r.O TO 19

IF( IS-PACE( 101) .NL. ICI3AP) ISPACE( 101)=ICFIART( 6)
IF((LIN~1)NE4I1E~)/1*1f)GOTO 19

C------WPITE OU'T PLOT LINE, CONTINUE
wlkITE(6,602)Y, ISpMCE
GO TO 907

19 WRITE(6,601)Iý,PACI-;
907 CONTINUE

C---CALCUJLATE + PRINT X-AXIS VALULS
20 D0 920 1=1, 6

920 XAX(I)=X,.HN' + (I-1)*20.*XDI;lLTA
ýIRITL(6,604) XAX

C-WITELOWER TITLES 4 V?\LULS, HELENTER OUTLR LOOP
IF (3.GCT.NTOLPL) GO TO0 23
IF(MLP'LT(J, 1) )21, 23, 22

21 WBITE-( 6,605) J , IsT,fL
GO TO 900

22 kWRITL(6,60E) ,DIST,l,
G~O 'rD 900

23 4\RITIL( 6,6GOD) L7,NVAR, I
900 CONTINUE,

WPIrL( 6, 609)TI'rLLi
902 CONTINUE

1000 O1RITE(6, 601)
-jplrE( 6, 610)

1),'rE ,611)
IF'('P. LI'. TF'NAL-DLLTr) lRE-TvUN
DO 1250 5=1,NTOPt,
L=?qLPLTr(J, 2)
IF(J.GTr.NTOLPL) GO TO 59
0IS'V=NLlJL'r(Jp3) hmm, 1(,5)

IF(LPL(J,1))25,1250,30
25 4RITF(6,605) J,rDTi'r,L

GO TO 1250
30 YIRITE(6,606) J,rDI-;T,L

Go To 1250
50 NVA R=N LPLrl'J 3)

WHIU''(6,607) J,NVAR,L
1250 CONTINUL
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7.2.7 (Continued)

601 OORI4AT(1I1I)
602 FORMAT( lX,125X,P12. 4, iX,10IAl)
603 FOR!4AT(1X,28X,101A1)
604 P--ORAA'r(lX,23X,5(F9.3,1lx) ,F9.3)
605 FOR[l~AT(lX,29X,6HGRAPI ,13,1X,531-1 FLOW (CU.'IN/SLC) V.S. Tl~hE (SEC.)

+ FOR A DISTANCE OF PF8.2,2611 INýCHL;S ALONG LINNE NUABER IS5)
606 FO~t4AT(lX,23X,6HGRAPhi 1,I~X,53[i PRESSURE (PSIA) VS. TlIAL (SEC).

+FOR A DISTANCE OF ,F8.2,2611 INCHES ALONG LINL NU[IBLR ,15)
607 FORtA~AT(lX,29X,6hG1HAPH 1I3,lX,18[-i VARIAB3LE NUPMER ,13,21HI OF- COtrIPO

+NENT NUM1BER ,13,38[1 VS. TInLE (SEC.). TH-E VARIABLE IS)
608 FORMlAT.( X, 29X, 20A4)
610 P0ORAAT(lHO,65X,27BIIYTRAN PROGRA'1 OUTPUT.r PLOTS)
611 FORANT(11UO)

RETTJRN

1' 7.2-8



7.3 SUBROUTINE SCALED

The subroutine SCALED Is used by CAR.IH to obtain a preferred scalep for I
the X and Y axis of the print plot graphs.

The number of divisions onL the X axis = 100 and the number of divisions

on the Y axis - 50, a preferred scale system was chosen which would give a

difference between RMAX and RMIN of either I.0*l0**N, 2.0*I0**N or

5.0*l0**N where N can be +ve or -we.

The graph data MAX and MIN is cLntered between RMhAX and RMIN unless

either RMAX or RMIN can be set to zero.

An overriding requirement is that the scales should be at some reasonable

tumber for easy reading hence with a range of 5000, the MIN cal be set at

intervals of 500, or range/l(. This sometimes leads to a larger scale being

used than would expected fromn the actual range.

The goal however was graphical readability and s(Ilahiiy 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 zJize of the actual graph.

7.3.1 T Not applicable.

7.3.2 Assumptions- Not applicable.

7.3.3 Computation- To be added later.

7.3.4 Approxfmation' - Not applicable.

7.3.5 Limitations

In its present form SCALED gives inconsistent answers for small values

of RMAX and PMIN, and is not currently used to scalc the X :ixis.

AL



7.3.6 Vnvl ahlpr Nnmr

NAME DESCRIPTION DIMENSION

AMAX Maximum value to be plotted

AMIN Minimum value to be plotted

IBOT Variable used to calculated Y axis
scale values.

IUMAX Variable used to calculate Y axis
scale values

IEXP Variable used to calculate Y axis
scale values

ITOP Variable used to calculate Y axis
scale values

J Integer coutLter

MANT Variable used to calculate Y axis -
scale values

RAWNGE Range of values to be plotted -

PMAX Maximum Y axis scale value -

RMIN Minimum Y axis scale value

SCALE(-) Scale factors for Y axis

7.3-2
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7.3.7 Subroutinec Listing

SU3POU'M NE SCALLD(j WAX,uioi~l )
oIoiE:S ION SSCALE -( 6)
DATA SIC A LL/. 5, 1. ,2. ,5. ,10. ,20./

C----FIND T1lL TRANGE- or VJ\LILS *RANGQE*, AND PLACE ACTUAL. 'iAX AND) .1iN
C--poT 225S IN *"\IAX* AND *)VITO

A.i Al=R 1~

C----i;I Mi) AN ITv ExGNT*1I EXP), AND L3ASE' * vIANI'Pt SLICtl TIAT 'HI'i
C----VALUEI. OF" .iAN'lT**TI XI' IS .2.RANGE.

I L XI'=ALOCi1'31( RANG!,I)
AAN Tf= 11AN L / 11.1 LX 1
I F R PANSY 10 CT. rAi.i'11 lO. *1 X PX) ,A NT=.IAA>T + I

C- UIG:iANLV, SL L I-CT' 0[-L O'Pii.: PI<LVLNPLD SCAALES

70 1.AT=I

QGO TO 120

191) J G 1 1
it j TO=12

C----SICe * Li.A XA. CInI\ 1 P 1,ip1. 1.XPNN x O 1&1 1. COI)Ai'5P0,P310 lD1 42 1TI.) iA X
* I 1201) IF) WAX I . 0. 20 121

11-iiA X ýA LDC l. I Ni( k!W ( !,4iA X ))
----- 114 [I 1 '\AX ANDI II1>'1AX 'iO( r' I \ P'L'O)5 Ui~l 'iAXiIAU, VALUEL U01S 'Jill
C ---- SCALf, L HIJACh TVII VA1,U. I,' ".'AX, 7VJD C'O.PARI4I 5 Tilt IC14JA1
C-------lAX Ii 1.1 'l)l [NV.

F.1w\X=1T'J'( A~iIS X)10.**lI..AAX)*l.* ,XS .1N~. ,ALIAX)
1 21 lF( RciAX.Gl;.AI-ICAX)('D TO 130

C-iFA;I . F.T. AGN-AL, .JAX PUT¾? INCREAS.ýl 1T 37 I¾

PtLIAX=k~lAX4-. 0 5*503' VlJ. ( J4) *I I.3** I L.XP'
GO To 1 2 1

C - - - PU 011;. Ci .1 t1,1 NY SJ3SCT'P IN"C CA L I-)( X) ** CLN eR'0i
C--b''.1:ACYU'lAl :11lIN *,AI, ,I* lTH l 12'L 14/00k 30,,UFFII)

K.-------!,Y Wi-AX A I') S (ON''1 IUL.
110 J) * 10fl * *l ii:

IPý('I'i. RCIX)"( TOi' 15'0
---- G-O 'T') '.il. NI.X') AT I:L :CALi,, !<1,CALCULA'1' R:11 4 , AND RL,CIli.C1<

'IF)I. LI'.5.5)(10 'U'-) 13)0

CO TOr- 130n
C -- -- -- IF T'HEP KCAULW .114 1t3, .1A'. SF1414, W!'1' P'iL. ACTUAI, -IN 1,5 POI512171
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7.3.7 (Continued)

C ---- SHIFT T ilE SCALE' UP SO THAT 'filE- SCALE BEGINS Al "/ZE-RO
150 IV,( Rr41N*AvlIN.GT. 0.) GO '20 170

Ri IN=0.
160 RIAX=SCALE,(J)*10.**IEXP

c ----DUL To TrlL SHIFT, IT .IAY '3E POSST3LE TO DE"CRE-ASL T61, SCALE -rO
C----THE NEXT -SCI1ALLEsTr SIZEL

J=J-1
IF(~hGT.7,0 GO O 1('n

J=4
IEXPýIEXP-l
GO TO 160

C - I PRc'IN 1.1 POSITIVE' AND MEAIR ZLRO, SHIPT TH~L S1CALE DWvvJ TO) 0. o'ilo
170 IF( Ri'I1.' L.0.)i co TO 175

IHAF'= C An~ 1T. .1* ( iX JOT 1001L X1

C --- im' THE SHIPT DOViN CAUSES RiAX TO LIE 3ELLO,. THlE ACTUAL !.1AX,
C------IWCREASL 'P-L. SCAILE RANGE- To THO NEXT LARGES~T

RET URN
C-------IF' NIAX IS X1EGAT1VL Al'JD NLI\R ZEROM, SHIl FTA'Id SCM UL.lP T') 11. .1AX

17 5 III RAAX.GE,.0.) 1-0 TO 1,30
IF(-,*IA.GT.0. 1R:~I-1'0 TO 180

RciAX=0.

------------------I P THE Sill FL' UP CAUSES; R1',IN TO LIE-1 ADOVE TilkI ACTiUAL -14
C---.--TNCRLASI:~ TIII SC1"J TOA''E THL' t9L.XT LARGL~S'

1IF R, I 1. GT. -'\AlI .') R; 11' - -S C A , P( J +1 1 0. *1 L XI)

RETURN ~
C- -- --- CEI'!TE T F fll-. SCAL[E A1OUT THlE ACTUAL RANGE, OF r)ŽT

10R0 1TO P=(RL1 A X-A1AX)/() 5*~SCA Ll(J) *10. 1IEXP)
I.30T= AfT I I\-RIVN 1ý) /( 5 *5SCA Ll. *J) * 10.** 1 F"XIP)I
I D I F=( I TOP- I 11OT), /2

I1F I')I F. LO. .0) RETURN,1

RfETURN
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4 8.0 UTILITY SUBROUTINES

The utility subroutines have been added to avoid some of the annoying

'I ~problems encountered when a program is transferred to another system which

may have similar but incompatible library routines.

INTER2 and LAGRAN both of which started as library routines, havc been

modified to cut running costs whierevcr possible.

A skilled user can probably replace these routines with local library

routines and operate efficiently.

8
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8.1 INTERP SUBIIROUTINE

The INTERP subroutine provides interpolation for continuous or discon-

tinuous functions of the form Y - f(X). INTERP is a shortened version of a

MCAUTO library functional subroutine named DISCOT.

INTERP uses two other subroutines, DISERI and LAGRAN, to derive the depen-

dent variable from tabulated data input by the programmer or already existing in

the program subroutine. Subroutine DlSERl gives the data points around the X vari-

able. Lagrange's interpolation formula is used in the subroutine LAURNN to

obtain a Y value. FoL an X value lying outside the range of the tabulated

data, the Y value will be extrapolated. Fluid viscosities are calculated

using a modified Walther equation.

8.1.1 Solution Method. The ]NTERP subroutine provides the necessary control

parameters to DISERl and JAGRAN to yield a dependent variable. The sub-

routine arguments are:

Subroutine 1NTEPJI (X, TABX, TABY, NC, NY, Y, IND)

where :

X - Argument of function Y T f(X)

TABX - X array of independent variables in ascending order

TABY - Y array of dependent variable, in ascending order

NC - Control word

Tens Digit - Degree of interpolat-ion

'1

Units Digit - = I Walther equation

S0 LAGIAN interpolation

NY - Number of data points in the Y array

Y - Dependent variable

8.]-1



IND - Error indicator

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 INTEMP subroutine argument and passed to DISERI. The

error indicator IND is set to zero. On finding the data point closest to the X

value from DISER1, it is entered into the LAGRAN subroutine argument. If the

modified Walther equation is to be used for a viscosity calculation, lDX will

be set equal to -1.

8.1.4 Approximations. Not applicable

8.1.5 Limitations. The X and Y data points must be entered in an a.scending

order. When tabulating a discontinuous function the indeindciit variable (X)

at the point of discontinuity is repeated, i.e.,

XIs X2, X3, X X X
3 ' 3$ ' 4 5

Thus for discontinuous functions there must be K + 1 points above and below

the discontinuity, where K is the degree of interpoiwtion.
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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

NPXI 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 variable

Y Dependent variable
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8.1.7 Subroutine Listing

I -(.1C'-( C(/ 1 n) *1 ')0) /1

1, LA " P
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8.2 DISEkl SUBROUTINE

The subroutine DISERI. will return the array location of the lower bound

value of the interval in which the independent variable lies DISER1 is a

modification of a MCAUTO library subroutine named DISSER.

The arguments for the DISERi subroutine are as follows:

Subroutine DISERI (XA, TAB, i, NX, 11), NPX, IND)

XA - Independent variable

TAB - X array

I - Tabulated data location

NX - Number of points in the independent array

ID - Degree of interpolation

NPX - Location of lower bound for 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, K.A, and the tabu-

lated data form the TABX array, DISER1 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, DISERI would returr) the first data

point as the lower bound. Should XA lie outside the upper tabulated value,

the second from the last data point location will be returned by DISERI.

8.2.4 Approximations. Not applicable

8.2.5 Limitations. Not applicable

[2
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8.2.6 DISERi Variable Names

Variable Description Dimensions

IND Solution indicator

1, ID, IT, J, NLOC,

NLQW, NPB, NPI, NPU, Integer counters

NPX, NUPP, N-, NXX

TAB Array of independent variables

XA Independent variable
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8.2.7 Subroutine Listing

lI: C X-T \q ( I )) 71,73,7.?2

71 p --I" =I'r)+1

R , U r' i 11ýU'J

73 xA=,r \(I)

7ý 1=I+NX-1
IF(XA-TA'3(.J) ),77,7'

P',YJ-I r2i76 ' 1.,~ iT+

77 .%=X 3 (])
I tu,= - I )

N 111 t '"/2
"•pJ= ', '2- .3

R2 L~' 1T-

"l (' I - 2• ') 1;, , 1 1
+ I=

.1 L( 4 ' :'r ;- \1("

\.-, ( ý-2") ) , O ,] 1 7 1
11? 1.. ,- ,. / 4.

IC'( 1 1, 17,1

"I ,' ) 17, 17

I. LP.J X I I
I! ( r % (1 [) A I ), 2 , 20

2n . "=- C-IP
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8.3 LAGRAN SUBROUTINE

The LAGRAN subroutine will interpolate or extrapolate a data point from

two known tabulated values. In addition, TAGRAN will calculate viscosity using

a modified Walther equation. 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

A-NS - Dependent varaible

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) - E Li Wx Yi ,
i=O

Where:

Li (x) is the Lagrange multiplier function.

(x-x0) (x-x x)''. (x-xi) (x-x )'.. (x-xn)
*L (x) 0 -1 i-I iA-I n(2

±L x (xi-x 0 ) (xi-xl) (Xic il) (xiXi+ 1 ) ... (xiX) (2)

The LAGRANGE equation w;lL generate a polynomial between two data points.

The degree ot the polynominal 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 is used

in the calculation of viscosity. The ASTM charts are based on this equation.

LOG [LOG (\+c) ] A LOG 'R + B (3)

Where:

C = a constant
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*R - Temperature, 'RANKINE

V - Viscosity, cSt

A,B - Constants for each fluid

LOG - Log to the base 10

The ASTM chart expresses c as a constant varying from 0.75 at 0.4 cSt to 0.6

at 1.5 cSt and above.

8.3.2 Assumptions. The Lagrangian equation generated by the subroutine will

only use the data points around the dependent variable to generate a polynomial

for interpolation. The last or first set of two data points will be used

for extrapolation. The equation used to determine the viscosity uses a

constant factor that is applicable to viscosity values of 2 centistoket 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 is a direct application of equation (1)

to the given data.

Before evaluating the viscosity equation (3) for the viscosity value aL

XA temperature, 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 Lhe dependent variable lies outside the range

of the tabulated data. With the constants 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 reference 9.6 for a more

thorough discussion.
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8.3.5 Limitations, Since the LAGRANGE method only uses two data points to

interpolate it can becoma inaccurate for remotely spaced tabulated data

points. Any dcgree of interpolation greater than two can lead to erroneous

results.

Fir the viscosity equation, any computed value of viscosity less than

2 centistokes cannot be considered accurate, and should be weighed

rin the final results.

8.3.6 LAGRAN SubrouLine V;iriable Names

Variable Dascription Dimensions

A Constant for viscosity

&NS Depend.ent variable

B Constant for viscosity

1,3 Integer counters

N Method of solution

N = 0 Viscosity calculation

N > 0 Vegree of interpolation

rd0 I)U Lagrange partial. Frcduct

III LOG LOG of (Y (i) + C) cSt

L02 LOG of (Y (2) + C) cSt

Ti O( ;T (1) OR

T2 LOG -ii: "2) 0 R

X X-array

' XII, Indepirt:, .nt variable

Y Y-arruy
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8.3.7 Subroutine Listing

SU"JIfOUTINL LAGnAN'(XA,X,Y,?N,At'OS)

I"( .Y2-1) GO TO 20

TIC 3 I=1,N

DO 2 .3=1,uT

IF(A) 1,2,1
3=XA -X(J)A

2 COY!TINUE.

.1 1- S = 3 ll

C VI:.7,C0-IrY (>\ýr.CILATI0.:l

A 1=.

1) .L,--lqY 2. 7+A2)1Y 1 *2

TFY 2)=. L:',,^ 2. 1 A~~(1 -1-1 +A*y 2). 1i(2 *

=(?i-?2)/(T2-T1)

Z; Li~

P 2=A L0.'V11(AL.OC10(Y 2) +. )

T2=A !LO:(~j10) X( 2)+1V) I

A = 'R 1 + :3, *'-'1
VO= ,1*A--"*ALOC 13( '<'+ 4 ra . 6 .C

17C 53 /DL TX
7\LI'l=3 '35'23-11. 3Fiq5*S+l 13. 1735*.3*3-4. ~1,"*1
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8.3.7 (Continued)

CHII=3. 35452-13. 1273*3+17. 1712*S*S-7. 6551*3*3*57
As~3c=,ALPHMk3ETLA*ALO(G1O1(VO)+CfiI*(AL3GlO(VO) ) **2

IR(ANS LT .R'IJ'=

END
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8.4 SIMULT SUBROUTINE

SIMULT is a Fortran library ibroutine (Reference 9.3) that solves

systems of N linear algebraic equations with N unknowns. SIMULT employs

Gaussian elimination and positioning for size using the largest pivotal

divisor as the solution process.

8.4.1 Solution Method - A system of linear equations may be written:

alixI + al2x 2 + .+ aln xm = b1

a 2 1 xl + a 2 2 x 2 + . + a2n xm - b2

(1)

alxl + a1112 x2 + . . + aj~nx, bm

Rewriting in matrix form:

-all a12 i! Lm Xl bl

a 2 1  a 2 2  a2m x2 b2 (2)

a., am2 aul Yhn bm

Equation (2) may be further simplified by writing:

AX=1 3 (3)

where

A = M *M. Matrix of coefficients

B = M Matrix of Constants

X = M Matrix of M unknowns in the system.
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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 avoid division by zero or small

elements. The forward solutio to obtain variable M is done in M stages.

The back solutiou 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 8(2),..., variable M in B(M). If no pivot can be

found exceeding a tolerance of 0.0, the matrix is considered singular.

The arguments for SIMULT are as follows:

Subroutine SIMULT (CALCI, CALC2, M, J)

where:

CALCl = A

CALC2 = B

M = number of equations

J = solution indicator

J = 1 when no solution ran be found - equations are
singular

J = 0 for a nornal solution

Both the original CALCI and CALC2 Matrices are destroyed In the computation.

The answers are returned through the CALC2 Matrix.

8.4.2 Assumptions The basic assumption used in the solution of simultaneous

linear equations involves the ability to actually linearize the complex

mathematical system that is being described, If this can reasonably be

done then a set of u(Iuations as in (I) may be written and solved.
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8.4.3 Computation - Gaussian elimination and positioning for size using the

largest pivotal divisor is used. Positioning for size or pivoting will

ordinarily reduce some of the roundoff errors in the solution and may

actually allow some ill-conditioned systems to be solved. See Appendix

D SSFAN Technical Manual (MDC A3059 Vol Il) for a more thoroug!h discussion

of this method.

8.4.4 Approximations - The approximations are inherent in the use of the

Gaz-asian elimination procedure as described in Appendix D of the SSFAN Tech-

nical Manual.

8.4.5 Limitations - If no equation it the set (1) is a linear combination

of the others, the system of equations is said to be linearly independent

and a unique solution exists for the unknowns,. A system of equations are

homogeneous ýf each bi in B (EQN 2) is equal to ztro. The Gaussian

elimination method will provide a unique solution to equatioln (3) when

the corresponding hoiwugenous system has only the solution X = 0. Both

systems AX = B and AX ý 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. ThI, reisults in AX B either

having no solution or an infinite number of solutions.
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8.4.6 SIMULT Subroutine Variable Names

Variables Description Dimensions

A N*N Matrix of Coefficients --

N matrix of constants

BIGA Largest element

IA,IB,IC,IJ
IMAX,IQS,IT
IX,IXJ,IXJX., Integer counters
11,12, J, iJ ,JJX,
JX,JY,K,INY

N Number of unknowns

SAVE T'mporarv storage location --

TOL Tolerance

- -!
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8.4.7 Subroutine Listing

S(3ROUTINL SI.-iULT(A,l,NI,rS)
C* -ýcvisLco .sznEii,3c, 3,1974

TOL=O 0.

jj=-N
00D (5 J=1,iN

IT=JJ-J
DC) 30 I=J7,N

IJ=I'PIJ

L±V(%=I
31) CONITI,iTE,

QP 1 * I R! +

12=11I

A( Il)=ýA(nI)

;SA'L=;3( I, AX')

13(.) Vf55, I 7A,~

IT=J-IX

IT .7=,I*ciX+II'I

I.' '? = IX -JX+I

3 ( 1:!=3( 1i) -A I ý) I~ C)

8.4-5



8.4.7 (Continued)

IA=IA--!.'
30 IC=IC-I

L r-I D
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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 connection 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 i:he address of the

downstream end of the line number is stored in the 1 , array.

Next the lines are checked to see if they are connected to each other.

This occurs when a one is found Ln the downstream address of one line and

the upstream address of another in the LC array. h'ei address is stored in

the LL array and a counter, NI)END[ , is incremented for each line.

If the sequences of -1 -1, 0, 0, or +1, +1 are not followed for the

line data, the progras will stop execution.

3000 SECTION

For a dead-ended line the address of the lines pressure and flow data

is found in the LL array. The flow in the line is set to zero and the end

pressure is set to the characteris tic, pressure.

'lIe LI, array also contains the addresses of the P', Q, Z and 1, variablls

for any lines that a:e conneclted.

8.5-I
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The flow is computed as

Q (I)= (C(T) -C (nJ)) /(Z (1)+Z (JJ)

Q (JJ)=-Q (I)

where,:

I denotes the upstream line end point

JJ denotes the downstream lines beginning

The pressures are calculated easily as

P((1)=C(I)-Q(1)*z(1)

P p(JJ) =P (1)

8.5.4 APPROXIMATIONS

Not applicable.

8.5.5 LIMITATIONS

SBRAN does not take into occount the pressure drops or rises that

result from any changes in cross sectional area going from one line to

another.

8.5.6 VARIABLE NAMES

Variable Description

I Downstream Line Address

JJ Upstream Line Address

KFAIL Er-ror Indicator

NLINE Number of Lines

NDENDS Number of Dead-Ended Lines

NDUND1 Counter for Connected Lines

8.5-2
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8.5.7 Subroutine Listing

C * RL2VIm•'D .. S- 5, 1975 *

1, ( 3(.0) , .. ,..l(l20) ,$2G'i•W.( 20) , VISC( 20) ,5.JL.(20) ,r)P( 2'), PVAP( 20)2, ATPi? CS[.., T', ltLT,'TF I!LA L, %LT~fL, PI, TITLF ( 2• ) , LEGH', ICO,•
3,.:'T•,iP(99), tST.\RT(1.50).,NLPT( 150) ,LTY-•.t;('•9) ,,'JC(9?9) , NX, INZ

I JIV\ '.JC '. ( [C( 1 ,C ( 1))
I• C ;2: 1.1. -1," ) -l P0.

.J 0,- 1 1
.]i!,

I L C1

.T=J+f-i

.-L l . ) = ]

•; i'! ] ]3=.1

.:•LI.,•,-1

=. %'i ,-

T, II
.TP:( L.( I). :.i.•LC( 3+1)) 02-' TW' 13'0

I• F- J,

J=J+l
r..L(1) =,T

13,. I3=I+l

V'10

"MI" IL:

]L( J+I).,. 1 T 3

•'•'L.]? 1 = 7'r Ti •;•.'

7,' (j; 0'', L. P..T)''' i•'. ,,]9

4.~~f 1) ,: r):' £ ..

?~~ ~~ "5: 0 0'"I, F

•0 %'2'• .=!,8.5-,3



8.5.7 (Continued)

JJ=I+1

P(JJ)=P(I
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8.6 SUBROUTINE XLiMIT

XLIMIT 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,

program. Initially the sign is set to zero and the position is compared

against POSMAX.
If POS is greater than or equal to POSMAX, the position is set to

POSMAX and ASIGN is set to 1. Should VEL be greater than zero it is zeroed

and a return is made to the calling program.

If POS is less than POSMAX it is checked against POSMIN. When POS is

less than or equal to POSMTN, POS Is set to POSMIN, ASICN equals --I and the

velocity is zeroed if it is less than zero.

Should POS be greater than POSMTN a return is made to the calling

program without any position or velocity changes.

8.6,4 APPROXIMATIONS

Not applicable.

8.6.5 LIMITATIONS

Not applicable.

8,6--1

4, l



8.6.6 VARIABLE NAMES

Variable Description

ASIGN Sign (-1, 0, 1)

POS Position

POSMIN Minimum Position

POSMAX Maximum Position

VEL Velocity
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8.6.7 Subroutine Listing

SUr3?OtJTIr'qL, XLIr-Ii'( 23, VLL,ASýIGUl, po&5I:q, PO3.'±AX)
AS I 'Im=o. 0
IF(POSl-P0Si'AX) 20,10,10

10 ?O0w=POS.-tAX
A S T(',' =1 . 0
TF('%7LL.GT.0.0) GO TO 40
03 TO 50

20 17(P0S-PC)S6iIh) 30,30,50
30 POS3=PO3,INl

ASIGI=-1 * 0
IF(VL.GL~f-0) 0 TO. 50

40VLTL=0.0
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8.6.7 Ctontinued)

DO!YLt~PRE~CISION POS,VLL,A0-IC-,N
ASI " =O. 9000
IF(POS-POSiiAX) 20,10,10

10 Pos=P-os!A7X

IF(V'LL.G'.r.0.0D0) GO TO 40
GO TO 50

20 IF'(POS3-POSaI.';i1 30,30,50
30n P 0 S= PO0Si .'I *.

ASIGTGP=-1. * 00
IF(VL.G.0.00)G10 TO 50

4*~VLL=O.DDO

50 RE.TUP.P
L D
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8.6.7 (Continued)

FOXiCTION SQRASS(X)
IF(X) 100,200,300

100 SQRAS=-SQRT(-X)
GO TO 40f

200 SQRABS=0.0
GO TO 400

300 S02RACS=SjnT(Q)
400 RETURN

END
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8.7 SUBROUTINE TUSTIN/FUNCTION DYNAM

The Tustin subroutine provides coefficients to approximate difference

forms of continuous transfer functions for digital simulation. The Z-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 function G(s) with input X and output Y,

X G(s) Y

The output at any time Yn can be approximated by a difference equation

n C1 YN-1 + C2 N+ C3 N-

where C1, C2, C3 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.

The derivation of the integrator, lag and lag and washout are presented

below.
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I

DIGITAL SiMULATNON OF CONTINUOUS TRANSFER

FUNCTIONS USING TITSTIN'S METHOD

Substitute - i - for V/S

I. I NTEC RA'TOR

x /sy

Y I _AT I + r 1
X ,1; 2 [ - I

- ] -2- + ]

Y• - x1. . [ + X -]

- 4 ý.[x -. x 1 ]

or Y - -CY +, X C X_

C 1.'I

C 2 ri LT2
C =t'T/2

22

8.7-2
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2. LAG

TS+1

x -tst- s

_ AT/2/)(+ )

(i - +(Q~t/2IL )(I + C.

_ ((T/ 2)/ )( + K' _______

'y rf (1 A C-i

+ (1.1/ 2)/)} -

1 T1 +
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S 1 (AT/f2) + -1"F l ____2)_ 1 -

L(7AT /2) + Iji(T2 ±1

y - /(AT/2) -1 1
/i(AT/2) + I J - ,/(AT/12) + 1 (X + X

For Y= C1 Y- + C X + C X

- 1 2 3 -1

W1/,T1/2) -1
C

/ : (AtxI/) +1l

(3 = 12

+

'2L

c1

3 2
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LAG AND WASHOUT

x - +

y S ]

X IS+1

+. 1 +____-_____

-!!

Y =i) + T -!.--

SAT ( T -

S(t -f) - C -• ) r

+ 0+(2)__.
+ _ý-- ( l2) -

.(AT/2) -T1

- Y (AT(2) (X -

L7/(7Tr/2) + \/(AT/2) +
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For Y= C Y-1 + C2 X + C X1
c 1= -/( r 2) 3 

,1

c2 = T /(Art/2)-I

I.C!:

C 2 1 /(AT/ 2) I
L/(AT/2) + I

C3 C2
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8.7.2 ASSUMPTIONS

Not applicable.

8.7.3 COMPUTATION METHODS

Given below are the values of the constants for the three transfer

functions'

I - Integrator

2 - LAG

3 - LAG and Washout

1. INTEGRATOR - G(s)=is

C~

C) = AT/2

C = AT/2

2. LAG- G(s)=--- -s+ l

C1 =i - (AT/2) / + AT/2)

C2 =(t/2) / t-(DT/2)

3 2

3. LAG and WASHOUT -G(s)= s

i 
4-

S= - (AT/2) / + ± (AT/2)

C =, / r + (AT/2)

C 3

8.7.4 APPROXIMATIONS

Not applicable.

8.7.5 LIMITATIONS

The sample frequency must be 10 to 15 times larger than the largest

system frequency. Should lower sample frequencies (larger time steps) be
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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 continuous 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.
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8.7.7 Subroutine Listing

SL1'3ROUTINL' TU.53VI'(J,TArJ,,C,Dr)

c COz2F PCI i;i'5 FOj'l DI GITAL Sl-IU.~LAT10-1 "D17 COjj.;~TI~j0X3 lf RA'T~rr)

c Ft-ilc"LICTI.r INI TqU '?Ol.) (,A?PfRO)XI:-A'l% I)IFF -,E.l Fi

c ~ Y(N) = C1.kY(r'-1) + C92*X(1,.) +C3**(N-1~)

C 13 = R LTATOR

c = LAG
C .J=3 LAIG Y J ASýtJ

C(3

flT2 =T2.

IF (T. TV. 1) GO TO 13

C(3 D' f2
iGOc :.) 5')

1 ~~~M C~~l 0Lull. 1
TA) AUT~J

GC T i N' J

C(1) =A.' TAU
C(2 =1r)/-T a P
(3) C= -(2)

30 C (),!T IK
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8.7.7 (Continued)

C C.tCJ~II;~ P C;~~~UO.3 'R~jPI FrJNCTiON16 3Y TtJS'rIfD 'r!3

C PU:1TIO~3IN dL F'ORii (APPROXI.-iATi6 ljII?1?KLR.CAzj FORLi)

C Y(N) =C1*Y(iN-1) + C2*X(N) + C3*X(fi1-1)
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B.8 SUBROUTINE LUCUP

Subroutine LUCUP provides linear interpolation of data points for a

three dimensional table. Two coordinate points are input and LUCUP returns

the third value.

8.8-1
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8.8.1 Subroutine Listing

SU.3ROUTI:.:qE' LLU(.D:A Z, A ,",I ,¢ X ', .)
DIvL.b•;SIO1q X(]) ,Z( 1) ,,,A(1) ,XA( 1)

AT=A-( 1. )
L2=\A( 1)
T=XA.( 1 )
P=X:\( 2)
IT=I
IF(r]-X(i) ) 0,910,50

50 DO 60 1=2,L2

r) 1 CO0..--1T I j ,71 E
IT=L2

0Db 5=1

GO ,TO 1IC
70 I'['=I

GO TO 100
q IT ==2

KCDL=I1FCo fo IO
:-,r) TO 100

r) I'T=I

l ) cT "110

fjjA.,:f=( - ( IT-I 1 X . I T) - X( IT - 1
111 CO 0;1 4UL

LI=L2+2
lr2=L2+ •A( 2)
I=L].-I
1'( P-X(; (U-1) ) 1 -3!.3, 1 f), 150

] ¢, q IN, T ) f': ,
I=L2

GCO 'A) 2 "'i0

17! IP=I

1\3Ol TC 2,70
1:0 I.?=LI

190 !2=i

0., TO 211
2r0 CO.f'-'I I D L

=-X I - ) ) .8-
1,1 Clr,,lTIl,.•U

I '?= I ? -: -P x
IF( K07)L. Lý.I"!'] ;CO'; .J• 2).30 77) ,!On
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8.8.1 (Continued)

ii~(DL.L.2.7JD.ODLPIt7¾)G0ro 0

ZR=Z( I'7.j+PTI0rT*( Z( IZ+1)-Z(IZ)

z a=1RATP (i? Ti)
(I P-) 2l)+1I

CTG=I :, C.Tt-1+ -)

I~KT* (1-) +I T
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8.9 FUNCTION HYSTLI

RYSTLI is a function subprogram which determines values of torque motor

output within the aysteresis limits specified by the calling program.

4."
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8.9.1 Subroutine Listing

T(3)=

Tl, 0. T(5

T( 1) =+1 *VI' ; hITk.) LiIK

c

!F(T(1) 2• ) .10.-1, 10 -.1

C ~ ~ 1 f.)V I V ?Q\L, I C,C'e 10:
C

if, (X3-TV)) 1?cl,1t3,11.
I 1P)~I.J2

i'(4) = X-.n

12n 1~ 1'VT(2) = L-1

T 3 CO, ' 11 1 + iiC

T7(34) '7:

COP

• (X-CT. (5 )) 1 *8.9-1

'( 4) = X .

12,'(i) =- I
'Hr(LT = *7( A)-

1 . 'L . .

cE~p

• • 8.9-2



8.10 CFRIC/CFRIC2 SUBROUTINES

CFRIC/CFRIC2 provide for the inclusicn of coulomb friction into the

simulation of a mechanical system. 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 blocl is at rest, the friction is equal to

the applied force (but with opposite sign) bounded by the stictiun ratio

times the running friction valiue.

80
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8.10.1 Subroutine Listing&

S02OU¶TI:'AECIC 'iV
IF(XD.NL'.0.)rQ TO 25
PP = -F!YRIVE

1.5 C zIfNT10 U E

I~(~X~Xi.NPX'~3 TO 50

5 5

5 0 2c 53"."TIN

PiV=3 T7Cý(PRC -Yv))*F

55 CO0'-TIh!UC
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8.10.1 (Continued)

StYBROtJTIŽ1E CFfUC2( nRVFX)XS,,,,,X)),1V,~I,,,F
IF(XD.!'IE.O.)GrO TO 25
FF = -FDFRIVtE
IF(A3S(FF).CT.TRC*SR*P)FF=SIGlf-,(FflIC,-FI>,IVE)*SR*3F
CIO To 5 5

25 CON]TINUEf

TiNPXT)S=SIC2'N( 1. ,XDS)
IF04TPXrD.EQ.;PXDS)rGO TO 50

IF(As(FR~v~.r.IC~v~*;)Gr VD~ 30
xr)=0.
XDS=().

V20,=0.

t* P rf,)I VL.
CIO Ift 55

55 C-0j 11T'UJL,

L N.T
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