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1.0 INTRODUCTION

The Hydraulic Transient Thermal Analysis (HYTTITA) computer program is

intended for use by designers with an interest in the thermal effects on

the performance of an aircraft hydraulic system.

An aircraft hydraulic system is basically a power source connected to

several loads. The main power source is the pump, while the loads include

components such as valves and actuators. The power is transmitted by hydraulic

fluid in the lines which connect the components.

The system can also be considered as several thermal sources and sinks.

The main thermal source is the pump while secondary sources include valves and

restrictors. The sinks include the atmosphere and structure external to the

sources. The HYTTHA program provides a tool for calculating the transient

thermal response of the system when a thermal source, such as a valve, changes

the flow demand in the system, thus changing system temperatures.

The program calculates flow rates, pressures, and temperatures throughout

the system. Initially input data are used to calculate steady state pressures

and flow rates a2 input for an initial temperature calculation for the first

time increment. The steady state values are then used to calculate all line

temperatures for the same time increnent, and the line temperatures are used to

calculate all component temperatures. Thc program continues to calculate steady

state flow rates and pressures, and line and component temperatures for successive

time increments.

To use the program, the designer inputs data describing lines, components,

and system configurations. Since the simulated system is only as good as the

data, care must be given to providing the best data possible.
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In tile steady state section of the program, the pressures and flow rates

are balanced throughout thle system (fOL tile previous time step temperatures) and

all state variables are calculated.

In the line section, the lines are divided into segments. The temperatures

at the boundaries of each line v.re predicted from stored information and tle

temperatures of each successive line segment are calculated.

In the component section, the calculated line cLta is used to calculate

the component fluid and wall temperatures.

After all calculations are completed, t.uL output is printed and plotted.

The designer selects the variables that are req tired is output tables or plots.

The output is essentially a time history of tL. elected variables.

Since the program calculations advance in kiiwc'ete time steps, results

can be integrated into other simulations, if the cost 3.' running can be tolerated.

This report is a technical descriptiiT o the HYIT'iA Program. Included are

detailed listing of the main program and subiootines, and the theoretical basis

and assumptions made in the calculaticns.

Volume VII o, this report is a users mat,al which describes how the program

can be used, the method of data input, and :he interpretation of the output.

1.0-2



2.0 TECHNICAL SUMARY

The HYTTHA program uses a building block approach which allows a designer

to solve transient thermal problems by combining existing hydraulic line and

compo~nent subroutines to thermally zmulate hydraulic systems. This approach

all.ows the user to add special component subroutines to the existing component

,broutine library, as required.

For the analysis, the lines and components are represented by both wall

and fluid nodes, equations are written for heat transfer to and from each node,

and the equations are solved for successive time increments. The equations are

defined in a backwards difference scheme and include modes of heat transfer such

as conduction, convection, radiation, heat transfer due to mass transfer, and

temperature rise due to a pressure drop. The line temperatures are calculated

for one At and the results are used to calculate the component temperatures for

the same At. The component results are then used to calculate new line tempera-

tures and subsequently new component temperatures.

HYTTHA uses some basic assumptions and approximations throughout the

program. The assumptions are:

1. 'Tii emissivity of the materials remain constant, (0.3).

2. The atmosphere and structure temperatures external to the lines

and components are constant.

3. Each node is considered as a mass at one temperature.

4. The fluid exiting from a component is equal to the component fluid

temperature calculated.

5. A pressure drop across an orifice results in a fluid temperature

rise (DCAPT). A percentage (D(PERC)) of the heat goes directly

into the fluid, and the remainder into the wall.

6. The interface conductance, between the lines and components, is infinite.

2.0-1



7. The pump heat rejection D(HTREJ) is constant.

The approximations are:

1. The radiative shape factor (SIHAPF) is .96

2. A default value for the coefficient of heat transfer (UFWIL) to and

from the external component wall to the atmosphere is 0.0069 WATTS/FT.2-0F,

which is that of still air.

The terms DCAPT, PERC, UFWIL, (convective heat transfer coefficient between

the fluid and the wall), SHAPF, and HTREJ are explained below.

DCAPT - The temperature rise in a fluid due to a pressure drop across an

orifice is a function of the fluid temperature at the orifice. The oil is

essentially incompressible and energy extracted from the oil is assumed to be

negligible. Because of incompressibility, the specific volume may be considered

independent of pressure. A constant enthalpy process, which is insensitive to

pressure variations is simulated. The temperature rise across an orifice is:

T (i/density) (High Pressure - Low Pressure)/(CJ*Cp)

CJ mechanical equivalent of heat

Cp= specific heat of the fluid

(DCAPT is equal to T)

D(PERC)- This Lerm denotes how much of the heat, generated by a pressure

drop, is added directly to the fluid. The remaining heat is added to the wall

in contact with the fluid. Normally D(PERC) is equal to 1.0 which means that

100% of the heat is added directly to the fluid.

UFWIL - This term is a coefficient for heat transfer between a fluid and

a wall. It is calculated' by a separate subroutine, FUNCTION UFW.
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SIIAPF - The radiation shape factor is defined as the "fraction of diffusely

distributed radiation leaving a surface Ai that reaches surface Aj" (Reference

9.1). Since components are completely enc]osed by structure, the shape factor

should be equal to 1.0, but this does not account for that part of the radiation

from one component node which reaches another node of the same component. The

value 0.96 is used for the shape factor of the components.

HTREJ - This term is heat rejection associated with the pump. This term

includes the heat of compressic,, of the fluid and heat due to friction in the

moving parts in the pump. It is specified for many pumps, generally as a

function of R.P.M. and volume flcw rate. In the present pump model a constant

value is input by the user. From this value, 32.3% of the heat is added to

the exiting fluid, 25% is added to the pump walls, 18.7% is added to the piston

mass. and the other 24% is added to the case fluid.

To use the program, the designer inputs:

1. Dimensions - such as lengths, areas,and volumes.

2. Material Properties - the user indicates type and the program uses

tabulated values of Cp, P, and K at 100*F. The materials stored

in the program are titanium, aluminum, steel, and teflon.

3. Tnitial Temperature - the initial temperatures of the lines and

components are inputted.

4. Initial Flows - the initial flow quesses in the lines and components

are inputted.

5. Heat Transfer Coefficients - Several may be needed. These are

special for each subroutine.
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The output is either a table or graph of the time history of a component

or line wall and fluid temperatures.

It should be noted that the current maximum number of lines (M£LINE),

components (MNEL), legs (MNLEG), nodes (MNODE), plots (MNPLOT), and line points

(MNPTS) that can be input are limited in BLOCK DATA. Hence BLOCK DATA must be

changed if any of these maximum values are exceeded when inputting a system.

These are defined in Section 3.2 in the manual.

2.0- 4
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3.0 MAIN PROGRAM

The main or executive program section of HYTTHA is 
named THYTR. THYTR

controls the flow of the program, and keeps track of the counters for the

time variables. The block data and fluid suDroutines are also included 
in

this section.

The HYTTHA program is very similar in organization to 
the HYTRAN

(Hydraulic Transient Analysis) computer program. Many of the subroutines

in HYTTHA have HYTRAN counterparts and function in the same way.

Some cost savings can be made by the use of overlays 
or segments.

The implementation of these devices is left to the individual user.
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3.1 THYTR PROGRAM

THYTR is the main or executive program of HYTT11A. The program flow is

directed from TIYTR. The main program card is set up to read from a file

called DATA. This may be changed to suit the user's own data inputting scheme.

Extensive use is made of common and equivalences in the program, so care is

required in modifying variables that are contained therein.

A flow diagram of the main program is shown in Figure 3.1-1. In the first

section of THYTR, tile general system data is input. This deta is printed out

and a call is made to the fluid subroutine. In TFLUID the values of blilk

modulus, viscosity and density are tabulated for the inputted fluid type. Next

the TLINEA subroutine is called to read the line data cards, and to initialize

the appropriate variables. Likewise TCOMPA reads in all the component data

cards and calls the component subroutines. The TSSDATA subroutine is then called

to input all the steady state leg and node information.

In the next section IENTR is set to zero and a call is made to TCALC to

calculate the steady state flows and pressures throughout the system. The

TLINEA subroutine is called to initialize the line temperature based on the steady

state flows and pressures. TSTORE reads all the output data requirements and

stores the user selected output data just calculated at time=0.0.

The third section advances the time step by DELT. TLINEA and TCOMPA are

called to do the thermal transient calculations and the variables to be plotted

ate saved by TSTORE. If the sum of the time steps are less than the final time

TSCALC is called to compute the latest steady state flows and pressures and this

computation section is repeated. The program stops when the time exceeds the

final time specified in the input.
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R e a di T i t l e C l S T O R

Read General Data Computation Section
- No. of Lines

- No. of Elements
- C alcu latio n T im e In teivalT 

I E = I M + 1
- Fia ieINRPlotting Time Inteival IM TIME+ISTE-P =ISTEP41

WieTitle and General Data Call TLINEA

Call TFLUID Call fCO.MPA

Component Data InputCalTOR

IENTR -
TIME 0 SE Ye
ISTEP 0 .LT. I I-N IRO 0 a TCAL

Call TUINEAN

Call TCOMPA

Call SSDATA

Initialize All System V. rlbles
to Their Steady State Values

lENTR - 0

Call TCALC

Call TLINEA

FIGURE 3.1-1
THYTR FLOW DIAGRAM 

P7O6i
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3.1.1 Math Model. Not applicable.

3.1.2 Assumpt ons.

The basic assumptions in TIIYTR are as follows:

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.

TllYTR 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.

TIIYTR currently has the following constraints:

o Temperature range ... -65' to 300'F

o Pressure range ... 0 psia to 5000 psia

o Maximum number of components ... 99

o Maximum number of lines ... 150

o Maximum number of legs ... 70

o Maximum number of nodes ... 55

o Maximum number of plots ... 60
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3.1.6 Variable Names

Variable Description Dimfension

I Counter

IFINAL Number of transient iterations -

PRESS Working Pressure PSi

TrEMP Working Temperature O

Y Dummy Variable

3.1-4



3.1.7 Main Program Listing

PROGRA.i T fYTR (DATA, OUT PUT, DWTl, TAPL 5= DATA, TAPE 6OUT PUT,
+ T.7PL7=DATA1)

C R LVISED AUC~UST 5, 1976
CO14lNDlJvA( 3500) ,VSTfORE,(6000)

COAIiIO ,1 /TRAWS/P(300),Q(300),C(300),TC(300),rtW(300),TP(300),
+ NCF(300),ACI,(300),DXF(300),T,'I--,DE,LT,PI,rqLINE.,NLL

COJAON /LI,-IT/LTYL'J ,9 NCL( 99)LL , iN,1OD 99 1 INDLO, INTPR~, ID

COLiAO:10 /FLrJI D/A'7PRVS, CF ',CPFN4, 'I'TE,4P, PROP( 13,3)
COL,1A01 /PLCT/TITrLL(20),Pt,r)LL,NP'LS,IPOI:T,ISTLP,TFIWqAL,N4LPLT.L(61,3)

+- , NAi3S-!, NTOPL,flToLPL
C***

.LD5, 470) (TI'rLL(I) , =1, 20)
.iRI'rE(6,480) TIrLL
ISTEP=0
PI=3. 1416
TLI1E=0. 0

c THIS RE~AD STATE-.-.ih'T INPUTS THW, FOLLOWING DATA
%- NLIA~L =!JU.,i3LR OF LIALS

C NLL=uL3r OF COt'iPON'LA4T6
C DEL'? =DELTA T1111: 3EVWEr1 CALCULATIONS S LC
C TFIiNAL=FINAL TIcE bLC
C OITMXL=DELT4~ TI.iL ~TV~APLOT POINMT SEC

RLAr,(5,i)L\LW L,rOLL'I TFI.-AL,?LTrLL
133 E'ORiAT(215,3EL1.0)

vaRITC(6,485) TFII1lA:.,J0lLT,PLTnTLL
IF(DF.LT.Eo.0) GO ') 251
;NPT3=1.01 + TV1INAL/'0LTrLL
IIT'T=O. 5+PL'PDIL,/DLL'r
I FI 14AL= 0. 5 +T I 1A L': L Lr
Y =Tr~L J11) (T t., iP, 'PI L So)

C
I L! 1-1

C
CALL TLDIN--\

C
IN. E L= 0
CA\LL TCOvjPA

C
CALL TSSDATA

C
C **TH-IS SECTION C \LLS TLI'NLA AND 'TCkO)aP~ To I 'UTIALIZL ALL THE
C SYSTEmi VARIV3LES To rmi.R STEADY STATrL VALULS
C

Ibl NT R 0
INCL=0

C
CALL TCALC

C

3.1-5



3-1.7 (Continued)

C,%L L T LIN LA
C

CALL TSTOPJE
C
C THLRelAL TRANSILHT CALCUJLATrION SECTION
C

150) I1WTR=0
CALL TSCALC

C
T 1 0 h * ="mI . -i L + 1, LT'
IST"np =I sTLtP+ 1.

C
I L11TR=

CALL rLI4L;A
C
C DO *--Lf,,,8L:'T CALCULATIONS

CALL TCO.IPA
C

CALL TSTORL
C

I ( ISTfiP. UP. TINAL) GO TO 1 50
C

STOP
251 C 0 l'rIilU L

s~ToP 3100
479) POP.iMP(20A.4)
480 FOkAT il, 25X, 20A4,//)

4P'5 ?OIR.,,A'( 20Xl, 52!1 TilL TH-LR~iAL TRlANV3IhNT RLS3PO'ISE IS FPrOi T=0.0 TO T=

1 F7.3, 35~1 SbCO,,iDS AT TIriE INJTERVALS OF DLL'r=
2 F7. 5,,30)1, 48H. ITfI OUTPUT POIJTIS PLOTTED AT I'lTLIWALS OF
3 F7. 5, 9H SLCO.,:DS , /
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3.2 BLOCK DATA

Block data is used to initialize values in COMMON/LIMIT/and COMMON/COMD/.

The maximum number of various input values in COMMON/LIMIT/ are established using

the following data initialization statement

DATA .PLI E, NLL, NLEG,1NNODb, ,NPLOT,dNLPTS, DS
+ /150,99,70,55,60,1500,4500/

Maximum and minimum values for each individual component are initialized

in COMMON/COMPD/ as follows:

DAT LTi/100*0/
DATA L11/11,4,0,4,0,0, 4,2,0,0/
DATA L1220/90*0/
DATA L21/32,4,0,5,0,3,2,2,1,0/
DAT \ L22/4 , 20,0,7,0,4,4, 2,0,/
DATA L23/24,2,0,5,0,3,2,2,1,0/
DATA L2430/q, 12,0, i?,0,0,8,8,0,0,60*3/
DATA L31/24,12,0,3,0, 1,2,2,1,0/
DAT L32/6,5,0,3,0,0,3,3, 1,0/
DATA L3340/80*0/
DATA L41/20,9, 9, 2,0,2,2,2,1,0/
DATA L4290/90*0/
DAPA L51/36,30,,,4,0,5,3,3,1,0/

DNT'P L52/l0*0/
DATA L5360/80*0/
DATA L61/1.9,9,0,12,0,1,11,1,0,0/
OATI\ L62/24, 19, 0,9,0,2,5,2,0,0/
DATIA L369/60*0/
D'A L 9/?4,f ,0,4,0,3,2,2,1,0/
DzTA L7 /1 910*/
DATA L71/24,,q,0,1,O 1,2,1,0,0/
DATA L72.q0/90*9/
DATA LU1/1q,4,0,2,0,l,2,2, 1,0/
DATA L82/24,21,0,8,0,3,6,6, 1,0/
DATA L[390/930*0/
DATA Lql/0,3003,0,3.0,0,1,1,0,0/
DATA L92110/90*0/
DATA rI10/56,27,0,7,0, 2,2,2,1,0/
DATA L102/32,21,0,6,0,2,2,2, 1,0/
DATN LEND/430 *0/
DATI\ Pr<OP/140.4,144.,165.6,230.4,230.4,242.6,229.3,121.31 ,11l9. 9, 15.2, 1l5.2,1i15.2,295.34,. ]64,. 16, .164,.1i01,.o09,3,. 09,,.

2 101,.2q6,.285S,.282
3 ,.28,.287,.0775,.0174, .105,.093,.226,.197,.219,.21,.35,.17,.
4 23,.25,.21,.00354/
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In BLOCK DATA the material properties of thirteen materials are stored

in the PROP array in COMMON/FLUID/. The first column contains the specific

heat of the material. Column two gives the material density and the conductivity

is in column three. All the material properties are input for a temperature of

100'F. Since these properties did not vary greatly over the operating temperature

range of the program (-65'F to 3000 F), these values are not temperature compensated

in the HYTTHA program. See Table 3.2-1 for a list of the material properties.
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TABLE 3.2-1

MATERIAL PROPERTY ARRAY
PROP(X,Y)

X MATERIAL SPECIFIC DENSITY CONDUCTIVITY
TYPE HEAT (X,2) (X,3)

(X,l)

1 Titanium 140.4 .164 .1074
6AL-25N-4ZR-2MO

2 Titanium 144 .16 .105
6AL-4V

3 Titanium 165.6 .164 .093
6AL-6V-25N

4 Aluminum 230.4 .101 .226
2014

5 Aluminum 230.4 .098 .197
2024-T6

6 Aluminum 242.6 .098 .219
6061-T6

7 Aluminum 229.3 .101 .21
7075-T6

8 Steel 121.3 .286 .35
4130

9 Steel 118.8 .286 .17
301

10 Steel 115.2 .282 .23
304

11 Steel 115.2 .28 .25
17-4 PH

12 Steel 115.2 .287 .21
A286

13 Teflon 295.34 .0775 .00354
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3.3 COMMON USAGE

One blank and nine labeled common statements are used in the HYTTHA program.

Their purpose is to share storage and pass argumonts between the various subroutines.

i. Blank column is used to store output variables and pass steady state

information.

COi,I. O, DU,i( 3500) ,V3TORL( 6000)

2. Common TRANS contains all the temperature, pressure and flow information

to be used by the lines and components. Also the current time, calculation

interval, PI, number of lines and number of elements are stored in this

labeled common.

CO.-ION! /TRA-,S/P( 300) ,Q( 300) ,C( 300) ,TC( 300) ,TW( 300) ,TF( 300),
+ ACF(300),ACv(30n),OXF(300),TIib,DLLT,PI,NLILStLL

3. Common LIMIT provides the maximum limits on the number of components,

lines, nodes, legs, plots, line points and D 'ariables.

CO,. O / I, I'/ L q5 ,NL , ,INL G, d iN ODL, i.,iiPLOT, i-it L PTS -,,,D10
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4. Common LINE is used pass arguments concerning such line parameters as

inside diameter and temperature of each fluid and wall segment.

CO,..)N /LI L/PAR8( 150,4) ,TLV.( 2000) ,TLF( 2000) , LSTART( 150),
+ N'LSL'3(150)

5. Commou COMfP passes information on component types, numbers of active

connections, current component numbers and leg number.

CO,.' ON /COI.P/LTYPL(99g),,C(99),KT'L;P(99),I JD,ILNTRII ,LL

6. Common STEADY contains information used in the steady state portion of

all the component and steady state subroutines.

CO..aO1 /rrzADY/2P(90),QN(90),PEx(90),PDULG(90),cL(90),

+ 1A, OS, 0 , PUP, ?DO4::, qJOlI., NLEG, NC PN, T1RA ,
+ LAJ1,ICO',I , ,I.;X, INZ, :UP(90) , mDi.(90) ,:ELU.I( 90),
+ I LGA)( 90), ILLG( 0,01))

7. Common ICC is used by the TCALC and TGAUSS subroutines in the

steady state solution process to pass matrix information.

Cx.,, 10\ /ICC/ICOL( 55, 20) ,JCL !T( 55) ,.JZL.4-( 55)

8. Common FLUID contains atmospheric pressure conductivity and specific

heat of the fluid, the system default fluid temperature and physical

properties of various materials.

C ,,iO , /FLIJI O/A PPRL3 ,CF, CPFN, FTr2:-, P, Pk.OV( 13, 3)

9. Common PLOT is used to pass variables for the plotting subroutines.

COi;.iJN /PLOT/'rI'rLE( 20) ,PLrDuL,,PT3, I POINT, ISThP,TFINA[.,"LPLr( 61,3)
+ ,N1'SQ, NTOPL,; ,4r1)LPL
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10. Common COMPD is used to pass variables used in component calculations.

COa,8') /COAPO/ D(4 500),Lr(100),LII(10),LIl220(90),L21(10),L2
2 (10),

+ L23(10),L2430(70),L31(10),L32(10),L3340(80),L41(10),L4250(
9 0 ),

+ L51(10),L52(10),L5360(80),
+ L61(10), L62(10),L6368(60),L69(10),L70(10),L71(10),
+ [,72,90(90),L8I(10),T82(10),L8390(80),L9I(10),Lq2100(90),
+ LI1I(1O),tLI'2(10),LLND(4.30),LF(99,4)

The maximum input Limits of the program are set in BLOCK DATA. In order

to decrease any of the limits, the initialized data statement in LIMIT must be

changed.

Note: The max, im number of lines that can be input is equal to the dimension of

the P array divided by 2.

Array initialization for the components used in BLKDTA are as follows:

Array Location Description

1 Number of real data points, D( )

2 Number of temporary variables, DT( )

3 Number of double precisioa variables, DD( )

4 Number of integer variables, L( )

5 Not used

6 Minimum number of data cards

7 Maximum number of connections

8 Minimum number of connections

9 Not used

10 Not used
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3.3.1 Variable Names

Variable Description Dimension

ACF( ) Array of cross sectional areas of the fluid IN2

ACW( ) Array of cross sectional tube areas IN2

ATPRES Atmospheric pressure PSI

C ( ) Array of wall conductivity WATTS/IN-°F

CF Conductivity of the fluid WATTS/IN-°F

CPFN Specific heat of the fluid WATTS-SEC/LB-°F

D( ) Component real data array

DELT Program time step SEC

DXF( ) Array of distances from fluid node to interface IN.

FTEMP Fluid temperature OF

ICOL( ) Computational array indicating rows and --

column locations in a square matrix

ICON Component connectior number

IENTR Subroutine entry point indicator

ILEG( ) Array containing component and line numbers
identifying steady state legs

ILEGAD( ) Address of the start of each leg in the ILEG( )
array

IND Number assigned to component by user

INEL Current leg number in steady state computation

INV Dummy variable

INX Current element number in leg

INZ Number of elements in a leg

IPOINT Counter for number of points stored

ISTEP Sum of time steps up to current time
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Variable Description Dimension

JCENT( ) Computational Array indicating number of filled --

columns in a square matrix

JRENT( ) Computational array indicating number of filled
rows in a square matrix

KTEMP( ) Dummy variable array

L( ) Component integer data array

LE(N) Address of real data for component N

LEGN Dummy variable

LEND( ) Dummy array

LSTART(N) Address of first segment of line N

LT( ) Dummy array

LTYPE(N) Component N type number

MDS Maximum D( ) array size

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

MNPLOT Maximum number of plots

NABSQ 0 = normal plots
1 = plots magnitude

NC(N,I) Line number attached to connection I of
component N, and temporary storage area

NCPN Number of constant pressure nodes

NDWN Array of downstream node numbers

NEL Number of components input
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Variables Description Dimension

NELEM( ) Array of the number of legs and components in --

a leg

NLEG Number of legs

NLINE Number of lines input

NLPLT(,1) Addreqs of variable in P,Q,TC,TW or TF array

NLPLT(,2) Line number

NLPLT(,3) Coded input (I=P, 2 =Q, 3=TC, 4=TW, 5=TF)

NLSEG(N) Number of segments in line N

NNODE Number of steady state nodes

NPTS Number of plot points

NTOLPL Number of line plots

NTOPL Total number of plots

NUP Array of upstream node numbers

P( ) Array of line end pressures PSI

PARM(,1) Line length IN.

PARM(,2) Inside line diameter IN.

PARM(,3) Line cquivalent length IN.

PARM(,4) Transition flow when multiplied by viscosity CIS

PDLEG( ) Array of external pressure drops PSI

PDOWN Downstream leg pressure PSI

PEX( ) Dummy array u3ed in steady state section for --

external pressure calculations

PI Constant 3.1416

PLTDEL Plot time interval SEC

PN( ) Array of node pressures PSI

PROP(,l) Material specific heat WATTS-SEC/LB-0 F
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Variable Description Dimension

PROP(,2) Material density LB/IN 3

PROP(,3) Material conductivity WATTS/IN-0 F

PUP Upstream pressure PSI

Q( ) Array of line end flows CIS

QA Magnitude of flow CIS

QL( ) Array of leg flows cis

QN( ) External flow at a node CIS

QS Sign of the flow

Ql Flow rate

TC( ) Array of component temperatures at line ends OF

TERM Dummy Variable

TF( ) Array of fluid temperatures at the line ends OF

TFINAL Final calculation time SEC

TIME Current main program calculation time SEC

TITLE( ) Program run title array

TLF( ) Array of line segment fluid temperatures OF

TLW( ) Array of line segment wall temperatures OF

TW( ) Array of wall temperatures at the line ends OF

VSTORE( ) Array for storage of line and component variable --

data required for plotting
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3.4 TFLUID FUNCTION

Function TFLUID reads in the fluid parameters and computes tables of

fluid density, adiabatic bulk modulus, and kinematic viscosity for the temperature

range of -b5F to 300*F. Data for three types of fluid are currently included

in TFLUID. They are MIL-1-5606B, MIL-11-83282 and SKYDROL 500B. TFLUID is dimensioned

to accept data on three additional fluids. The daca sources are contained in the

TFLUID function subprogram.

3.4.1 MATH MODEL - Not applicable.

3.4.2 ASSUMPTIONS - Not applicable.

3.4.3 COMPUTATION METHOD - The arguments of TFLUID require that the temperature

and pressure be input for any computation of density, viscosity or bulk modulus.

All the fluid parameters are dimensioned for nine input data points

and six fluids. Data statements are used to input the name of each fluid, the

nine temperature data points 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 interpolation is used

over the entire temperature range for density calcilations. The values of specific

heat and conductivity are stored for each fluid type in the DCF and DCPFN arrays.

Next the system fluid type, initial temperature vapor pressure and atmospheric

pressure are read in. Default values are assigned when a initial temperature,

vapor or atmospheric pressures are not assigned by the user.

Subroutine INTEPP is then called to estimate the fluid's viscosity and bulk

modulus values from -65*F to 300*F in 2.5 degree increments. The values of the

fluid properties are stored in DVISC( ) and DBULK( ). Viscosity is converted from

centistokes to NEWTS in the process. A pressure coefficient of viscosity is also

computed and stored in DCOEFF( ) for every 2.5 degree increment of temperature.
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Finally TFLUID writes out the fluid type and vapor pressure before returning

control to the main program.

ENTRY TFLUID

Whenever a value of bulk modulus viscosity or density is required by the

component or line subroutines a call is made to the TFLUID function through the

appropriate entry statement, with the current values of temperature and pressure.

For the bulk modulus computation the temperature is converted to an array

location in DBULK( ).

IV = (TEMP+65.)/2.5

DBULK(IV) gives the value of bulk modulus at the inputted temperature.

Tile value is then pressure corrected and returned to the calling program.

The process is similar for the viscosity calculation. Should the temperature

exceed 300'F the fluid properties are given at 300'F.

In entry RHO the equation of a straight line drawn between the inputted

density data poiuts is solved to obtain the density value.

3.4.4 APPROXIMATIONS

1. The values of specific heat and conductivity are input at 100'F for tle

different fluid types and are not corrected for any fluid temperature rise during

program execution.

2. The fluid property values of bulk modulus and viscosity are only accurate

to 2.5 degrees because of the table look-up feature.

3. For any fluid temperatures greater than 300'F the bulk modulus and viscosity value

will be given at 300*F.
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3 4.5 VARIABLE NAMES

VARIABLE DESC.RI'TION DIMENSION

A Temperature Ratio

ABULK( ) Array for Ten Adiabatic Bulk Modulus PSI
Input Data Points for Six Fluids

ARIIO( ) Array for Two Density Input Data Points LB*SEC 2IN4

for Six Fluids

ATEMP( ) Array for Ten Temperature Data Points TEMP
for Six Fluids

AVISC( ) Array for Ten Viscosity Input Data Points CENTISTOKES
for Six Fluids

B Viscosity Correction Exponent

COEFF( ) Array of Viscos:Zry Coi-rection Factors

DBULK( ) Tabulated Array of Bulk Modulus Values

for User Selected Fluid

DCF( ) Array of Fluid Conductivities WATTS/IN-0 F

DCOEFF( ) Array of Viscosity Pressure Correction --

Factors for User Select Fluid

DCPFN( ) Array of Fluid Specific Heats WATTS-SEC/LB-0 F

DVISC( ) Tabulated Array of Viscosity Values of User IN2/SEC
Selected Fluid

I,IER Dummy Variables

IF Fluid Type Identilication Number

IFLUM,,( ) Array ffor Fluid Names

iK( ) Number of Input Temperature Points

IV Address of Tabulated Viscosity or Bulk
Modulus Values

PRESS Input Fluid Operating Pressure PSI

PVAP Fluid Vapor Pressure PSI
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VARIABLE 
DESCRIPTION DIMENSION

SLOPE Slope of Density-Temperature Line LBSEC2/IN4/OF

TBULK Dummy Variable

TEMP Input Fluid Operating Temperature OF

TFLUID,TJ,TVISC Dummy Variables

Yl,Y2 Input Density Data Corrected for LB-SEC2/IN.4

Operating Pressure
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zi 3.4.6 Subroutine Listing

FUNICTION TFUJID(Tb,iP,PRLSS)
C** R1LVT:SbD el'ARCH1 3, 1975 ****

CO,,!.1'iO /Flr]ii~-/A'PZL3,CF,CPFN4,FTut.P,PlIop(13,3)
OIii'SION ATL1 IP( 10,6) ,AVIS:'C( 10,6) ,Ai3ULK( 10,6) ,ARiO( 2,G),

iCOEF 6'() ,IK( 6),IFLU;1,i( 3, 6) ,DCF( 6) ,DCPF4( 6)
DIPill.:,N!ItN DVIS'C( 148) ,DCOLFF( 143^) ,IY3JLK( 148j)

C sbCOorD s(JBSCiv P ZiYLRS ro FLU~ID TYIL (IF PARA~,-'rbR)

OAT'A IFi.AJi.

2811 FOR i~Ir,,8li-9-13292,9Bli
38Hi FOP, STY, 811DROL 500,113
46*80 1
53H 811,3F

D)A t"A ATL11P/

2-6. -4. 0, 'O. ]'J. 150., 200. ,250.,300. ,300.,

430*1')./

C iRHO,3UV! N10) VISC DATI\ A\1U FORi 0.0 PSIO

C RHIO DATA ISOURCE:
C -,,DC RtLPORT A2(686k DATIZD 4/71

C 2-,iDC Ri.PORT A2636 DATLO 4/74
c 3-.iC)'S\IT') DAT1% 139ILIE V)ATED 6/67( DOUJGLAS hY ) -AN~UAL)

DATA ARHO/
13. 57L-5,7. 63E-5,
28. 49L-5, 7. 3h-5,

C SIRLJ'( DATrA 30U.RCL:
C I-LiflTU TO F:RO-' J..'j.-'OONiA;' D*VVLI)1 11/79
C 2-LLi'Ti-i V) G.A.-I-5 FROAl J.,i.*40jOIAJ DAJ' i) 11/70
C 3-LLTTL.i TO G. A.,,I'.S FRO., 3.i 10ON~A0 D,\PLID 11/70

OVVI\ A'3IJLK /
113.47L5,3.25L5,2.9L. 2.48,5,2.09L5,1.73L5,1.42L5,1.19L5,.9

3 L5,
A. q ") E5,
213.47!L5,3.25L5,2.'L5,2.4,3I5,2.PL5,1.731L5,1.421,5,1.19E5,.9SL5,
A. 93 'L 5,
334.2615, 4. SL5, 3. 64E, 3. 19b5,2.71s5, 2. 29L5, 1.S)415,1. G2L5, 1. 381I5,
A1.381,5,30*1d)./

C VISC DAT'A 3')URCL:
C l-,irC MLPOsRf' A26,15'3 rDATI,) 4/74
C 2-,ui)C RLPORTl A2636 DATLD 4/74
C 3-AIHSANT() DATA SHLLfL DAr)lt I. /07( DOIJGrIA. 11'M vA.'UAL)

DATA AVJiSC/
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3.4.6 (Continued)

11993.5,482.3,134.4,34.85,14.47,7.46, 4.5~8,3.19, 2.39,2.39,
? 114'6. 9, 2010. 3, 269. 45,A 8. 87, 15.9 b..7. 46, 4.24, 2. 83, 2. 04,2. 04,
33 4R5. 5, 59".07, 104. 19',27. 9, 11.7,3. 5, 4.1 , 2. 89, 2. 15, 2. 15,
A30*10/

C
DA-r' IK/ 3* 9, 3 *10/

DATA MC P/. 0 017,. 0 02 3, .0 0 22 ,3 * 0.0/ ,
+ DCPFN4/552. 7, 4--3.48, 403.99, 3*0.0/

C T' P' FLUID TYPLL N00 INITIAL FLOID TLAP1
,~LAD( 5, 333) IP;, F'fi~P, PVAP,ATPRI2S

3.33 FORU\t~( I5S, 3 b10 . 0 )
C I': 'DI K 'r-Il FLUT.I) TY PL
C 3UA' 3Y'STL,, FLUID 'IL'iP I'U D)LIFAOiU V1\LIJL

C SLT Ttil, VAPOR P~i..3.SUf'L TO ITS i-I-hLFAUL'r ALUJL
12 /%PVA P. V.0. ) PVAP= 2.

C b t' T:I L,: Ai 06'PH 1!-<I C PPL.';S'u~b 'ro IrS DLFA;IILT VAIJUL

C F = DC i( I

CALL L,\TLRP( rJ,\T .'iP( 1, IF) ,AVI3C( 1,Ill), 11

vrsc/' IS COlVLO.A) CIN1'giTOKrS~L TO Nf-vTS
D)VISC(I)=TPVI3C*1.555E-3

+, IK( I1'),Coc.F1'VF) , IR)
DCOLFP( I)=COLPF( IF)
CALL I'20W){( ]'J, \Th1P( 1, Ill) AtIULK( 1, Il) ,20

+, I K( IF) 'AP3UL , ILR

TFLUI JT-AJ
C ,iRI'Pi(6, 12) ( DVT:C(II =1 ,113),DCQ-FP( I),I=1 ,149)
C + ( D:101L(I),I= I, 14~
C12 F'h.P3X, 11,12. 5)

00 -V0 20

I V=(TrL I P+ 5.)2. 5

TF LUI-)=Y-3 U LK (1 ) + 12. PRLS
R<LTUiRN
LV4TY RHiO

C -;mri'P( 6,13) '2iA-P, PRLiS'
C 13 OI'(3,5*I*,3,212)

Y1=A 7 1( I1 11)
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3.4.6 (Continued)

Y2=A\RIIO( 2, IF) 55
Y1=Y1"*( 1.+PRESS/2.55
Y2=Y2* ( 1. +PRLSS/2. SL5)
SLOL=(Y2-Y1)/340.
TFLUI=LOPL*(TU.IP+G5. )+Y].
RETURN
LNJTRY VISC
IF( A3S( PRLSS) .Gr. 90000) PRESS=90000.

C WZITI'L(6,19) TLiP,PRLSS,TV
C 19~ FORl;1AT(3X,r6II*VI:3C*,3X,21Ij'2.5,I11)

IV=(TrLAP+65. )/2.5
IF( IV.GT. 146) IV=. '46
A=560./(TL,1 P+4rfl.)

B=((DoLFFIV) )* A) * PRLSS*2. 3L-4
TFLUI !)=DVISC( IV)*LXP( 3)
RETURN

60!) FOR:'A(22X,15HFLUID 0'ATA FOR M38,25iWITH A VAPOR Pi(L6.8URE, OF'
+F7.1,4H PSI,//)
RLT UR W
LN D
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4.0 STEADY STATE SUBROUTINES

The steady state subroutines comprising TSSDATA, TCALC and LEGGAL pro-

vide the thermal 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 modi-.y.

The steady state program can cope with system configurations that are

very complex and it is particularly valuable with closed loop systems and

intertwined flov' paths.
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4.1 SUBROUTINE TSSDATA

The TSSDATA subroutine reads the input data which specifies one system

configuration.

TSCDATA 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 NUP, NDWN and NELEM arrays, and the elements in a 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.

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 is the number of nodes, NNODE,

and the number of legs, NLEG. The data storage arrays are then filled

with the steady state leg and element information. The NUP and NDWN arrays

contain the upstream and downstream node numbers. The number of elements

in the leg is stored in the NELEM array.

The LEG element data is stored in ILEG( ) in data pairs. If the first

vaj.L,, 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 ILEGAD(I) pairs of data for each LEG #I with the first

value stored at ILEG (ILEGAD(I)).

4.1.4 Approximations - Not applicable.
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4.1.5 Limitations - The ste.idy state data is essentially a restatement of
previously inputed thermal cransient 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

J ~Number of Elements in a LEG

JJ Do Loop Counter

K Address Counter

NCPN Dummy Variable

NLEG Number of LEGS

NNODE Number of Nodes
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4.1.7 Subroutine Listing

SUJIROUTf &I TSSDATA
C** REVISED AUGUST 5, 1975 **

COrMi ION~ /COm P/L'Y PL( 99),NJC ( 9 9KTLM P( 9 9)IN D, IKNT R,I ME L
c om ;ioN / srLEADY/ PN ( 0) r.N ( 90),PE X( 90) ,PD LEG ( 90)QL ( 90),

+ QA,QS,Q1,PUP, PDOWN,NNOi)L,NLEG,NCPN,TER,
+ tEG,ICON,INV,INX,INZ,NJUP(90),NDWN(90),NELEM(90),
+ILEGAD(90),ILLG(1000)

C

R LA D( 5, 6 9 ) NMODE , LEG, N CPN
6 9 FOPR,.iAT( 315)

c ****~RIC OUT TclL ENPUTED DATA

WRI'r(6,70) L,'ODE'-,NLEG,NCPN
WRIrE ( 6, 71)

70 FORMA'r(l.d1,55X,23EiSThADY STATE INPUT DATA,//,
1 30X,17!HNUlM'3CR OF HODES =,13,5X,16INUM1BER OF LEGS =,13,
2 5X,35HNU1I-MR OF CONSTrANT PRESSURL NODES 1//

71 FORi'iAT( 52X, 25i!LEG CONNECTION IINPUT DAT4,
4 //,10X,6iILEG NO,9X,1211UPST 14ODE NO,4X,121Dv)'T MODE 'oo,4'A,
5 1411,14 OF LLEviLN'2S,5X,10llPL.,O) GUESS, 5X, IOHUPST PRESS,5X,
6 iOHDWSP PRLSS)
K=O

C **RLAD IN DATA POR EACH LEG

DO 200 IT=l,NLEG
RLAD( 5, 76) 1 NUP( I) ,NDWN( I) ,JJ, QL( I) , PUP, PDOv)N

76 FORA~AT( 45,31,10. 0)
,iRITEb( 6, 80) 1I, MUP( I) ,NDWH( 1) ,JJ, QL( I) , PUP, PDOWN

80 FORMAT(10X,I5,1OX,I5, lOX, 15,IOX,I5,9X,5X,F10. 5,
1 5X,F10.5,5X,F'l0.5)

J j = 3*2

C RbA0 hE( iELLm'ENT DATrA

READ(5,199) (ILLG(K+3) ,.=1,JJ)
199 FORAAT(1615)

ILEGAD( II)=K+1
200 K=R'+.JJ

.,jRITrE( 6, 90)
90 FORAAT(1-iif,9X,30iLEG NO LE~t1 ENTS IN LLG----)

DO 300 II=1,NLEG
K1l LEGA-D( 11)

300 CONTINJUC
152 FOR~AT(10X,I3,7X,10(I3,31H -- ,13j,1H,),//,20X,010(1(3,31,I 31,

+,//,20X))
RETURN
EN D
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4.2 SUBROUTINE TCALC

Tne TCALC subroutine is responsible for the steady state calculations in

the system. TCALC is calLed from the T11YTR main program. Thu subroutine will

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

pressure drop data obtained from TLEGCAL. Figure 4.2-1 is a generalized flow

diagram of TCALC.

On entry into VCALC the first phase performed by the subroutine will be

to initialize the appropriate calculation arrays. After the initialization,

the computation phase begins. All the legs will be assigned conductance values

from the TLEGCAL subroutine. These conductance values, along with constant

factors, will then be inserted into two matrices. The TGA"SS subroutine will

be called to compute the new pressure values. These pressure values at the

nodes are then used to calculate the new flow rates for the legs in the system.

When all the flows pass the convergence test, the flows and pressures are

written to labeled common arrays and program control is passed back to TH1YTR.

If the number of iterations exceeds 50, the most recent calculated values of

flow and pressure are returned to the labeled common arrays and an error

message is printed.

4.2.1 Math Model - The development of the TCALC subroutine to analyze com-

plex 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 QN1ET = 0.

If R12 is a resistance factor used to describe a resistance in a leg,

tlen R 12 AP1 2 /Q1 2.
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Called byTHYTR

TCALC

Subroutine

Initialization Phase

Initialize Arrays
for any Constant
Pressure Nodes

Entry TSCALC Computation Phase

Call TLEGCAL to
Compute Conductances

for all Legs

I
Assemble Conductances

and Constant Factors
in Matrices

Call TGAUSS to

Solve for Pressures

Compute New Flow
for all Legs 77

All NFlows in Legs .

S Store Flows and Pressures

~Return
to

THYTR

FIGURE 4.2-1
TCALC GENERALIZED FLOW DIAGRAM GP77.0065-lS
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where:

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

P 12 = Pressure drop from node 1 to node 2 of the leg

Q12 = Flow in the leg

Conductance is then defined as:

-IGI2 =RI

112

where:

G12 Conductance from node 1 to node 2 of the leg

Then:

Q12= G12 P 12

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

zero.

Therefore, the flow requirement is satisfied if:

Zj Gi [PI - PJ ± APIj] - ZK ± QIK = 0

W1here:

Pi = pressure at node I

Pj = pressure at node J

AP I= 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 nodes. These matrix solution pressures are used in conjunction with the

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

two successive flow guesses for all legs in the system are within a specific

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

SSFAN Technical Manual, AFAPL-TR-76-43, Vol. VI, for a more detailed mathe-

matical development.
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4.2.2 TCALC Subroutine Description - The TCALC subroutine is divided into

two phases. The first phase deals directly with the input data for establish-

ing the syst.,n pressure node identification arrays. Six arrays are generated

which are used in the calculation of node pressures and leg flows in phase two.

Specifically, these arrays are:

3COL:

1) Dimension (M, M)

2) The final JCOL array (in compressed form) identifies the columns

in a square CALCI array which are filled with non-zero terms.

The rows of JCOL correspond to the rows of CALCI, and the ele-

ments in each row of JCOL correspond to the column number in

each row of CALCI.

3) Note: JCOL describes a sare CALC array in order to be com-

patible with .he solution technique in TGAUSS.

IDIAG:

1) Dimension(M)

2) The IDIAG array identifies which columns of CALCI contain the

positive flow values. IDIAG(l) corresponds to the column in

which the positive element is located in the first row of the

CALCI array. IDIAG(2) corresponds to the column in whirh the

positive element is located in the second row of the CALCI

array.

3) Note: IDIAG describes a compressed CALC array.
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JNEG:

1) Dimension(ML)

2) The JNEG array identifies which column in CALCI contains the

first appearance (in a row-by-row search) of the leg numbers

used as G-subscripts for negative elements in the CALCI array.

For example, JNEG(4) represents the leg to be used as a G-

subscript. If JNEG(4)=3, then the first time a -G4 appears is

in column 3 of the CALCI array (the row number is already known).

3) Note: JNEG describes a compressed CALC array.

INEG:

1) Dimension(ML)

2) The INEG array differs from the JNEG array in only one respect,

that being the INEG array stores the second appearance of the leg

numbers used as G-subscripts for negative elements in the

CALCI array.

3) Note: The INEG array describes a compressed CALC1 array.

JRENT:

1) Dimension(M)

2) Tile JRENT array identifies the number of non-zero entries in

each row of CALCI. IRENT is a duplicate of JRENT, however,

iRENT is passed Lo TGAUSS to be used in the solution process

while JRENT remains permanent. For this reason, IMENT is easily

built from JRENT for each iteration.

3) Note: JRENT describes either a square or compressed CALCI

array.
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JCENT:

1) Dimension(M)

2) The JCENT array identifies the number of non-zero entries in

each column of CALCI. ICENT is built from JCENT for every

iteration.

3) Note: JCENT describes a squar CALCI.

To understand how Phase I works, the example system in Figure 4.2-2 is

developed below. A simplified flow diagram of Phase I is shown in Figure

4.2-3.

(12)

(2) (4) (5) (8)

(1 (3) I (6) (7) (9) (i) (13) (14)

2 4 5 6 7 8 9 10

(10)

1 ] 2
2 2 3
3 2 4
4 3 4 NUMBER OF PRESSURE NODES M = 10
5 3 5 NUMBER OF LEGS ML 14
6 4 5
7 5 6
8 6 7
9 6 7

10 6 7

11 7 8
12 3 8
13 8 9
14 9 10

ILEP ARRAY Figure 4.2-2

TCALC EXAMPLE SYSTEM
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Fill JCOL with
No.'s at Non-

Zero Locations

Renumber JCOL
and Build
JRENT

Build JNEG
and INEG

Build JCENT
and IDIAG

Compress the
JCOL Matrix

Start Phase]I

FIGURE 4.2-3
TCALC SUBROUTINE PHASE ONE OPERATION

OP77006S-16
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I. JCOL is initially filled with non-zero terms to indicate t1o

positions of non-zero terms in a square CALCI.

1 2 3 4 5 6 7 8 9 10

1 1 1

2 1 3 2 3

DO10K=1,ML 3 2 12 4 5 12
I = ILEP(K,2)
J = ILEP(K,3) 4 3 4 6 6

JCOI (I,J)=l JCOL =

JCOL(J,I)=I5
JCOL(I,I)=I 6 7 10 10
JCOL(J,J)=I 7 10 11 11

8 32 11 13 13

9 13 14 14

10 14 14

II. JCOL is renumbered to provide for easy conrtruction of JRENT, JCENT,

JNEG, INEG, and IDIAG.

C ---- RENUMBER JCOL AND BUILD JRENT
DO 20 1=1,M
KOUNT=O 1 2 3 4 5 6 7 8 9 10
DO 35, J=1,M
JJ=jCOL(I,j) 1 1 2
IF(JJ.EQ. ) GO TO 35 JCOL =

KOUNT=KOUNT+ L 2 1234
JCOL (I,J)=KOUNT 3 1 2 3 4 5

35 CONTINUE
JRENT(I)=KOUNT 4 1 2 3 4

20 CONTINUE 5 1 2 3 4

6 1 2 3

7 1 2 3

8 12 3 4

9 1 2 3

10 1 2

1 2 3 4 5 6 7 8 9 10

JRENT 2 4 5 4 4 3 3 4 3 2
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III. JNEG records the CALCI column containing the downstream appearance

of the leg number as a negative element. INEG records iLs upstream

occurrence.

C ------ LOCATE ALL OF OFF-DIAGONAL ELEMENTS
DO 45 K=1,M L 1 2 3 4 5 6 7 8 9 10 11 12 13 14
I=ILEP (K,2)
J=ILEP(K,3) JNE =2 3 4 3 4 4 4 3 3 3 3 5 4 3
JNEG(K)=JCOL(I ,J)

45 INEG(K)=JCOL(J,I) 1 2 3 4 5 6 7 8 9 10 11 12 13 14

INEG = 1 1 1 2 1 2 1 1 1 1 2 1 1 11

IV.

C ...... BUILD JCENT AND IDIA, 1 2 3 4 5 6 7 8 9 10
DO 65 1=1,M
IDIAG(K)=JCOL(K,K) JCENT = 24 54 4 3 3 4 3 2
KOUNT=O
DO 67 J=l,M
IF(JCOL(J,I).EQ.O)GO TO 67 1 2 3 4 5 6 7 8 9 10
KOUNT=KOUNT+l IDIAG 11 2 2 3 3 2 2 3 2 2

67 CONTINUE
65 JCENT(I)=KOUNT
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V. The JCOL elements are all left-justified, and their previous

positions are set equal to zero by the statement JCOL(I,J)=O.

This statement otust precede JCOL(I,K)=J so that, in the event that

J=K, the compressed JCOL matrix contains its non-zero elements

in the proper location. ICOL can now be copied from JCOL and

be passed to GAUSS for use in the solution process.

1 2 3 45

C ------ COMPRESS THE JCOL MATRIX 1 1 2

DO 70 1=1,M 2 1 2 34
NN =JRENT(1) 3 2 3 4 5 8
J=O
DO 70 K=I,NN 4 2 3 4 5

75 J=J+l JCOL

Kl=JCOL(IJ) 
5 3 4 5 6

IF(KI.EQ.O)GO TO 75 6 5 6 7
JCOL(I,J)=O 7 6 7 8

JCOL(I ,K)=J
70 CONTINUE 8 3 7 8 9

9 8 9 10

10 9 10
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Phase two operation of the CALC subroutine begins with initializing

0,- conductance array - CAICl, and the constant array - CALC2, to zero

values. (See Figure 4.2-4 for a flow diagram of the phase two operation.)

A call is now made to the subroutine TLEGCAL for each leg in the system.

TLEGCAL will return the value of conductance to the G arr,-y in the

unlabeled common.

After all the conductance values are calculated for each leg, they

must be entered into the compressed! CALCI array. For the example system

the CALCI array contains:

C ----- BUILD CALCI MA TRIX
DO 9099 K=l,ML
I=ILEP (K, 2)
J=ILEP (K, 3)
L=IDIAG(1)
LM=IDIAG (J)
CALCI(I ,L)=CALCl(I,L)+G(K)
CALCI (J,LM)=CALCl (J ,LM)4+G (K)

L=JNEG (K)
LM=INEG (K)
CALCi (I,L)=CALC1 (I,L) -G (K)

CALCl(J,LM) CALC1 (J ,LM)-(G(K)

9099 CONTINUE

1 2 3 4 5

I G -G 0 0 0

2 -G G1+G2+G3 -G2  -G3  0

3 -G2  G2 +G 4+G 5+G12 -G4  -G5  -G12

4 -G3  -G4  G31G4.1G6  -C6  0

5 -G5  -G6  G,++G -,0

5  - 6  56 7

6 -G7  G74 8+G9+G1 0 G8-G9-G L0  0 0

7 -G8-G9-G o G8+G9+GI0+G 1 -G 11 0 0

8 -G1 2 -G11  G1 1+G 1 2+G1 3  -G1 3  0

9 -G13 G13 +G14 -G14 0 0

10 -G1 4  C1 4  0 0 0

2 3 4 5
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CALCI is built in this manner for each iteration. This compressed

form speeds the solution process.

The CALC2 array contains 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 array. Any constant pressure source or pressure drop is multiplied

by the conductance of the leg it is associated with. If leg (6) has a

pressure drop term - PDLEG(6), then PDLEG(6) 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 CALC2 filled, the TGAUSS subroutine is called

to solve for pressures in the system. The answers are returned through

the CALCI array and then put into the PN array which contains all the

system node 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 constant pressure drops all multiplied by the conductance

of the leg.

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

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

tolerance. For all flows if

ABS (FLOW-Q(IT)) < .001 (i)
ABS(FLOW)+l -

then the flows have converted.
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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(IT) = .Q(IT) + FLOW (2)

2

These new flows will then be given to TLEGCAL for computation of new

conductance values for another iteration. If all the legs do not

converge after fifty iterations, the cycle will stop and al- thE current

values will be used as the steady-state variables. Before transfer is made

back to TI1YTR a last call is made to TLEGCAL 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 TCALC is the calculation of FLOW. The

purpose of this of course, is to establish 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 TCALC subroutine

handles the bookkeeping necessary to manipulate the leg and node numbers

to compute system pressures and flows.

4.2.4 Approximations. The coefficients of the CALCI array are linearily

approximated to represent the system conductances. Inherent approximations

exist in some of the constant data in CALC?.

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

continuities. TCALC 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. TCALC also requires the leg pressure drops to be continuous over

a specified flow range. When this does not occur, as in a check valve, the
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proper input from the check valve subroutine must be fed to TCALC so

it may respond to the changed conditions. Refer to Appendix D SSFAN

Technical Manual for a more thorough disrussion on the limitations of

TCALC.

4.2.6 Variable Names

Variables Description Dimensions

CALC1( ) Array of conductances

CALC2( ) Array of constants

FLOW Latest value of leg flow CIS

I DO loop counter

G Array of conductances CIS/PSI

IFAIL, IFLAG Indicators

IL,IM Dummy variables

INEG( ),JNEG( ) Arrays containing location of off diagonal
conductance values

JFCIL( ) cmputational array

ITER Iteration counter

IU,IV,J,JJ,JL, Dummy variables
JX,JY,K,KOUNT,
Kl,2,LM,LIl

M Number of nodes

ML Total number of legs

PN( ) Array of node pressures PSI

PDLEG( ) Location of pressure drops or increases PSI

PEX Array of external pressure constants PSI

QL( ) Array of leg flows CIS

QN( ) Flow gain or loss at a pressure node CiS
changed to an M matrix of constants
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4.2.7 Subroutine Listing

S-J;3,OUT1NL rCALC
1RbVISLO JULY 07,1976 **

DOUJ3L. PRLCISION CALC1,CALC2
Coo.*I 1 N GI(90),CALC2(55),JPCOLI(55,20),CALCI(55,20)
Ci'ltkON/ICC/IC0L( 55, 20) ,JRLNT( 55) ,JCENT( 55)
CO,',tN /STV ADY/PN(90) QN(90) , fX(90) PDLi:,G(90) r)L(90),

+ --,A, QS 1 L ,PO N -,lN N EA
+ LVL3N, ICON, INV,IN X,IN"" NUP( 90)NWi((90),NLLEM(90),
+I Ll:GAD( 90) ,1 LG( 1000)

DIAENSION IDIAG(55),.JCOL(55,55),rfJLG(90),It~ir(90)
LOUIVALENCL(,JPCOL( I ,1) ,JCOL( 1,1))
IR ITL1( 6, 900)

900 FOIAT(1 JiLl, SX, 30flS'riADY STArL CALCULATION DATA
DO 53 I= 1i
N ( I) =0. 0

PLX( I)=O. 0

00 6 I=1,'-L
6 PDLIr( I ) =0. 0

DO 80 I=1,55
DO F50 J=1,55

90 JCOL(I,.3)=0
DO 10 1\=1,-iL
I=N UP1( K )
J = 14DO~N( K)
JC)L ( I ,.J) =I
JCOL(J, I) =I
JCoL(1,1) =1
JCOL(J,J)=I

C ----- E1*4"Li13E1 JCOL VoDi 3-UlLD) JR~tl'T
DO 20o 1=1,-!
KOU.JTA=0
PO 35 31,~
JJ=JCOL( I, J)
IF(JJ.LQ'.0) GO TO 35

JCOL,( I , .J) =nwi-rJ
35 CO'lT.'UL

J R NT( I ) =\'0 U '2
20 COiNTI'MU

C-----L0C2VPL ALL 'ril OFF-DIAGOr-'\L. LLLm~lNTS

I=:4(,P( K)

JLfG(f ,)=JCOL( I, J)
45 INLG( K) =JCOL(7, 1)

C ----- BOILD ]1CL14r AND IDIAG
DO 65 I=1,,,i
101 \G( I ) =JCOL( I,1I
K01I!-T= 0
90 67 .3=1,a-
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4.2.7 (Continued)

IF(JCO'L(J,I).bQ.0) Go rO 67
KOUNT=KOUNT+l

67 CON~TIqUE
65 JC LNT (I ) =KOUNT

c--coiIPRLss rmI. .jcoL i~;,.rix
0O 70 1=1,11
N'N=JR1.N'r ( I)

DO 70 K=1,NN
75 J ="i+ 1

K 1 = J C L( I I -)
iI(KLLrQ.o) Go TrO 75
JC0L(I,.3)=0
3 PCOL( I,YV)=3

70 CONTIrJUL
C z;4iTIALIZE CAL'Ci AND CALC2 ARRAYS TO ZiLRO

INTRY TS-CALC

iiI E R, 1

91() iFOR4AT(//,?4X,13IFLON Q)ULiS,4X,13liP~bSSUHL D)ROP,6X,9HiLG OLE.TP,
-f OX,3HiPUP,12X,5HiPDOv'iN,9X,11HiCONIDUCTANCL,/)

200 DO 220 Ll=1,.'i
DO 2110 KI=1,20
ICOL( LI,1i) =D

210 CALC I( L1, K1) =0.
PL;X( L1)=O. 0
ON (Li.) =0.0(

220 CALC 2( L1)=0.
DO 221 LI=1,,.L

221 PLDLEG(Ll) =0. 0
C cc. iptiJL c*s F~OR CALC ARRAYS

CALL 'rLE~GCAL
DO 9049 '(=l,'iL
I=!NUP( K)

L= IT\G ( I)
C ALC 1 1I, L) C A LC1I ( I, L) + G( K)
CALC1 I3, L.,) =C.-LC 1 (3, L)4G
L=.ThG( K)
L.I=I %-G( K)
CALC1( I, L)=CALC 1( I , L)-G( K)
CALCI( , Li)=CALCl( L;,-GK)

9009 CON P'IdUL
DO 700 1L=1,55
DO 700 JL=1,20

700 ICOL( IL, JL) =JPCOL( IL, JU)
DO 400 JX=1,ilL
IF(PDLLG(JX).LQ).O.)GO TO 400)
JY=Ilup( JX)
CALC2(JY) CALC2(3JY) -PDEG( JX) *G(JX)
J Y=:IN)W N( J X
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4.2.7 (Continued)

CALC2(JY)=CALC_2(JL)+PDLLG( JX) *G(JX)
400 CONT'INUE

DO (30 I=1,11
~J=ID)IA,-( I
CALC2( I)=ClLC2( I) +)N(I)

60 CALC1(I, J)=CALC1(I,J)+PLX(I)
C WRITEk(6, 2005) ((CALC1( IJ) J=l, 20) ,I=1,M)
C vRITL:(6,2005)(CAL C2(I),I=1,1)
C 4RIT,( 6, 2004) ( (1COL( I ,3) J= , 20) I1,'a)
2004 FOIRMAT(X,20I6)
2005 EORAT (1 X, I L12. 5)

C 'R ITL (6, 200 5)(PLX ( I ,I1, 1
C opui 6(, 2005)(PDLEG( I),I=1,A*,L)

CALL TGAUSS(A~, ITER)

410 P'I( I;) =CAL,'1(~Im, 1)

u;rIti.( 6, 9001)
900)0 FORO'AT( f1d0, (5X, 14H1NODL PILSSURLS, 2X, 8F12. 3,/)1
9001 E'ORutAT( 1110)

I':'AI L.=()
C CI\Lc!JL,\vrL AIw LOv, PATLS

DC') 435 IT=1,iL
I0= 'Jup( I.P)
IV =1 DWN ( IT)
Q)OLD=Q)L( IT)
FLCAj=( ( PN( IJ) +PDLCG( Ir) -PNI( IV) ) *G( IT))

CTLST NILv4 PLLvv RATE::
IF( %3(FL0jW-qOLD)/(ABS( FLOv N) +1.)GT. 0. 0001)GO r0 436

C RLC'\LCULATZ FLUM RArPEs-
QL( IT) =FLOit
GO '0 435

436 OL(IT)=(t)OLfO+FLO0)/2. 0
1 rA I L=1

431-' CONTVI'40b
I F(IF I L. LQ.0) GO TO' 52 0
IF( I'R. U Q. 5 0),.1RITLL( 6, 9 99)

q99 PO0RiAT(l13X, 44:1** O'AR!'ING LXCEM)D 50 LPATIONS I~ 'ICALC,
+ 1911-PROGRA_.C~T.UP,/

IF(ITL~. .n50)G0 TO 520

GO 'P0 200
520 C 0NIT I U E

C -jA'<I A LAST CALL TO ALL LLGS TO DMIT:.I30TL PRLSSUPE
c MIOPS AND) FLOWU3 CALCULATL) FOR s~rhADY STATL CONDITIOINS
C DO0 521 I=1,90
C521 ~iLGIY=

CALL rLF,(CA[.
RLTURN'
END
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4.3 SUBROUTINE TLEGCAL

TLEGCAL is called by the TCALC to obtain a leg conductance and

fixed pressure drops for a given flow guess for all the system.

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

valve, actuator, or pump, is passed via PIDDIEG(NLE G) in common/steady.

A positive PDLEG(NLEG) 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.

TLEGCAL obtains the line and comlponml pressure drops by calling

all the elements in the leg. The leg coudtictL.Imce is computed by

dividing the leg flow by the leg pres'ure drop.

A flowchart of TLEGCAL's organization is shown in Figure 4.3-1.

4.3.1 Theory

LEGCAL calls the elements in a leg to determine the pressure drop

for a given flow.

The leg conductance (inverse of resistance) is calculated from the

leg pressure drop, including the constant pressure drop value

G(NLEG) = QA/ABS(DELTP)

where
DELTP = PN (NUP (NLEG))-PUP+PDLEG (NLEG)

The conductance is always positive. Using this formula the conductance

value is flow dependent. It has to be updated whenever the flow guess

is changed.

4.3.2 Assumptions

The assumption that the pressure drop can be described using the

leg presure drop is generally valid. If for some reason an element

in a leg cannot be described in this manner then a pseudo description can
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.NOW

Called from
TCALC

rbIF' Do NLEG = 1, ML -'-

Is
Element Line

ALine or Component

C Comprs e Laminar. m o e tL o r T u r b u le n t

Call COMPE tor Turbulent

Component Pressure Drop I Flow

,CLaninar

S Compute Pressure

F Drop

Conductance and Constant
Pressure Drop

Return

FIGURE 4.3-1
TLEGCAL ORGANIZATION oP7.0s.,0
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be used without loss of accuracy. This could involve generation a formula

of the form

AP = K + K2Q + 1.75 + K4Q

where Q = leg flow

The line and component subroutines would then provide the values

to the KI, K29 K3 and K4 constants.

4.3.3 Computation Method

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

value and its sign, +1.0. The up and downstream node pressures for the leg

are taken from the PN( ) array.

Each element in a leg is called and the pressure drop through

the line or component is calculated and subtracted from the upstream

pressure, PUP. Once the entire leg pressure drop has been determined

the new conductance value is computed. The variables IND, and KNEL are

the component number and the connection number respectively.

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 formula requires some approximations but these are

usually related to approximations in the component model and are an integral

part of the component model. In general this method is good but it could

be easily extended to a higher order approximation if it was found desirable.
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4.3.5 Limitations

So far we have not found any limitations to the technique used

in TLEGCAL itself.

However, some of the component subroutines called by TLEGCAL

such as the bootstrap reservolr,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.

4.3.6 Variable Names

Variable Description Dimensions

DELTP Line Pressure Drop PSI

INZ Number of Elements in Leg --

I Address of Leg Data in ILEG

K Ith Element in a Leg

KNEL Component Connection Number

IND Component or Line Number

HL Total Number of Legs

PUP Flow Dependent Leg Pressure Drop PSI

QA ABS Value of Leg Flow CiS

QT Leg Transition Flow CIS

Qi Leg Flow Guess

QS Flow Sign CIS

For variables in common refer to Paragraph 3.3.

4.3-4



4.3.7 Subroutine LisIng

SUBIROUTI & TLhGCAL
C** RLVI"SLD AUUST 5, 1976

C06001O~ G( 90)
COv.1ivii~ /TRANS/ P( 300) ,0( 300) ,C( 300) ,rC( 300) ,m 300) T'P( 300) ,

+ AMP 300) ,ACiv( 300) , DX1F( 300) ,Tloii:, LT, PI iT41,10E,NLL
COM~ON /COAP/LrYPL(99)NC( 99) KTLIP(99) , IND,ILHT RI, NLL

COreiAON /LfIJL/ PAR1( 150, 4) TAAj( 2000) ,TLF( 2000) ,LSTARr( 15o),
+ -qLSLG( 150)
CO.JiOIN /3'?bADY/PW( 0),Qi00(90) PLX( 90) ,PDLL G( 90) QL( 9 0)I

+ QA,,QS,Q1, PU',P,.iLCiTR.,

+ILECAD(90) ,ILEG(10(Y)
C I'JD T;-IE SIGN OF F~1 LO~ hLS AN'D ITS ABSOLUTL VALUL

DO 200 lLbr,=,JL
TbR,&,=0. 0

-Q1Q-'L( LEG) k
9 A= A3S( )I
IP(OA.LL. .00001)0A=.00001

C CALCULAIE. TrHL FUOk 1IULAL FOR TriL LEG PRLt3SURE~ DROP
IN ILL L=N L bG

c N T- :10 OF LL[-ftANTS'' IN A Ll-G
C 1'EL -LLG WIJil3ER

P!UP=Pii('iUtj(NLL'0))

C ;i3IrfL( 6,90) LEG,NiZ'\'UP('lLLG-) NM ,N(ALLG)
900 FOR1 iAfl(10X,5Il9)

'vlv. , 913) P9P, PDw-),QlJ

C CALL FL4CH L LL,'iLq 142I THE] LLG
C

I=ILLGAD(N~LE.G)
DO 600 ;=~~

c IilX - CUR-PLAT 40~i'T~ . I1 4LIG
I.3X =K
IN0I)ILEG( I)
1\NLL=ILEG( 1+1)
I=1+2
ICOf1=VKEL

c ICON - CoNdLc'rION NO.

C IF 'fdL LLLAL'4T IS A LINL GJO N' 500
IF(I'1D.EQ.0) GO TO 500
CALL COAPL
GO TO 600

C **TAIIS SECTiION ADDS THL VALULS IITP) T4L FOlhLIJLAE FOR Th"'L LI '&S

C
500 CONiTINJUE

LOC~LNLV*2-1
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4.3.7 (Continued)

LOC )=r\ KL L * 2
c wdI'rL( 0, 503) LOC,TP( LUC), PUP
C 503 FOR-AT(3X,IT]31,2b12.5)

yr)= PAR.i( [KOLL, 4) kVI.3C(.rF LOG ) ,PUP)
IF(C)A..r.QT)GO TO 505
DLLTP=QA*FRICr4(KNLL,Ti'( LOG), PUP)
GO0 TO 593

505 Di~LTP=?F'kCT( KLf,TF( LOC),PUP) *QA**1.75
599 CO0N~IJ 14U L

P( LG) PUP
I F( r .II.GT . 0 . 0 ) P( LO ) LR
PU-P= P( LJC) -DLL'rP
p ( Lo~C D) =PUP
D( LOC) =-'.1

'0 TO 600

600 CONrrIluL
7)L'LTP'=PN ( N~UP(t ~LEG) ) -PUP+rLR,-i

L('.J iC)A/A3S ( DErLTp)
PIT(,,50) .JLLG-, O1,PDLIEG(r'LLG) DFLTP,PN(NUP(N~LLG))

+ PN (N Dv a( 'i LLG) G ,(LG)
iF(i'iv.LQ.o),-o TO 210
9DLLG('JLLG)=0. .1

50 FOOx, A ( 13 1 LL'- 00 ,13,5Fl6.5,L20.3)
200 C OllT I ,iU L
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5.0 LINE SUBROUTINE

5.1 SUBROUTINE TLINEA

TLINEA simulates a line or pipe connected to two components. It divides

each line into segments, the Length of each segment being not less than the

volume flow rate times the time step divided by the cross sectional area of

the fluid. The subroutine calculates the wall and fluid temperatures of each

line segment.

The values of the flows arl pressures in the line are calculated by

the steady state subroutines.

TLINEA is called by the main program at the beginning of each

new time step and uses the latest values of pressures and flows, to

comp,"e line segment temperatures.

5.1.1 Math Model - The line is represented by n number of segments. Each

segment consists of two nodes, one fluid and one wall, and the end segments are

connected to components as shown in Figure 5.1-1.

FPow --- TLF TLF TLF TLF

1 2 N-1 N

Upstrear l Downstream
-Component Component

0 N-1 N N+1

\-Zeroth Line Segment

FIGURE 5.1-1
LINE NODE REPRESENTATION

5P1.0051-
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The line calculations are conducted as follows:

1. The component wall and fluid temperatures are predicted for the

present time tep. TC and TF equal the component wall and fluid

tempera ture; of tile last time step and TCO and TFO are equal to

tile component wall and fluid temperatures of tile 2nd to last tLme

step. 'Tie predicted wall and fluid temperatures are computed as:

TCP = TC*2 - TCO

TIP = TF*2 - rFo

2. A zeroth line segment is assumed to exist (upstream of the first

line segment) having wall and fluid temperatures equal to the

predicted component tempe rat tires.

3. As shown in Figure 5. 1-2, the predi cted temper|t uies of tile zeroth

segment and tile p'ev ioust ime s tel) c Ic u ,i ted va 1 ues of the second

segment are used to cal Culate tile new temperatures of the first

segment.

4. The new temperatures of tile first segment and the previous timne

step temperatures of the third segment are used to calculate the now

temperatures of the second segment. This continues until the n-i

segment temperatures have been calculated.

5. The n+l line segment is assumed to exist (downstream of the nth line

segment) having wall and fluid temperatures equal to the previous

time step calculated values of the component.

6. The new temperatures of the n-l line segment and the previous temp-

eratures of the n+l line segment are used to calculate tile new

temperatures (f the nth segment.

The math model for the line includes heat transfer to and from cowponentq

attached to each line end as well as to and from individual segments of the line.

For tile calculation six nodes are considered: three fluid nodes and three wall

nodes as shown in Figure 5.1-2. The temperatures of the J-I wall and fluid nodes

TLW(J-1) TLW J) T'LW(J+i)

FLOW

FIGURE 5.1-2

LINE SEGMENT NODE REPRESENTATION
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are TL(J-l) and TLF(J-l), the temperatures of the J wall and fluid nodes are TLW(J)

and TLF(J), and the temperatures of the J+l wall and fluid nodes are TLW(J+1) and

TLF(J+l). Two heat transfer equations are written to solve for TLW(J) and TLF(J),

using the line material properties and dimensions, the atmosphere and structure

temperatures external to the line, and TLW(J-l) TLW(J=L), and TLF(J-I). (Note:

TLF(J+l) = TLF(J), see assumptions). One equation is for heat transferred to and

from the J fluid node. The second equation is for heat transferred to and from

the J wall node.

The first equation represents three modes of heat transfer with the J fluid

node:

1. conduction to and from the J-1 fluid node

Rl*(TLF(J-l) -TLF(J))

where Rl is the conduction coefficie-nt and is equal to CF/(2.*DxF(INO)/

ACF(INO)+RNF*DELT/(ACF(INO) **2*RIOI.))

2. convection to and from the J wall node

B9*(TLW(J) - TLF(J))

where B9 is the convection coefficient and is equal to UI;V1L*ASFW(INO)

3. heat transfer due to mass transfer into the J segment from the J-i

segment.

MCp*(TLF (J-l)-TLF (J))

where MCp is the flow rate and is equal to Q(Ll)*RHOIL*CPFN

These heat transfer modes are combined to produce the equation for heat transferred

to and from the J fluid node:

MCp *(TLF(J)TLF(J)OLD)=P.l*(TLF(J- I)-TLF(J))+B9*(TLW(J)-TLW (J))+
DELT

Q(IL)*RIIOIL*CPFN*(TLF(J-l)-TLF(J)) (1)

where MCp is equal to FNM(INO)*CPF'N
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The second equation represents three modes of heat transfer with the J wall

node:

1. conduction to and from the J-i and J+l wall nodes respectively

R3*(TLW(J-I)-TLW(J))

R4*(TLW(J+l)-TLW(J))

whore R3 and R4 are the conduction coefficients equal to CW(INO)/2.0*

DXF (TNO) /ACW(INO))

2. a. convection to and from the J fluid node

B9*(TLF(J)-TLW(J))

where B9 was defined previously

2. b. convection to and from the external atmosphere

C3* (TA(INO)-TLW(J))

where C3 is the convection coefficient and is equal to UAW(INO)*

ASAW(INO)

3. radiation exchange with the surrounding structure

CIP*(TST(INO)-(TLW(J)+460) )

where CIP is the radiation coefficient and is equal to SIGMA*SHAPF*EPSION*

ASAW(INO).

These heat transfer modes are combined co produce the equation for heat

transferred to and from the J wall node:

MCp *(TLW(J) -TLW(J))=R3*(TLW(J-i)-TLW(J))+
DELT

R4 * (TLW (J1l) -TLW (J)) + (2)

1B9* (TLF(J) -TLW(J) )+

C3*(TA(INO)-TLW(J))+

CIP*(TST(INO)-(TLW(J)+450) 
)

where MCp is equal to WNM(INO)*CPWN
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A thermal model of the above heat transfer terms 
for three line segments

is shown in Figure 5.1-3.

INLET MICp 
EXIT

FLUID 
FLUID

TLF(J-l) 
- -- ~TLF(J+l)=

C -i C L(J TLF(J)

RI9

TLW(J) R4__._TLW fJ+l)

TLW(J-I)I R3 R4 Tl

C3/  CIP

B9,C3 = CONVECTION

D(TA) D(ST) MUCp = STORAGE
MCCp FLOW
RN = CONDUCTION

FIGURE 5.1-3 CIP = RADIATION

THERMAL MODEL
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5.1.2 Assumptions

1. Atmosphere and structure temperatures remain constant.

2. Predicted temperatures are based upon the previous two calculated values.

3. Temperature of the fluid that leaves each node is the temperature calculated

for this node, TLF(J).

4. The interface conductance between the line and components is infinite.

5. The walJ node is all at the same temperature.

6. The emissivity of the walls is a constant (.3 is used for steel).

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

number of 1200.

8. Friction factors used are based on circular cross-section, smooth ID, drawn

tubing.

5.1.3 Computational Methods

Section 1000

Each line data card is read in and the equivalent line lengths for bends and

fittings is calculated

EQUI VL=DIA*(N45ELB*I2 .+N90ELB*57 .+

NALT90/(45. *4.65)+NAGT90/(90. *7.5)

+PLENGTH (N) *DIA) / 100.

The cquivalent- ine length is then added to the actual line length and is used to

calculate the laminar and turbulent flow constants.

If the line segment length DELTAX(1NO) is left blank a value of 36 inchis is

assigned and this number of line segments is computed. Line temperatures and input

physical parameters are assigned to the appropriate arrays and the data is printed.

The next set of line data cards is then read in. The above is repeated until

the data for all the lines are read in.
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Section 2000

The segment length for each line is recalculated based on the fluid flow in

the line. If the segment length is larger than the read in value, the appropriate

arrays in line are initialized to reflect the different segment size and the

new segment length is printed out. Otherwise this program continues

to check the next line.

After each line has been interrogated the fluid and wall temperature.; for

each line segment node is Initialized. The heat transfer coefficient for the

fluid to the line wall is calculated as

UFWIL=UFW(AAA, DDD, ABS(Q(TNAU)), TF(INAU), P(INAU))

The old predicted temperatures are also calculated

TFO (INAU) =TF (INAU)

TCO(INAD)=TC(INAD)

Section 3000

All the constants dependent on the current values of the line volume flow

rates and pressures are computed.

If there is only one segment then the fluid and wall temperatures are calculated

with upstream and downstream nodes being the end components.

If there is more than one segment then the first segments fluid and wall

temperatures are calculated with the upstream node being the upstream component.

The other line segments are calculated as discussed in the math model until the last

segment is reached.

The last segment is calculated with its downstream nodes being the downstream

components. The two temperatures of each segment (wall and fluid) are stored to

be used by the line subroutine at next time step. The four end segment wall and

fluid temperatures are stored in COMMON/TRANS/arrays to be transferred to the other

subroutines.
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5.1.4 Approximations

(1) The predicted temperatures at the beginning of each line are approximated

oi the past time history of the component temperatures.
5.1.5 Limitations

See technical summary.

5 1.6 Variable Listi

Variable 
Description 

Dimension

A( ) dummy computational array

AAA dummy variable

ACF cross sectional area of the fluid IN2

ACW cross sectional area of the wall IN2ASAW external surface area of the wall 3egment IN2

ASFW internal surface area of the wail segment IN2

A2,A9,B9 dummy variables

8( ) dummy computational array

C,CW thermal conductivity of the walls WATTS/INOF
CF thermal conductivity of the fluid WATTS/IN-O

F
CIDi dummy variable

CID2 dummy variable

CIP1 radiation coefficient 
WATTS/OF

CPFN specific heat of the fluid 
WATTS-_cc/BmO1'

CP1WN specific heat of the walls 
WATTS-sec/LBm) OF

Cl,C12,C3, dummy variables
C9

DDD dummy variable

DELI'AX distance of each line segment 
IN

DIA outside diameter of the line or wall IN

DIAINS outside diameter of the line
IN

DXF distance from the line segment node to inter-

face with next segment 
IN
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Variable Description Dimension

EPSION emissivity factor for radiation

EQUIVL equivalent line length IN

FNM fluid mass of each node LBm

FTEMP dummy variable

FLTEMP input fluid temperature OF

FWTEMP dummy variable

INAD downstream leg address

INAU upstream leg address

INO line number

J,JJ,JMl dummy variables

MTYPE material type of the line wall

NAGT90 number of bends greater than 90'

NALT90 number of bends less than 900

NPFRIC percentagc increase in line friction

N45ELB number of 450 elbows

N90ELB number ot 90' elbows

PLENGTH total line length IN

REN Reynolds number

RHOIL fluid density 
LBm/IN 3

RHOW wall density LBm/IN3

RMF dummy variable

Rl,R3,R4 dummy variable

SIIAPF radiation shape factor

SIGMA Stefan-Boltzmann radiation constant WATTS/IN2 -,R4

SPMAF dummy variable

SPMAW dummy variable

TA surrounding atmospheric temperature OF

TC storage variable (temperature of the component) OF
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Var iable Description 1) mension

TCO storage variable (old temperature of the component) op

TCP predicted component temperature OF

TF storage variable

TFO storage variable (old temperature of the component

fluid) F

TFP predicted fluid temperature OF

TLF temperature of the segment fluid 01,

TLW temperature of the segment wall OF

TST surrounding structure temperature °F

'1W storage variable

UAW external heat transfer coefficient of tihe wall WATTS/IN 2-,F

UFWIL internal heat transfer coefficient of the wall WATTS/IN 2-F

WNM mass of each line wall segment LBm

W'1IICK wall thickness of the line IN
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5.1.7 Subroutine Listing It~ ~ '

C **RLVISLD . iAY 1, 11)76
CO, 1 0O) /rIlAIS/P( 300) ,r)(300) ,C( 30l) ,TC( 300),,'( 300) ,TF( 300),

+ CF(,iO 300) Ll~( 0),4 iXP( 00) TIAL DU, AP1LOT], NLL':,C

COviiON / LI AL/PA P.,( 15 0, 4) ,T Lv( 2 0 00) , TL( 20 00) , U;STA T( 15 0),
+ NLSLG(150)

COA, 10\ /CO / 1,PY PL()NC( KT.P ( 9 9,T D, I LNT 4,1NL
COiiO'1 /FLUIID/A'TPRL'S3,CF-,CPF\4, FTLIP11, PPOP( 13,3)
DI-jLi SION 'J'A( 300) ,T.il( 300) ,UA. ( 300) ,TiFO( 300) , )LL'TAX( 150),

+TCO( 300) ,SP.iAF( 150) ,3PIfl w( 150), PLL:IGTf( 150) ,A( 2,2) ,3( 2)

+ q, vi 150) , PwT'. I P( 300)
LQUIVALLNCL(C1),L(1),(PP(11),PLGk(1)
DATA SI(3,A/.349L,-11/,4U1.\kPF/.96/,L-P3IOI/. 3/
t<i.N=1 200 .
IF(lt~.NTR) 1000, 2003,3(00

10') 1 COiNTI.4jUL
C I>VO =TINDIVI DUAL [JTAL *',rCURI

C LI'JT=[L1iL TYPE~
C NPFRIC=PLRCLI\)',GE I.\1CRIYSL IN) LINEL FRICIZIOr.
C IPwT =PLKLCEq~rTaG I>JCIRLASL I']~lI'
C N'45LL3=,'N]A'3LRN OF 45 DEG LE200OW'

C rU)LLJ3=N(JN-3[R oF 90 DL. Ert3Ov.,S
C N7\T rg'=TO'rAL OF 3iL1)D A14'-LtS .Lr. 90 r),iG Di 'r
C MG9=OA OF '3L7D W'GLJES .")L. 90 )L ) LG
C 1I1.I ~) L ' PLEiG~Ti
C 1)E\ =OUJT.IOl, DII\iETLI!
C vWT-!ICK=%vALf, TllICV~f3S
C -,TYPL, =AAT-VLRIAL TML
C DLPLTAX( 110)=I.32AJCL OF o"LGiL:.ThS
C (JAWN)=H1L\T TRA'SLFLiR COLFF. A,'3Ih.NT f'. WVALL
C TA(N) ='rE.iP. OP A~ffP DLG. F
C "L'(\)) =Ti,IP. OF FLID, .)iG. F
C TSrP(.)=TL,-iP. OF $TRIJCTURE, )LG. R~

C PA R,~ 0, 1) = L I U. L UA31r.
C PR:VJ2)= IISIDL, LI . DI'\-DIAI S

c PAP4\1,3) = E)UIVG
C PAR.i ( 'J,4) = TiRA JSI.T1IO4 FLO',,

LST!XRT( 1 )=
.vRITL( 6, 40)0)

4 00 F0R..AT(//1 12 LI'U i)AP\,/l0tl LIfl, 10. , X, 6fILlNGZ., 5X,

DO 1100 I'\O1,!J1I\L
RLAD( 5,433) X, ~iTY'PL, ,%IPFIC,aNT4''L,t45LLq3, 190r.L3 , 'JAL'/r90, q,\AT90

433 FPRAT(S15)
RLAD( 5,439) P.l~! 1),I,~~IKDL~(~),J~(14)
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5.1.7 (Continued) ~[~ ~ii2 C&'
+ TSP( 11'J0) 'I"A( 1 'JO) , L'rl:i P

I F( INO. 1L.'4) kqPI'PL ( 6 , 430) 14
430 FOR,.1A'P( IX, 4 31 Tift LI'L& CA RDS ARL OUT OF ORDER AT .'JiA31-R ,15)

LC (.i) =1
LC ( .' 1)=1
ITF(L1, 4 LT . L.10) 30O TO 6 5
LC ..i) = -1I
IL r=LINLT-iO

6E O'uIVL=DT.* ( (.45EL3*12.+w90)LL3*57.+'JAL'rq/( 45.* 1. 65)+

C CAICULAPE !, 1 LJ OF SlEG-.iLNr3

IF(rfl-LLAX(IN0).LQ.0.0) DLLTAX(IiO)=36.
IF( ~L''E.zP. .$*. 00) L'rh.iP=F'lP

M~(.O1)LTR( 'O)+i4LSL3(INO)

1~i~w=P~O( .TY i.,2)

C P .'= DRP(tITY PL , 1)
F4TL;.P( I " I') =P LPt .-iIl
Fvt'l-i P( I j4vI) =F LTll-,P
DI \1S=DIA'- 2. 0JUi

P~fi(',3)= L.QUI'/L

C 4( I O.)=?R0P(,'iTY'PL, 3)
ACd( 17-4D) =P I *( DTA* *2 - i)I A1S**2)/4 0
AC V( I M D) =AC',( Il D)
W.4 (I JA,) =AC. , I, ID)

~:*(I'LJ) =AC.I( IAD) * \11pO0'* T)-L rAX( 1.10)
SP.iAi( ~r) ='Ji(LID) *CP,,4

-ASA,(I jj))=pI*rEj%*0lL'VAX( 1,O)

ACF( I --%ij)=ACF 1 v:;)
XC F( I!,A D)=A C r( I D)
AS F,,(1 4D) =P I*-DI AI \4* DLLTAX (I110
rP( IA'A) = FL, 1)

+ TS T N ), F LT L'IP,,'P L
410 FOR1 A- ,T(/LX, I5,8X,F'.4,4X,F8. 4, 5X,F8.4, 5X,Ft'. 4,7X, 3. 4, 4X,FV. 4

F,5X,PR. 4, 6' ,,14)

1100 CO'4TINUE
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5.1.7 (Continued)

1F~t4INlE.Gr.ijiNLI\L-1) GO TO0 252
R b T U ,,,

252 A R ~( 6, 4 75) "L I N L, LST -% R'( 4 LI 1L) ,N LS LG NL INEL
475 FORAATr( 5 X, 2 5 H LRRO R I'I SURROUTr11L T LlN L, 3 110)

STOP 5101
2009 CONTINUE'

c INI'rALTI1~G ~AL 10ip l LINE
DO 2012 I=1,ALINqL
XDIL=AIIS(Q(I*2-1))*DLLr/(PARt.1,2)**2*PI/4.)
IF'(XDLL.Lh.D)LLTAX(I))GO 'P0 2012
DLht'rl\X( I) =XDLL
I'( DELPAx( I) *GT].PLLNC.14( I)) DELTrAX( I) =PLE4 GT5( I)
fiRITL( 6,990)1, DLL'rAX( I)

900 FORAT( loX, ].lri.l DELTrAX IN LI'L., 15, 22, HAS RELN CORRECTLD O
+ F15.5, 7t11ICE,

NLS LG( I )P Lf, OGra I( I /DL LTA X( I)
A SF.q ( I )=P I*PA,,I 1,2) * DLILTA X I)
a NA ( I )=AC~v I) * RiIW DL LTJAX ( I
S Pet A~ I )=Ji (I) *C P.A;

2912 r7\SA%4( I) =P I*?A RiI ,2) *DI: LTA X I)
2 013 I~qO=l
?011 J=LS'r;RT( INO)

I"J)= I \ O* 2
INAU=1.40* 2-]
AAA=ACF( INO)
DOD= PA Ri 1 -0,2)

*ILN,4( 3) = FtTb iP ( I IAU)
2020 rLF (J) =wTl 1 P( I NAU)

3, k1 =j 3-1

C I

C 2 (I:40)-tUFt-I*A3PV( I-,J)+SIG.A*PSK~jN*Sj]AP*ASA4( 1140) *.rLw( 3*1) **3)

IF(3.,E.(~3TAT(I10+NL8G(IN)-1 0 Or 2020)

TFO( IMAU)=TF( IAAU)

TCO( I AAMJ=TC( IAAJ)
T CO0( I.,A D )=TC ( I 'AA ) )
DXF( INO)=O. 5*DLLP\X( IiNO)
DXF( INAD)=DXF( ItWO)
DXF ( IJAU) = PXF ( INO)
LSTART( IWO+l)=LSTART"( I!O) +NLSLEGJ( I qO)
I10=I%10+1
IF ( 1;10. Ll-. 'LIAL) GO TO 2010
R~LTU RN
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5.1.7 (Continued) k' "Y-
3000 C 0N'rL-N UL1

DO 3550 I~qO=1,NLT i.
I L= LSiA RT( LAO0)

1)DD= PA Re( 10 0, 2)
R I 1L= 3.96. 4 * R I11) (TPL FI L ) 1 ',10 NO
UFWI LUF~v( AAA, ODD, UAS( Q( IMO) ) , TILF( I L) , P( 11"10)
F'].-i (J 0 J) =A\CF"( IN J0) * IUI 1,* D 1, kx( INO0)
S ,I \P( I' 10) P 1  t 4 J0) * CP P N

N ~SE~C,( 1 '10)

33 =l,.+ N-1
C M. 1.3 VAL1, I.:T J'100I

.3 =..I
C j 1;; T'lJj, FIR~ST NJ0r)L

I L= I. 10 2 - I

I L=I L+ 1
I S 13 I

C J IS TH~L L\S)'P \IODL

3100 C C!Tl I I f,

(73.--UA- j( 110) * ASA%-s ( 110)
CI P=SI(G,iA*LPSIJN*'O11APII*ASAed( I10)

.lF'z.%RS((C8( IL) ) *fLRIOI U
C 'LI NJGCALCUJLATIONj OF' LIN!L'L L~i'AT1URb3

I F( 0( IL) .rUP.0. l) Go TD0 303 3
CI)1)=TLC( I L+IS)
C I)2=1'F( I L+ I.;)
'P'C I L+13) =TC( IL)
'PC( IL)=CI )1
TF( I L+I1S-) =Ti' FIL
PF' I L) =CI )2

30133 2'A' P='r(I L) *2 .0 -T;oIL)
TC P=" C(IL) 2. 0 -TC0(1L)
TCO( I L) = TC I L)
NFO(I L)=T F I L)
NCO(IL+ IS) =rC( I r+ I s
TFO( I L+ IS)=T F I L+I13
IF(N.cT.lmO0 TO 3200

C T'dLR. I'S 0'\'LY 0ONL 3bG.
3050 RJ]=CF/(2.0*D / ('O)/AC'(IJO)+v.F*DLL'/(ACF(INJO)

+ ** 2 *Rl10I,) )
R3=(Cvv( I:10) )(2.0*XF( I'1O))/AC,4( I\10)
R 41), 3
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5. 1. (Continued)

A2=SPm~AN( I,'O) /DLLT-V,3+39+C3+R4
A%9=3P. iAF( INo)/DUr.-ic +:,1+39
A( 1, 1 )=A9

A( 2, 1) =-B39
M( 2, 2)=A2
3( 1)=SP:1IAF(I\ O) *TLF(J)!DrL~r+( Rl+Cl) *TFp
3( 2)=SPiAq( I'l10)*TLV1( )/DEL'T+R3*TCP+R4*TC( IL+I..))

+ +C3*T\( i!io)+cip*T8T,,( if1o)-cip*('PLM(j)+460.) **4
CALL SlvI[uL'(A,3,2,i,,RR1R)
C9=3( 1)
,C12=3( 2)
'rLF(J)=3(l)
TLv(J)=S(2)
GO0 TO 3500

32100 CO TINU L
C FIR~S~T LI'IE i~

+ *k 2*PRiOJL))
R3=1.Q/( 2.O*DXF( I'1)/(ACWq( IiO)*Cv,( L'JO))

Ao=S:P.IAF'( Ilwo1)/DLTr+R+39+C1
A2=SP,,AA.( I' O)/DCThTr+<3+R4+39+C3

A( 2, 1)=-'39
Z\(2,2)=A2

3( 1)=SP.IP( I qO) *rL(J)/DLP+( PJ+C1) *T~P

CALL 2,~rT ~ 1 \,3,2,RROR)
TLF)=. 1)

1I.~ )='3( 2)

C12=3( 2)
3300 I~WL.)OTO 3400

a = J+ :;
CC UA CLA'IJ A P~nl jF'.

A( 1., 1) =A4J
A1,2=3
A( 2, 1)=-39)
A( 2, 2)=A2

+ :3)sRA(O) )*rF(I/DL Cr+(C1*L.,(3. 46 )**

T.F((2) =B i( 1)*f(3)/m +3*L(-S)+*T( +.

'rL,-I( )=B( 1)

N =N-).

JO TO 3300
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5.1.7 (Continued)

c C ALC U LA IN NG LAST '100,
340)0 C,')1'PI' UL

J=J+IS
R4=1.0/( 2.0*D)XF( IN'O)/( t\C;q( INfl)*Co( 110))
\( 1 ,1) =,No

A( 2, 1)=-39
A( 1, 2)=-L'3
A( 2, )=A 2_
3 1 =S P.IAF( i]o) PLF J /IJLLr+ ( R+C 1) *TLF(3-IS)
'1 2)=sP",iA-.;( I- 0) *'A"I 1,3 ) i:,LT + R3 *"1'Lq( 3 -I13 +P 4* TC(I 1 4+ is)

TLF( J)=3( 1)
'L,vj( 3)=3 ( 2)

C + +C3*rA(I,10)-CIP*((T-,L,.1(J)+460.)**4)+cip*'rsr(ijo))/(A2
C + ) ))/(A..3*3/A2)
C 'f~(J=S~A.j W)To()DL'+3Ti(JI).4T(I+S
c + +,C3*IA(I~i0)+CTP*TS'r(I10,-))-CT-P*((TLvq(J)+40.)**)+3*TF(J))/A2

IF('(IL).Lr.O.3) GO '1(0- -500
c "I L+1 3 ) =T LF(t:)

TP( I L) =TLF (J)
C PN( I L+1.3)=T L~v)

TF( 1,+1.3) =C 9

,3O T,) 35 9
3500 T P(IL+ 1-'r 1,F(J)

c T '~I L) =T LF(
TI JL+IS) =T La(J)

TF'(IL)=C9~
TPv, ( 11) =C 12

3 519 C OT21 I U i
355n C:) NT 14U L

RLTU Ri
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6.0 COMPONENT SUBROUTINES

The components modeled vary from the simple restrictor to a hydraulic

pump. Each model is broken down into its most basic equations of motion,

flow, and heat transfer. The sum 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 e:xternal references that are not called

during execution then component subroutines not in use, can be omitted from

the input deck or file when not required. Figure 6.1-1 shows the basic

subroutine organization.

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 found until hhe output

data is carefully examined by someone who knows what it should look like.
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Called by Component
TCOMPA Subroutine

-1 +1

0

1000 Secto 2000 Section 300Section

Calculate Calculate Steady State Do Thermal Transient 7

Constants trom Pressure Drop Calculations forInputCurrent Tme Step

Return 4

FIGURE 6.1-1
COMPONENT SUBROUTINE ORGANIZATION

P, 0-2 12
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6.1 SUBROUTINE TCOfPA

Subroutine TCOMPA which is called by TIIYTR, reads and prints all component

input data, sorts out connection data for all components, 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 1 to the

number of input components. Within the loop a component 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 used 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

6.1-1



resulting value in a computed GO TO statement. This GO TO statement then

directs control to a statement that calls the component. ENTRY COMPE

isolates and calls each component in a simple and straightforward manner

aiding in the running of thp overall program since every component has to

be called each time step in the thermal transient calculations and each

iteration in the steady state solution.

6.1.4 Approximations

No applicable.

6.1.5 Limitations

No 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

Li Data value 1

L4 Data value 1

N Counter

NCI Number of Last Active Connection

NDATAC LDATAC/1000

.L .M Number of Real Data Fields

NN Dummy Variable Representing Maximum Number
of Component Connections

NTYPE Group Type Number

NX Data Value 2

Ni 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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C,

6.1.7 Subroutine L4iting

SUB .ou-NI L 'rcomPA
C ** PLVISLD 110UUS'P 5, 190

CO ,Q /T RVIS/P ( 3 01) ,Q( 300) ,C( 300) ,TC( 300) ,r,,v( 300) ,i.,( 300) ,
+ ACU(300),ACw(300),DXF( 300)T~1~JLI~L~,L

COel,10-1 /LIIL1/PiR..( 150,4) ,TLvl( 2003) ,TLF( 2000), LST' ,ThTi( 150),

co.i.io1i /sTrLJV)Y/P4( 90) 0:&(90) ,PLX(9),PDEC90),OL(90),
+ -A ),1,PP DIil
+ L(:,IC01 , INV, I.NX, 1', , NUP( 90l) N~IvlN( 90) 'lLi,: 90),
+I LLGAD( 90) , I 11,G( 1000)

CO,.h)1 /C4?D 4500),( 1500) , LL( 0)9,,,)

L')UIV2\Ll''~CL ( L( 1 ) , LT( 1, 1)),(( 1) , ID( 1) ),(C( 1) , C( 1))

IF( 1 l1P) 003,2009, 2000
1000 CO. T I U L

30( 19001 1=1, 11
DO 1002 J=1, 150

1002 . D( I ,I =~I ,J)
1 fl0l C "O ~ I "J-,
1003 CO 4TI'lUL

C I'll.; kLAO TD ht~ IN'PUTS I'Ii. 1I0OLLw IG -DATA
C I =I' DIVI OUAr. CO*uQo~2i-ILR

C LTiYPL, =C0,iP0rlL,'!T TYPL

1009 P'OPAT(1015)
6.~L , 500) 1, 1, fLTYPl,( I) , Lo!APAC, ( L( L4-1+J ) ,J= I,12)

IDA P'IC=L'ATAC/1000
LjAT\iC=Lr)ATI\C-,'4A',\C* 1000

INLI .-=LrATC,
C * ** LL)A M~C IJAST.11- VU 13LR 01' ifJL~qT RL.Aru )AT' CAIM)S

X F" p[ =- L"TYP1,( I )
'IC ( I)=': D(XTY PL, 7
I'(.Cf I).Ln.0) *;- T) 7

DO) 4 * =', ~N
I (4) ) 1,2, 3

:IC I=:'C I + 1
.30 MO 4

2 1, ( 0J) =,!4 1 1,11, 2 ~D( 1(''1t, 9)

3L() I[) =L4
L ( )L (N) *2r



6.1.7 (Continued)

f'J CI =11cC1 +1I
4 CON PINUI
5 IF( L(NN) LT,1. MlNL \1L*2-) I G. TO 6

G3O TO 5
6 C 0,)TJI idJl

TN 'V= NC
I F( A C I NE.M C ( I)A ND.I ID(NKT YP L ,10)"1 LO0OG, TO 42 0

7 'q'=ilD( NTYPL, 1)
N2=AD(KTYPL, 2)
N33=ND( rKTYPL,3 )

If~1L,~..~Q.) 3O ro 15
RLA)( 5,9) ((L+-),=,Li

IF( I D.NL.1) G0 O 410

DO) 10 :=1LV1A

10l Co,.PrIiUJL
15 I'JX-o

IF (:IDATACNI.0) SO TO 20
U~ ( Lr)AAC.Gr. ,JD( i(2YPL,,6)) =.LI

CO TO 3 0
2 0 C C.qIINIUL1

L C( I , 1 ) = LL(-4DA iC , I)
LL,(I, 2)=Ll

30 1 F(,,.X*3.,U. I) 10 £0 43

4.1 LL( 1,3 ) = LE I , 2) +N 2
r, 1LL ( I , 3/ +N 3

5 L4lI4 =4

LNTRY C&iPl

A("Y P LTrYP L ( !,'D)

N 2= LL( 1, 2)
'I 3= LL( I D,3)
N 4=LL( I ND, 4)
GO TO (2l0,22 0,230,240,253O,?G0,2470,230,290,300j),1NjYPrL
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6 .1.7 (Continued)

C 3600 GO TO 400
210 COI:TTIUIL

CALL T .ANII (D(N1),D(N2),DD(i03),L(N4))
GO TO 400

220 COIvr iUL
!\TY PL= VTY PL- 20
GO TO (221,222),i TYP

221 CALL TVALV21 (D(Ni1) ,(02) ,DD((N3) ,L())
GO TO 41)0

222 CALL TVALV22 ( 1,I) ,D(N2) ,DI)(N3),L(Ni))
GO T 400

230 CONTIliUL
°<TYPL=!('TY pl,- 30
GO ',- (231),K'YPt

231 C [LL TCVAL31 ( (.1) ,D( J2) ,O (N3),t,( 1)
\3O TO 400

240 co1ri UL
CALL TRLS:24l (1 ( 1),D(12), D("3), L(,4))
0o TO 400

250 COT'N!UL
"TYIPL.='TYIPL-50
GO T') (251),KTYPL

251 CALL TPULP5I (D(ll), D(,2) ,O(N3) ,L(4))
GO TO 400

260 CO'NTI'UL
r'PY PL = !'Y PL.- 60

O '2 (26t,262,400, 100,40 1,400,400,40'),269),'XTYL
261l CALL TRSViN61 (D(1),D( 02),DD(W3),L(N4))

GO -O 400
252 CALL T PSVh62 (O( N) ,)(2) ,0D(d3) ,L(N4)

O O'( 400
2';') CALL Ti LX69 ( D( l) , ( 2) ,D (,N3) ,L( N4)

'O "i'C 4t)0
27 0 ',TYPL= <'YPL -70

GO T, (271,400,400) ,KTYPL

271 CA LL TACUA71 (D (N1),D(N2),DD(N3),L(N 4))
GO 'rO 400

210 CO1Ti UL
XTY PL= K'rY P- 0
GO TO (281), XTYPL

291 CLL 'r.ILi'3 (.(n 1) , ( 42) ,D: 3) ,L( ;4)

GO TO 400
2)0 CO*TIW;NI!-

KrYPI =KT YPI, -90
GO TO (291) ,'YPL

2)1 CALL TTLJT91 ( D( ]) ',('2) , o(J3) , L( q14)

3O TO 400
300 CO,'TI 'qUl,

K<TY L,=fTY pL-~ 100
GO TO (301,302),KTY PE
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6. 1.7 (Continued)

301 CALL T;NCT101 (D(tN1),OU(N2),DD(tq3),L(N
4 ))

GO TO 4 00(
302 CALL -r,%CT102 ((l)ON).DN)LN)
400 CON'rINuL

IF(INEL.N.O.O.I'iD.G-.N:JJ) RLT1JRN

IND=INDI-
IF'(IiLNTR) 1003,2000,2000

410 %v;Ri-E (6,180)
STOP 6001

420 oRITE(6,100)IND
1'O 0 PR.IAT(SX, 42JTllLjRU ARL AiISS10C, CO'N10ECT IONS IN CO0iP NO ,S

STOP 6001
130 TOR.IAT ( 3513 TM:,~EAN CAR~DS ARP, OUT OF' ORlDER)

500 EOR~iAT(l:iO,5X,6fIC':h"11",5,2,12f1N TLGLR DATA,2x,16I 5 ,)

510 F0HOl.AT(/,5X,16II[,,,AL OATrA CA~RD 4 ,15,2X,812.4)
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6.11 SUBROUTINE TBRAN1I

TBRANll simulates a frictionless branch with two, three, or four

connecting lines. As sketched in Figure 6.11-1 with two lines, TBRAN11

represents a "junction", with thre e lines it represents a "Y", and with

four lines, it represents a "cross". This subroutine calculates the

temperature of the fluid within the branch and tLe temperature of the

branch wall.

Junction

Y-Branch

I ' Cross Branch

FIGURE 6.11-1

BRANCH CONFIGURATIONS

6.11-1



6.11.1 Hath Model

The thermal mat model. ror thp branch includes heat transfer to and

from either two, three, or four line segments. At least one is an upstream

(inlet) line while at least one is a downstream (outlet) line. To

familiarize the reader with the branch subroutine, one of the most complex

branches "the cross" (with one upstream line segment and three downstream

line segments) will be discussed at this time. For this branch ten nodes

are considered: five fluid nodes and five wall nodes. The nodal representation

is shown in Figure 6.1J-2.

t I TF (L2)
Line Segment TW (L2)

TW (Ll) TW (L3)

/-TF (Li) TF (.3)

Flow- DT (TBF)e-

DT (TW)
LineLine

Segmet ~ , Segment

"Cross"

Line Segment 
f L

t 'TW iL4)

L TF (L4)

FIGURE 6.11-2
"CROSS" SRANCH AND LINE SEGMENT NODE REPRESENTATION

GP77.006$.7
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The temperatures of the upstream line segment wall and fluid nodes are TW(I)

and TF(LI), the temperatures of the branch wall and fluid nodes are DT(TBW)

and DT(TBF), and the temperatures of the downstream line segment wall and

fluid nodes are T14(L2) and TF(L2), TW(L3) and TF(L3), and '114(L4) and TF(L4).

(The branch consists of two nodes, regardless of the number of line connections).

Two heat transfer equations are written to solve for DT(TBF) and I)T(TBW), using

the branch and line segment material properties and dimensions, the atmosphere

and structure temperatures external to the branch, TW(Ll) through TW(L4) and

TF(Ll) through TF(L4). One equation is for heat transferred to and from the

branch fluid node. The other equation is for heat transferred to and from the

branch wall node.

The first equation represents four modes of heat transfer wit' the branch

fluid node:

1. conduction with the upstream line segment fluid node

Rl(Ll)*(TF(Li) -DT(TBF))

where RI(Ll) is the conduction coefficient between the fluids and is equal

to CF/(DXF(Ll)/ACF(Ll)+DXFB/ACFB+RMT(L])*DELT/(ACFB**2*ROIL))

2. convection with the branch node

Bl* (DT(TBW) -DT(TBF))

where Bl is the convection coefficient and is equal to UFWIL*D(ASFW)

3. heat transfer due to mass transfer into the branch from upstream of the

branch

rlCp*(TF(Ll) -DT(TBF))

where MCp is the flow rate and is equal to Q(Ll)*RIIOIL*CPFN
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These heat transfer terms are combined to produce the equation

fcr heat balance for the branch fluid.

MCp (DT (TBF) -DT (T BF)OLD) = Ri (L)* (TF(Ll) -DT ('BF))

+ Bl*(DT(TBW)-DT(TBF)) (I)

+ ACp* (TF (Li) -DT (TBF))

where MCp is equal to FMASS*CPFN

The second equation represents three modes of heat transfer

relative to the branch wall node:

1. Conduction to and from the upstream and dournstream line

segment walls

R (L* (TW(LJ) -DT (TBW))

where R(I,I) is the conduction coefficient and is

equal to ].O/(DXF(LI)/(ACW(LI)*C(LI))+

DXW/(ACBW*CW)) and I is the line number

2a. convection to and from the branch fluid

B1* (DT (TB P) -DT (TBW))

where BI was defined previously

2b. convection to and from the external atmosphere

B2* (D (TA) -DT (TBW) )

where B2 is the convection coefficient and is equal

to D(UAW)*D(ASAW).

3. rediation exchange with the surrounding structure

Cl P* (D (TST) - (DT (TBW)+460. ) 4 )

where CIP is the radiation coefficient and is equal

to SIGMA* EPSION*SIIAPF*D(ASAW).

These equations combin- to produce the equation for heat balance

for the branch wall node:
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4
Mp (DT(TBW)-DT(TBW) OLD) = : R (LI)*(TW(LI)-DT(TBW))
DELT 

J=1

+ B1(DT(TBF)-DT(TBW)) (2)

-I B2(D(TA)-DT(TBW))

+ CIP*(D(TST)-(DT(TBW)+460.) 4)

where MCp is equal to D(BMASS)*CPWN

A thermal model of the above heat transfer terms is shown in Figure

6.11-3. Equations (1) and (2) are combined to solve for DT(TBW) and DT(TBF).

EXIT FLUID
TF(L2) = DT(TBF)

T EXIT
FLUID

PTF(L3)=
I DT(TBF)

INLET - EXIT
FLUID MCP --FLUID
TF(Li) - Ri (Li) f TF(L4) =

DT(TBF) DT(TBF)

TW (L2) Bi TW(L3)

R(L2) R(L3)

TW(LI) %-- R(L) ,Mw C DR(L4) - TW(L4)
B2 CID

D(TA) D(TST)

BN = CONVECTION
MCp = STORAGE

FIGURE 6.11-3 MCp = FLOW
RN = CONDUCTION
CID - RADIATION
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6.11.2 Assumptions

The following assumptions are made to produce the equations discussed

in the previous section.

1. The temperature of the fluid leaving the branch is equal to the

branch fluid node temperature, DT(TBF)

2. The branch wall and fluid are each represented by one node only,

the entire node is at the same temperature.

3. The temperatures of the atmosphere and structure surrounding

the branch are constant.

4. The emissivity of the wall material is constant, .3 for steel

5. The interface conductance between the branch walls and the line

walls is infinite.

6. The math model does not incorporate any of the losses which nor-

mally occur at junctions which have changes in diameter, flow

direction, or flow division.

7. Complete fluid mixing occurs in the fluid volume.

6.11.3 Computational Methods

SECTION 1000

The fluid and wall temperatures are initialized, the external

structure temperature is changed from degrees Farenheit to Rankine and

raised to the fourth power, and the default values are assigned.

SECTION 2000

No thermal or hydraulic inputs or calculation accomplished here.

SECTION 3000

Propeity values are assigned. Dimensions and coefficients are

calculatpd. Th fluw direction is determined. (The program is set up
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with the flow entering connection line one (Li) and leaving through

connections tow, three and four, (L2), (L3) .,nd (L4). During the

calculation the flow direction is checked. If the flow has reversed

flow direction, the program reassigns connection numbers so that the

flow still enters connection line one). Some coefficients are then

recalculated if the flow is reassigned. A 2x2 matrix is loaded

and the mathematical equations are solved for DT(TBF) and DT(TBW)

and stored in the B computational array. '"he calculated values are

assigned to their proper storage locations ind the boundary conditions

assigned to special arrays (TC and TF) in /TRANS/.

6.11.4 Approximations

I. DELTAX is the average value of all possible paths through the

branch.

6.11.5 Limitations

The limitations of this subroutine are due to the pressure drop

errors. Additional losses can be simulated by adding a pseudo 90

degree elbow or bend to the appropriate line.

6.11.6 Variable Names

Variable Description Dimension

A( ) Computational array

AAA Dummy variable

ACBW Cross sectional area of the branch wall IN2

ACFB Cross sectional area of the branch fluid IN2

D(ASAW) External surface area of the branch wall IN2

D(ASFW) Internal surface area of the branch wall IN2

B( ) Computational array
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Variable Description Dimension

D (BMASS) Branch Mass LBm

CiP Radiation coefficient WATTS/OR 4

CJ Mechanical Equivalent of Heat FT-LBm /WATTS-SEC

CPWN Specific heat of the branch material WATTS-SEC/LBm -F

CW Thermal conductivity of the branch WATTS/IN- 0 F
material

DDI) Dummy variable

D(DELTAX) Average distance fluid travels through IN
branch

OXW Distance from branch node to interface IN.

.EPSION Emissivity factor for the branch wall

FMASS Fluid mass in branch LBm

I,IERROR Dummy variables

D(ITC) Initial wall temperature OF

D(ITF) Initial fluid temperature OF

Ll,L2 Leg connection addresses

R( ),Rl( ) Computational array

RHOIL Fluid density LB /IN3
m

RMT( ) Mass flow rate of fluid array LB /SECm

SHAPF Shape factor (wall to surrounding structure)

SID Dummy variable

SIGMA Stifan-Boltzmann constant for radiation WATTS/IN 2-R 4

T( ) Computational array

D(TA) Temperature of the surrounding atmosphere OF

DT(TBF) Fluid temperature OF

DT(TBW) Wall temperature OF

D(TST) Temperature of the surrounding structure OF
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Variable Description Dimension

D(UAW) Heat transfer coefficient (surrounding WATTS/IN 2-F
atmosphere to walls)

UFWIL Heat transfer coefficient (fluid to walls) WATTS/IN2 -F

D(VOLUME) Volume of fluid inside branch IN 3
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6.11.7 Subroutine Listing

:;€ O';I .. j,,, ,qII (O0, 7P,00, L)

C ** DVi ) A' LT' -:; 5, 1375 ***
rDI i.L. .v: .'( 1) , ')T 3) , 1)( 1 ) , L( I)
CO,.,A /1' A';S/P( 300) ,Q( 300) ,C( 300) ,TC( : 00) TT.o( 3n i) ,'1,( 390),

+ ACF( 390) ,\Co( 3A ,0) DXF( 3 ) ,TI.,I.,OLLT, ( 1 , TI 45,.,.t
Cci,,C; /C').:P/LTYrkL (9q), C( 99), AT.,,P( 99), ,f ,), IL',,T , T :, L
CO,,.) /5 ' \p'M UPJ(90) ,.M:(0) , PL.X( 00) , PM LG(90) ,,'L(9,n),>, :., "1,

+-P ,. L-p ) , D , 2 ,L'3, !CP Tn*- , LLCGh IC') , I;V, i ! , I .Z
+ .J.( 19) , (O MibJ.. '0),ILI.',i.( 3M), ILL';( 1003)
CO..D /Pt,'IT /APO' 2"  cPV1 ', PlrOl( 13, 3)

+ T2:;,T\, 2 iAS:,,'Ct

31. 1 ,!'1~-,10(1 4), P (4) ,A( 2,2), 3(2), ( 1),'( )
C ~. , N' Y V I ..,

z'.I,. ?'Y t,/] / ,A./ 2/e %1)u I I1./3/, r)LLT\X/4/, ,2/5/, \FI./5/
+ ,7:'V/7/,T,:/ /, "/9/,I F/1Q/, ITC/I I/

r/," '' /1/ ." / ?/
,, I" T t', \/, 3 , )L -11/, .SlI F/. 93/, .,P ' 2T,'/. I/ C,j/Q. q3/
I (L" ' ,) ') ,, ', 20,0 , 00f)

/ '1 "L1 jL =21t L VO.L," i 1,1I0L WAR'VC I
C r)L L r",X = \V1;, )F AILL 9 31. ;Li, , OU'2Pr '." JZX" .

C \S.,, =3li,' . A;,A -i'LL T3 ', .
N,z =&L V I K q F \ CO .'F IC I r,'7IT C, 'O A, I lT

,. = Y ITPL1 .IAL l"Y)t CPi" Ar,
C ": I , , , 1 ) I,JL, 'j,,I LCI0,

1 1 .C ,,' I t I
1='2C( Id)
"l ')()I 1=1, iCT

%=L( I
i'F(')=(IT'e)

i,11 P'C(:)=D(T'C)
ET( 1' Ct) = F,(I'l i)

!)?( 3.) =T( ITC)

1 )03 ')( :+'1;')=(% (.*)+1'9.,)* 4117( O ,,, :) I.,#), n. r)M(J' .0 69

R t 074.,
?'"10 CO.T'I'2iU.

:YLTUP'
3010 L1=L(1)

4CI=c II(I',C)

C-j- P2J P ( T Y PI., 3 )

.C F,3= ( V,: L0.-.,i, )/D 3 L i' X)
N.C ld=D, .. /( 0 LIS) IL*&OOk'iAX))

CI )=; A $.* j 0APF* L PC I.)*D( A0% ,)
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6.11.7 (Continued)

DX.i=D)( DLLT;A X)/2. 0

L2=L( 2)

Dr)Tr=~S? N PAAA* 4./PI )

IF(, LlF~ LT DD)( L2)) ( Li) =) ( 2 ( .
++'i?( V(2 ) 2, 010 A.3( ) )+2( ( 2)) )/.

C
'['L . 1 =iLC( LI)

'11=1N ;IL*ED(ASF4,)

10933 ACI='lC( I V.))

D)O 3009 ,1=1,TJCI
A(I, J)=l.0

300o) 3 (I1) =". '

=L=35 I)'LJ(P7 j

R~. iT ( I ) . d R C1( 1. ) 1 r,

I1) 1)4 L 1,T0 ) *CP 1+i I) 0

3509 CO~r~i

I( =A(2)= ,I

A I)2

PC 2, ='3(l2)

I F (r3[(11)=3 1)-.
DTC(:' 3 )=( 2)

-11 1 'ir 'U L
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6.21 SUBROUTINE TVAL

TVALV21 simulates a simple two-way valve with a valve position vs

time input. A typical valve is sketched in Figure 6.21-1. This subroutine

-alculates the valve wall, piston, and fluid temperatures.

{J + ve Displacement

Flow

Connection No. 2

Connection No. 1

GP75 0099 19

FIGURE 6.21-1
TYPE NO. 21 TWO-WAY VALVE
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6.21.1 iATIH MODEL

The thermal math model for the two-way valve includes heat transfer to

and from two connecting line segments, one upstream and one downstream. Seven

nodes are considered: three fluid nodes, three wall nodes, and one piston node

(as shown in Figure 6.21-2). The temperatures of the upstream line segment

wall and fluid nodes are TW(L1) and TF(L1).

Downstream
+ Ve Displacement Line Segment

. TW ( L2)

DT (TF

Upstream
Line TW (L1)

S e g m e n t 
D T P - F ( 2

Flow -

L-TF (L1)

Two Way D T W

FIGURE 6.21-2
VALVE AND LINE SEGMENT NODE REPRESENTATION

0P77-0065.9
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The temperatures of the valve wall and fluid nodes are DT(TVW) and DT(TVF).

The temperatures of the downstream segment line wall and fluid nodes are

TI(L2) and TF(L2), and the temperature of the piston is denoted by DT(TVP).

Three heat balance equations are written to solve for DT(TVF), DT(TVP), and DT(TVP),

using the valve and line segment materiai properties and dimensions, the atmosphere

and structure temperatures external to the valve, and TW(Ll), TW(L2), and

TF(Ll) (Note: TF(L2)=DT(TVF), see assumptions). One equation is a heat

balance for the valve fluid node. The second equation is a heat balance

for the valve wall node. The third equation is a heat balance for the

valve piston.

The first equation represents four modes of heat transfer relative

to the valve fluid node.

1. Conduction to or from the upstream line segment fluid node

R3* (TF(Ll)-DT (TVF))

where R3 is the conduction coefficient and is equal to CF/ (DXV/D(ACVF)+

DXF(Ll)/ACF(Ll)+RMFLi*DELT/(D(ACVF)**2*RIIOIL)), and RMFLl is equal to

Q (Ll) *PIOIL.
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2. a. convection to or from the valve walls

BI* (DT (TW)-DT (TVF) "

where Bl is the convection coefficient and is equal to UFWIL*D(ASFV).

b. convection to or from the piston

B 2* (D" (' V k -IT(TVF) )

where B2 is equal to USWEL*D(ASFJ')

3. Heat transfer due to mass tra,..sfer iito the valve node from the upstream

line fluid segment.

MCp* (TF (L.). DT(TVF) )

where lICp is the flow rate. coeif..cJ!',t, and is equal to Q(Ll)*RHOIL*CPFN

4. Heat addition due to a pressore dop jcross the valve

ACp*DCAPT:

where DCAPTI was described in the ti-ohnical summary and is equal to

(1. O/RHO IL)* (P (Ll)-P (L2)) / (CJ*CP FN)

The heat transfer modes are combined to produce an equation for the heat

balance for the valve fluid noca:

MCp (L T(TVF)-DT (TVF) OLD )=R3* (TF (Ll) -DT (TVF))
DELT

+Bl*(DT(TVW)-DT(TVF))

+B2* (DT(TVP)-DT(TVF)

+MCp* (TF (Ll) -DT (TVF))

+MCp*DCAPTI

where MCp is equal to FMASS*CPEN

The second equation represents three modes of heat transfer

relative to the valve wall node.

1. Conduction to or from the upstream and downstream line segment wall

nodes
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RI* (TI4(LI)-DT(TVW))

where RI=l.O/(DXF(LI)/(ACW(L!)* .C(LI))+DXV/(ACVW4*CV)), and I=1 for the

upstream line segment and 2 for downstream line segment

2. a. convection to or from the fluid in the valve

Bl*/(DT(TVF)-DT(TVW))

where B1 was defined previously

b. convection to or from the external atmosphere

B3*(D(TA)-D(TVW4))

where B3 is the convection coefficient, and is equal to D(UAV)*D(ASAV)

3. radiation exchange with the suriounding structure

CIP*(D(TST)-(DT(TVW)+46O.)**4)

where CIP is the radiation coefficient, and is equal to SIGI4A*EPSION*

SHARF*D(ASAV)

These heat transfer modes are combined to produce an equation for the heat

balance for the valve wall node:

11C2*(DT (TT4) -DT (TVW) OLD R1*(TI4(Ll)-DT(TVW)) (2)

DELT+R2* (TW (L2) -DT (TVW))

+Bl* (DT (TVF) -DT (TVW))

+B3* (D (TA) -DT (TVW))

+CIP* (D (TST)

-CIP*((DT(TVW)FI460.)**4)

where MCp is equal to D(VMASS)*CPVW

The third equation represents one mode of heat transfer relative

to the valve piston node.

1. convection to or from the valve fluid node

B2* (DT (TV F) -DTr (TVP))

where B2 was defined previously
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The third equation for the heat balance for the piston node is:

MCP*(DT(TVP)-DT(TVP)) B2*(DT(rI"F)-DT(TVP))jC

DELTOL

where MCp is equal to D(PMASS)*CPPN

A thermal model of the above heat transfer terms for the two-

way valve is shown in Figure 6.21-3. Equations (1) thru (3) are solved for

the appropriated temperatures.

DT (TPN)
MpCp

B2
INLET \MCp*DCAPT

FLIDR3 EXIT

TF(Ll) 
----- FLUID

= kpF TF(L2)

4DT(TVF) DT(TVF

Bl

TW(Ll Rl CR2- TW(L2)

B =CONVECTION

NCP = STORAGE
B3 CIPRN = CONDUCTION/MCp = FLOWD(TA) D(TST) CIP = RADIATION

ACP*DCAPT = GENERATION

FIGURE 6.21-3

THERMAL MODEL.
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In the hydraulic model the valve is considered to be a simple

orifice.

The basic equation for flow through an orifice is used to define flow through

the two-way valve.

Q=AREA*CD*(2*(?I-P2)/RHO)
1 /2

where AREA=area of valve orifice 
(IN2

Cd-discharge coefficient

RHO-fluid aQ.sity LB-SEC 2/IN
4

Q=flow (CIS)

Pl=inlet pressure (PSI)

P2=outlet pressure (PSI)
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The pressure drop due to -i. -''n 1v Equation (5)

PUP=PUP-QA*Ql*(COEF*RIIO(TF(L(l)) ,PUP)

where

PUP = upstream pressure (PSI)

QA = magnitude of flow (CIS)

Q1 = flow rate (CIS)

W.OES = constant coefficient 1

RIO( )= fluid density (LB-SEC 2IN 4

The constant coefficient is made up of the valve opening area and dis-

charge coefficient. When the valve is closed COEF equals zero.

6.21.2 ASSUMPTIONS

1. The temperature of the fluid leaving the valve is equal to tile valve

:luid node temperature, DT(TVF).

2. Tho, pressure drop across the valve raises the temperature of the

fluil in the valve.

3. The tmperatures of tile atmosphere and structure surrounding tile

valve remain constant.

4. The emissivity of the wall material is a constant, .3 for steel.

5. The interface conductance between the valve and line walls is infinite.

6. The hydraulic math model assumes a square law characteristic and a

constant discharge coefficient for the complete tlow range, which in

practice is not correct. At very low flows the pressure drop tends

toward a linear characteristic, and the discharge coefficient varies.

7. Tile pressure drop due to the fittings is assumed to be much smaller

than the valve pressure drop and they are ignored in the computation.

8. Complete mixing of the fluids is assumed.
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6.21.3 COM'ITATIONAL METHODS

Section 1000 - The fluid and wall temperatures are initialized, the external

structure temperature is changed from degrecs Farenheit to Rankine and raised

to the fourth power, and the default values are assigned.

Section 2000 - A call to INTERP is made to derive the valve opening from the

input data which includes a table of valve position versus time. A Uirst

order interpolation is used in this derivation, second or higher order inter-

polations will cause unintended valve motion.

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

the valve pressure drop is determined using Equation (5).

Section 3000

Property values are assigned. Dimensions and coefficients are calculated.

The flow direction is determined. (The program is set up with the flow

entering connection line one (Li) and leaving through connection line two

(L2). During the calculation, the flow direction is checked. If the flow

has reversed flow direction, the program reassigns connection numbers so

that the flow still enters connection line one). Some coefficients are then

recalculated if the flow is reassigned. A 3 x 3 matrix is loaded and the

mathematical equations are solved for DT(TVF), DT(TVW) and DT(TVP) and stored

in the B computational array. The calculated values are assigned to their

proper storage locations and boundary conditions assigned to special arrays

(TF and TC) in COMMON/TRANS/ and distributed throughout the entire program.

6.21.4 APPROXIMATIONS

1. The shape factor is 0.96 (described in the Technical Summary).

2. Distances from nodes to interfaces are approximated.

3. The coefficient of heat transfer between the wall and external atmos-

phere is approximated.
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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 nonlinear valve position versus- time relationship which can produce any

desired area versus time.

The constant discharge coefficient is also a limitation but since the

changes in discharge coefficients depend on the particular valve configuration;

this limitation is not easily overcome.

If the valve slot width and discharge coefficient are input as one, then

the valve position table bromes a table of the product of valve area times

the discharge coefficient versus time. The combined effects of area and dis-

charge coefficient can then be inputted.

6.21.6 VARIABLE LISTING

Variable Description Dimension

AAA Dummy variable

D(ACVF) Cross sectional area of the valve fluid IN2

ACVW Cross sectional area of the valve walls IN2

D(ASAV) Outer surface area of valve IN2

D(ASFP) Surface area of the piston IN2

D(ASFV) Internal surface area of the valve walls IN2

Al,A2,A3,A4 Dummy variables

B( ) Computational array

CID Dummy variable

CIP Radiation coefficient WATTS/OR 4

CJ Mechanical equivalent of heat FT-LBm/WATTS-
SEC

COEFF Dummy variable I/IN 4

CPPN Specific heat of the valve piston %4ATTS-SEC/°F

CPVW Specific heat of the valve walls WATTS-SEC/0 F

CV Thermal conductivity of the valve walls WATTS/IN-0 F

DCAPT! Heat added to fluid due to a pressure change o1,
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Variable Description Dimension

DCOEF Discharge coefficient

DDD Dummy variable

D(DELTAX) Distance fluid travels through valve IN

DXV Distance from valve wall node to interface IN
with line segment

EPSION Emissivity of the valve walls

FMASS Mass of the fluid in the valve LBm

IERR,IERROR Dummy variables

D(ITF) Initial temperature of the fluid OF

D(ITV) Initial temperature of the valve walls OF

Ll,L2 Leg connection addresses

D(MTYPE) Valve material type

D(PERC) Percent of heat added to fluid due to
pressure drop

D(PMASS) Mass of the pisLon LBm

D(PTYPE) Piston material type

RHOIL Fluid density LB /IN3

m
RHOV Density of the valve walls LB /IN3

m
RMFL2 Entering fluid mass flow LB /SEC

m
RNFL2 Exiting fluid mass flow LB /SEC

m
Rl,R2,R3,R4 Dummy variables

SHAPF Shape factor valve walls to surroundings -

SIGMA Stefan-Boltzman radiation constant WATTS/IN2-OR4

D(TA) Temperature of the surrounding ambient OF
atmosphere

D(TST) Temperature of the surrounding structure OF

D(TFV) Fluid temperature in the valve OF
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Variable Description Dimension

DT(TVP) Piston temperature OF

DT(TVW) Wall temperature of the valve OF

D(UAV) Heat transfer coefficient (surrounding WATTS/IN2_. F
ambient to valve)

UFWIL Heat transfer coefficient (fluid to WATTS/IN2_oF
valve walls)

VALY Valve piston position IN

D(VMASS) Mass of the valve walls LBm

D(VOLUME) Internal volume of the valve IN3

D(WIDTH) Valve slot width IN

For variables in common refer to Paragraph 3.3.
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6.21.7 Subroutine Listing

SUBR!OUIT1L T1VALV21 (0D, -)', 01), L)
C **RLVISLD) AUJGUST 20,1976 *

DILIUJSIkM 0( 1) , D!yp( I ) , DD(1I) , L( 1)
CO bi111 /'rRMA/P( 300) , Q( 300) , C( 300) , !'C( 300) , Th( 300 TF( 300),

+ ACF( 300) ,AC-4( 300) , D)>II( 300), Tleil, OLLT, I, , JLT L, ,jiAL
CO.2.10N /:1?/)'yt(9) , NC( 9,9) ,NL 99) , IJ'), Ik2T, I fl

+ ')A, -:)0, 'l, PUP, 'PIC0.i ,1 O , JLia.G, .C jti<i,
+ Ll-;,ICO- , 1,V ,,X N ,N P 0 4rv*xj(90J) , 411,1...,( 9o))
+ILLGV( 90) ,I 1c~000)

C'. .,'YJ /FLJil )/A1'PNL.Si ,CF ,C PF. , P'v P, P~(13, 3)

I ~P~'L IR LI'kV , A.' A C, TA , V., ~A L 1 , L iPA , I'\., V, , IHi ; C , L.- I )T 1. h
+ )C,-)LF , ACV C , PTlPL t, Pi, 1A' ; , \ ),'rV P, V0 LU(a

C 1) URAY VAPIA3L[L'

+ -iI l';/ 17 /, OC t F1 3/ ,ACV[-/ 1 PT PY PL/ 2/ 4 '\ AP3FP9/
C 01'~ \R'lAY VM\UIAi'MJLS

'MITA r'V.Y/1/, TVF/ 2/, TVP/3/

Rk'H-)V=PRQP( "T YPL , 2)
CP P"1=?POP(:T', I)
C7),-WjpRUp( T,f 1"
CV= PkOP( "%TY ?L, 3)

c OLLrA = CIS T \,!C1,L 'liI ) T V \I. .;, f '!RC 1 ' t\ MLV L
C V I .gssjl;, )' TIlL V'\LVL(fI)

C 'AV =:i'17AC;. %i-A V,\LVL 1") '..3'L;
C lcv,' =C S SLCTI'3U!Ar, APL\ OF VALVL '.Ll

C ASN17V =.i.TTLOC SAd~~L.LA, PL.I TOi~ VA\VL,
D ('2V)( D ( :3r) + 1,50. )*4
L1=ru( 1)

TF( L I:) iTFv)
TC( L2) = D IT V)
T 2V-) =( n-ITV)

')Pr £v!))=)(I Ir)
DT('VF) = D( IrPF)
I F ()L!'A V) .L -.9 1) ')(UA1).0 0,'),

C L.( 3)= NO3. oF X VWiIA3,LL'
C L( 4) = STRT OF Y VAi~I,\PLL,.)'

LL=( L( 3)+7)/8
L( 4 )=25+Lr,*8
it Lr u r,,i
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6.21.7 (Continued)

2000 ON:i1 U L
IP( 1CQ' .\L. I) RLTi'Ir ;

CALL 1
IF(VALY.Lr.00)GO) TO 2010
C,))F'=. 5/( D(D!COLEF) kVAfY*O)( I "YTH) ) ** 2
oU P=?P P-A* Q]*COIr I*?.HO( i'P( L( 1 )) , PUP)

20l1 P J2=PUP-1OI f!
flLT')PI

300') .....Wf

LI=L( 1)
L2=L( 2)
AA %=)( ACVF)
, Dj-=3).Z( ,AA%* 4 ./2 )
1) ,r ,T J,=U . ,,(AAA, D1) r, A,3 ( (LI ,T P L I) P(L I)
TL,, i 11=TC(L I

,.L=A3P1.0 , (70 L) L, k 3, )

A CV,, =r,( . IS) /( P/1)V* D OLLTAX)
! %'r.FLI=A3S( P( L1i) ) *J,,L
V., FL 2=A -1S L L2) P * C,!I L
N 3=.,, 17 Ll * C PC%!
32=D(ASFP) UP..IL
\ 5=: F' [, 2" C pP ',,

CT P=S I $,,A*L P3Tl TI*3SIDF*D( A,\AV)
DXV=D( oLL;A/ /2.3
3 1=UF.;!L*) (M " V)
%3=D(U,\V) *7) ( 7,* ' )

IC'T= (. O/R. ,0O1L) * AlS( P ( LI)-1 2) )!CJ*C P FN[

,2=1 °0/( D"(IF 2 ) /(AC.( L2)*C(L2) )+)XV/(ACv, *CV)

1 3=C!"/( oX/, ACVI) +DXP( LI )/AC ( LI )+ R. iF L *
+ D'LP/(D(ACV'i) **2*kL,()IL))

,4 =C F/(rYr)\OCVF) +DXP'(L2)/ACP(L2) +PFL2*

+ )LL'/( !;(ACVI)**2*,k)IrL)
IF(-(L1).G'-,,3.n l) .30 3903
I:' (3 A L. . .00 1 C ,03 ; 9

1 3=10. 0,%3=-I. o
CI.)= RI
F', 1 -- 2 '

,42=0. 0
GO T,) 3009

3006 " 3=( ACVF) *D( 0'0/)
R A 2= R 3 .-
R<4=0. 0
GO TO 3009
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6.21.7 (Continued)

3003 P4=0.0
A\5=0.0
R 4 2 = 0 . 0

3009 CON'TI.AUL
A( I1, 1 ) =B1+A3+*32+!R3+p 4+7,1AcS*CPvul/oIlLur+p4 2+A5

A( 2, 2) =D(VlS) B14DL~+R+R+ +

A( 2, 3)=0.1

A3 , 3 ) =3 0.

\(3, 2)=').
A( 3, 3)=D( P.iASS) *CPpQ/D)I,L.r+32
3(l1)( 3+R4+3+.5) *"( L) +P,iL*CPFN*D( Pi,,C) *CAPTI

+ +:Z4 2* rFP( L2) +F.,iASS*CPt.1*DT(TJ.VF) /DELP
3( 2)=D( ViA,3S)*CV *~(T~)DL .Z*riL1)+1p2*

+ r.( L2) +33 * D(11\) +C I P* D (r: )-C I!i* ( P.r.j) + 46 0.

,(3)=D( PIASS) *CIPL4*.DI(TPv)/DLLT
CALL :3IUL'f-(A,'3,3,ISRROR)
TF( L 2) =13( 1 )
TC(L1)=3( 2)
TC(LE2)=3( 2)

DT ('M-.)=3( 2)
D'r(-rVP)=B( 3)

LAD

BT
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6.22 SUBROUTINE TVALV22

Subroutine TVALV22 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, as shown in Figure 6.22-1.

The valve position is derived from 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 condi-

tions, with various pressure gains.

A fluid volume in the valve is associated with each connecting line.

The subroutine calculates the temperatures of the four fluid volumes and

the temperature of the valve wall.

CON #3 CO #I

L
x+ ye 2

CON f'2 CON #4

FIGURE 6.22-1

TYPE NO. 22 FOUR-WAY VALVE
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6.22.1 Math Model

The thermal math model includes heat transfer to and from four

connecting line segments, as shown in Figure 6.22-2. The valve is

TW(L3)TWIL )

TO(1)

TOM DT (*VW)

X + ye

TOI, t)" W-

TWlL2)- TF(L41

FIGURE 6.22-2
VALVE NODE REPRESENTATION GP77.006$- 14

represented by four fluid nodes and one wall node, and each line is

represented by one fluid and one wall node, DT(TVW). The temperatures

of the valve fluid volume downstrea or upstream of each connecting

line segment are TO(l), TO(2), TO(3), and TO(4). The temperatures of the

fluid and wall nodes of each connecting line segment .re TF(Ll) Lhrough

TF(L4) and TW(Ll) through TW(L4). In a four way valve the fluid can enter

two lines and can leave two lines. To understand the math model
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let us consider the case where the fluid enters connection 1, into

volume 1, flows to volume 2, leaves connection 2, flows through part

of the system, reenters connection 3, Lnto volume 3, flows to volume 4,

and leaves connection 4. These paths are shown in Figure 6.22-3.

The fluid in the four nodes are affected by the fluid in two other nodes.

As shown, the fluid in volume 1 is affected due to losses to volume 3 and

gain from volume 4. The other fluid volumes are affected similarly.

If 1
3 .1

2 -X ---14

FIGURE 6.22-3

FLUID FLOW PATHS

Equations can be ,rritten for fluid node 1 through 4, and for the valve

wall node.

The first four equations represents four modes of heat transfer to

and from the volume fluid nodes.
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1. Heat transfer due to mass transfer into the volume from upstream

of the volume

RMF(l) * CPFN (TF(Ll) - TO(l)) for volume 1

RMF(3) * CPFN (TF(LI) - TO(3)) for volume 3

zero for volumes 2 and 4

where RMF(l) is equal to Q(Ll) * RHIOll, etc.

2. Conduction to and from the fluid node in the connecting line segment.

R(l) * (TF (L(l) - TO(l)) for volume 1

R(3) * (TF (L(3) - TL(3)) for volume 3

where R( ) is the conduction coefficient

and is equal to CF/(D X F (L(I) / ACF (L(I)) +

D X VF / D (ACVF) + RMF (I) * DELT/ (D(ACVF)**

2 * RHOIL)) where I 1 1 for line 1 and 3 for line 3

This term is zero for nodes 2 and 4

lb. Heat transfer due to mass transfer into the volume from

the other three fluid volumes.

RM(4) * CPFN (TO(4) - TO(l)) for volume 1

RMD(I) * CPFN (TO(l) - TO(2)) for volume 2

RMD(5) * CPFN (TO(l) - TO(3)) for volume 3
RMD(2) * CPFN (TO(2) - TO(3))

RMD(6) * CPFN (TO(2) - TO(4)) for volume 4

RMD(3) * CPFN (TO(3) - TO(4))

where RMD(l) * CPFN is equal to QI(l) * CPFN * RHOIL etc.

QI(5) and QI(6) are the leakage flows between volumes one and

three, and two and four, respectively, and are equal to zero
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4. Convection with the wall

U(4) * A(l) * (DT(TVW) - TO(l)) for volume 1

U(l) * A(2) * (DT(TVW) - TO(2)) for volume 2

J(5) * A(3) * (DT(TVW) TO(3)) for volume 3

U(2) A A(3) * (DT(TVW) - TO(3))

U(3) * A(4) * (DT(TVW) - TO(4)) for volume 4
U(6) * A(4) * (DT(TVW) -TO(4))

Where U() is a heat transfer coefficient for volume flow rate

RMD(3) and A(4) is the surface area of volume four and the valve

walls equal to D(ASFV) (or really D(ASFV)/4.0).

5. Hr t addition due to a pressure drop experienced by the fluid.

DCAPT (1) * RMD(l) * CPFN for volume 2

DCAPT (2) * PRffD(2) * CPFN

DCAPT (5) * PMD (5) * CPFN

DCAPT (3) * RMD(3) * CPFN
DCAPT (6) * RMD(6) * CPFN

DCAPT (4) * RIMD(4) * CPFN for volume 1

Where DCAPT(2) is the heat add to volume two due to the pressure

drop bet4een line one and line two equal to (1.0/RHOIL) *

ABS (P(Ll) - P(L2)) / (CJ * CPFN)
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The heat transfer terms combine to produce four equations for heat

balance for the valve four fluid nodes:

For volume one,

tICp * (TlO(l)-To(l) OLD )= RMF()*CPFN*(rFi (u)-,rL(l))+
DELT (*(Fl-Tl)RM()CFN

(TO(4)-TO(l))+U(4)*A(1)*(DT[(TVW)

-TO(l) )+DCAP'(4)*RMD(4)*CPFN

For volume two,

MICp * (TO(2)-TO(2) 'RD

DELT OLD' 1 RM )*CPFN*(TO(l)-TO(2))+
U(1)*A(2)*(DT(TV14)-TO(2))+ (2)

RMD(1)*CPFN+DCAPT (1)

For volume three,

Lfp*('ro((3)-,ro(3) OL =RMF(3*PN(F(3-O3)
DELT OLD' I'F(3)-PFN*('rF(L3) PFN*(3) )

(TO(2)-TO(3) )+RMD(5)*CPFN*('ro(l)-

TO(') )+U(2)*A(3)*(DT(TVW)-

TO(3) )+IJ(5)*A(3)*(DT(TVW4)-TO(3) )+

DCAPT (2)*RfD (2)*CPFN+DCAPT (5)*A

RIID(5)*CPFN

For the fourth fluid volume,

kE,2 (TO(4) -TO(4) LD)= RMD(3)*GPN(TrO(3)-TO(4))pj pj(6)*
DETCPFN*(TO(2)-~TO(4))+lj(3)*A(4)* 

(4)
(DT(TxVW)- rO(4))+ut((,))*A(4)*(DT(TV)-

TO (4 ))+DCAPT (3) *Rtf ( 3) *CPFN+DCAPT (6)
*RMD (6) *CPFN

where all MCp's are equal to F-MASS*CPFN
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The fifth equation represents three modes of heat transfer relative

to the valve wall node;

l(a) Convection with all six internal volume flow rates

U(4)*A(i)*(ro(l)-DT (TVW))+U(1)*A(2)*

(TO(2)-DT(T:W))+(U(2)+U(5))*A (3)*

(TO(3)-DT(TVW))+(U (3)+U (6))*A(4)

* (TO (4)-DT (TVW))

where the U's and A's were defined previously

1(b) Convection with the external atmosphere

D (UAV)*D (ASAV)* (D (TA) -DT (TVW)).

D(UAV)*D(ASAV) is the convection heat transfer

coefficient between the wall and the atmosphere.

2. Conduction with all four connecting lines

RI* (TW(L(I))-DT(TVW))

where RI is the conduction coefficient between

line wall segment I and the valve wall and is equal to,

1.0/(DXF (L (I) /(ACS (LI) *C (LI)+DXVW/(ACVW*CV))

and I designates the Ith (connection) number.

3. Radiation exchange with the surrounding structure is

CIP*(D(TST)-(DT(TVW)+460.)**4).

CIP is the radiation coefficient equal to STGMA*SHAPF*

EPSION*D(ASAV).

These heat transfer reactions combine to produce an equation for

the heat balance in time DELT, for the valve wall node.
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* (DT(TVW)-DT(rvw) oLD= U(4)1*A(1)+(TO(l)-DT(TVW))+
DELT U(1)* (A2)* (TO (2) -DT (TVW))+

(U(2)*U(5))*A(3)*(TO(3)-

DT(TVW))+(1(3)+U(6))* (5)

A(4)* (TO (4) -DT(TVW))+Rl*
4(TW(Ll)-DT(TVW))+ I (Ri*
1=2

(TW(lI,)-DT(TVW))+D(UAV)*D(ASAV)*

(D (TA) -DT (TWV))+CIP* (D (TST)) -

CIP* (DT(TVW)+460. )**4

where MCp is equal to D(VMASS)*CPVW

A thermal model of the above heat transfer terms for the valve is

shown in Figure 6.22-4. Equations (1) through (5) are solved for the

appropriate temperatures.

CALCULATION OF ORIFICE AREAS

Spool and sleeve type servo valves can have a variety of orifice con-

figurations, the most common 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. 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.

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.
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EXIT FLUID
TF(L12-70(2)

TOM2

RW()*(PFN) 2 c R}{D(2)*CPFN

/U(1)* (2) /D(TA) / D(TST)

D(UAV)*(A.%V) LD2*P~
IN~LET M 4)CFU5**CP.2
FLL ID DAT4A(INE

TF(11) MP1 :1

TMRD5* TO(3) /UI()C~

4 RI CF M 5*p

TWf LI) 
() (4 ()A )

RMD(6) ACPFN

MM4*XN- 4C TO(t.) RHD(3)VCPFN)

CPVN*DCAPT(6) FY1 FLUID

'TF(L4) - TO(4)
U( )*A( )-CONVECTION

pJMlI( )*CPF - FLOW

KCp - STORAGE

)XCp - FLOW

R.-D( ) rAZ

FIGURE 6.22-4 GEN4ERATION

R- CONDUCTION

THERMAL MODEL
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The maximum valve area is combined with the discharge coefficient and

the SQRT(2/RIIO) to give an orifice resistance. The formula used to generate

the characteristic curve is

X - (.5 + XT/ (1 + ABS(XT*2)**Y)II(]/Y)

where 0< X< 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 6.22-5.

6.22.2 Assumptions

1. The piston is not considered a node since it is only a storage

device and becomes the same temperature as that of the fluid.

2. The atmospheric and structure temperatures remain constant.

3. All four fluid volumes are the same volume, each 1/4 of the total

volumes inside the valve.

4. The interface conductance between the lines and the valve walls is

infinite, since the limiting condition is conduction in the line itself.

5. The emissivity of the valve walls remain constant at .3, which

is the value for steel.

6. The temperatures of the fluid leaving the valve are equal to the

fluid node temperatures calculated, TO(2) to TO(4).

7. Complete fluid mixing occurs in the fluid volume.

6.22.3 Computational Methods

SECTION 1000

The fluid and wall temperatures are initialized, the external structure

temperature is changed from degrees Farenheit to Rankine and raised to the fourth

power, and the default values are assigned.
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SECTION 2000

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.

The stead; state section is straight forward, the valve pressure

drop is subtracted from the upstream pressure PUP for each call

to a particular connection.

SECTION 3000

Property values are assigned. Dimensions and coefficients are

calculated. The flow direction is determined. (The program is set up

with the flow entering connection line one (Ll) and leaving through connectiot

line four (L4). During the calculation the flow direction is checked.

If the flow has reversed flow direction, the program reassigns connection

numbers so that the flow still enters connection line one). Some

coefficients are then recalculated if the flow is reassigned. A 5x5

matrix is loaded and the mathematical equations are solved for TO(l)

thru TO(4) and DT(TVW) and stored in the B computational array. The

calculated values are assigned to their proper storage lucations and the

boundary conditions assigned to arrays (TC and TF) in common /TRANS/.

6.22.4 Aproximations

1. The valve wall is only one node and is all at the same temperature.

2. The heat transfer coefficients are calculated on the velocity

in the valve, by the function subroutine, UFW.

3. The heat transfer coefficient, external to the valve wall, is

constant and input by the user.
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4. All areas and distances are approximations based on the volume,

the mass, or input data that is appropriate.

6.22.5 Limitations

The current limitation of TVALV22 is the possible need for a

variable orifice coefficient, particularly in the overlap region.

An undesireable feature is the need for tip to four nodes at the

junctions with the lines when all the parts have a significant flow.

Leakage flows between connect was 1 and 3, and 2 and 4 and not computed.

6.22.6 Variable Listing

Variable Description Dimension

A' ) Computational Array

AAA Dummy variable

D(ACVF) Cross sectional area of the valve fluid IN2

ACVN Cross sectional area of the valve walls IN2

ADD Dummy variable

D(ASAV) Surface area - atmosphere to valve IN2

D(ASFV) Surface area - fluid to valve walls IN2

Al,AVG Dummy variables

B( ) Computational array

CIP Dummy variable

CJ Mechanical equivalent of heat FT-LB m/WATTS-SEC

CPVW Specific heat of the valve WATTS-SEC/LB m-F

CV Thermal conductivity of the valve WATTS/IN-0 F

DCAPT( ) Heat added to fluid due to pressure drop or
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Variable Description Dimensions

DDD Dummy variable

D(DELTAX) Distance from entrance to exit or valve IN.
openings

DXVF Distance from a fluid node to the interiace IN.
with a connecting line

DXVW Distance from node to interface of valve
and lines

EPSION Emissiv4 ty factor

FAC Dummy variable

FMASS Fluid mass of each node LB m

I,TERR,IJ,IS Dummy variables

D(ITF) Initial fluid temperature F

D(ITV) Initial valve wall temperature OF

KTYPE Dummy variable

D(LEAK5) Laminar Leakage coefficient PSI/CIS

D(LEAK6) Laminar leakage coefficient PS[/CI

Ll,L2,L3,L4, Dummy Variables
M5,M6,NM

D(MTYPE) Value material type

D(PERC) Percentage heat added to fluid due to
pressuru drop

QI( ) Array of internal volume flow rates CIS

RHOIL Fluid density LB /IN3

RHOV Density of the valve mass 1,B /IN 3

in

RMD(), RMF( ) Computational arrays

RtM'T RlI Dummy varbiblps
R2,R3,R4

SHAPF Shape factor valve case to surrounding
structure, constant, .96

SIGMA Stefan-Boltzmann constant for radiation WATTS/IN2 _, R4
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Variable Description Dimension

D(TA) Temperature of the surrounding atmosphere OF

TEMP1,TERM Dummy variables

TO(I) Array of valve fluid node temperatures OF

T(TST) Temperature of the surrounding structure OF

DT(TVW) Temperature of the valve walls OF

U( ) Heat transfer coefficients internal WATTS/IN 2-F

to the valve walls

D(UAW) Heat transfer coefficient - WATTS/IN - F
atmosphere to valve walls

D (VMASS) Valve mass LB
m

D(VOLUME) Volume inside valve IN3

XT,XV Dummy variables
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6.22.7 S-.broutine Listing

CO1N/TRNNV/P( 300) , A(300) ,C( 300) ,TC 300) ,IS. ( 300) , TF( 300)
+ ,ACi;(31)()),ACS(300) ,DXP( 300) ,TT'in, DLn.P,PI , LIAL,NLI,

C0~ o:/Cf). i,7/ L rY L ( 99) , YC ( 99) , 'QPI..P( 01~) , IND, I hNTP , IALLI.

+ ai, ' Is , 211 P , O 0 , 91( 90 , I L X 90) '~ , T2:< I ', 90)3 , ICO i90 ,
+ fA, 1.m, l, ())qo" ,!Y'2( )E ,NL, ~ 90,I.LW3A390, ILO( 1300)V

CO~ ,10)1 /FWL T'/XTP~tS, CF , CPiFN,, F'Pz.rP, PROP( 13, 3)

D ~I.LI 'P(V, .'f\,, OCA A, 4 6), V"D(S4, 3LL) X , )lq , 5)\8, 1( 5) ,

+ ITP,V0L.L,ACVI;'
D 'k-11AY VA[.IL11:3

+ , 'AV./24,/, PLAC/25/,r~ f/26/ ,'A/27/, ITP/28/, I'V/29/ ,ACVP/23I
+ ,LdA:0/3 1/1, L5 L'RNQ32/

C Y'ARAW~ V\VIMWL1.

IP(IKJ~)1101,20100,3000

c '9LLTAX =AVL &I\ !L )1:TAICL FEW. OIL I Q3LLT Tu \:7)PLs I W L'

711 V72 C~i TS()\C.~..\~ * A.i';1L. 'f
c V; P v a?'* .. Ur'PYCt AM-LA (P [AlT0 '10 C \.L( I 'CLU7)I '. i1.-T'). M L%\

C PL .C =PL 'CL t,\G OPC- Cl' i ,AT VV, 01 f)0 'LIJ I? OU TO PL22,'IJd I,, 0tC
c -I ( I) =F3~I,! VALL z'v'9., I T9 I+1 Cl .

C irYPL =NVI .ATIL'Y'QL
C VOLA =T Z.TU '17JfAJa )r LTI l3) IZ W1\L\IL

C L()='W uil~OF X ;)'iTA PT:;.
LL=( L( 5)+7) /!
L( 7)=33+LL*3
14 ( E3 3

z~iV= !~O ( 'T? ?L, 2)

YJ0 1119 1=1,4
LI=L( I )
TC ( L I) =)( Il2V)
'Tl( LI) =Pl( ITF')

DT ( A 71)=LD( ; V) 14

IF ( P1)()(V . 1.,.+0. ) **4 = 06

2000 CWiTIJUL 1
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6.22.7 (Continued)

F.'C=r)(\J+2) *RI(2./RIIoJ(Tr( w4 icoo)) ,PUP))* *65
XT=)( N+1 ) -0( N)

I P( X-T. LlQ. 0. 0) n~=' 0001
I F ( ['AC. LL. o..0) FAC=. 0 03001.
CA [L IWT R (T 1, 1L , 0( L )0 (L ( 7,1, 5)XV,I PfIR)
XT=( XV-AV(3)/X2

+ )))+.0001

%0Q FOP~mAT (1IJX, 110,6 1,12.5 )
PU P= PJPrS * ( ')A/Tb, ) **

"I (0 CICOTI) =

L1=L( 1 )
L2=L( 2)
CPV-,=PROP( "\TYPL , 1)
PhOV=PvOP( X<TYPL , 2)
CV=PROP( KTYPL , 3)
L.3=L( 3)
r,4=L( 'l)

')1 (6) =0) .
TO(5)=To(1)
TO'( 6 ) =TO( ? )
;JOE T,=325. 4 *Riao( ( rO)( 1) +TO( 2) *-TG( 3) 4TOIa( 4) /4, 0, (P( L1) +P( L2)

++P(L3))/3.)

,1=LD( U7AV) *D( \%SAV)
F'i:A3S=)(VOLU.l1 ) *1oV)TL/4. 1)
CI P=I.A3.)P*/A ,J ( AS!V)
WWV~=)(V.ASS)/( PilV)V*D( DLLrA,()
DXW = 1) Dlr 4P.A N)/2. 0
9y'P= D(7 9L LPAX)/4 .

R 2 =1 .0/( r(F 1, 2)/AC. [.3) ~C L3 2) + D)X V%/ (AC W C V))
r=10/DX~(LI)(A , \1 -(L4 +X ,;/(A Cv*C V))

DO 3003 1=1,4
DO) 3003 -7=1, 3

DO 3006 I=1,5
O 3006 J1=1,5

3 (0 ,. ) .3 1 0

DDD=3'?PPf( AAA* 4./PI
.,5=4
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6.22.7 (Continued)

.i5=5
1.3=!

3009 DO 3400 1=1,4
4=L(I )
RAOIL=396. 4*..,O( r,( I) P(, o"

R.,F( I ) =.'( t ) *1uO1 U
IN(R iF(1I) . Ll.0. 0) R.1F(1I)=0. 0
,- ( I )=CF/( D4PF( L( I ) )/ACP"( [,(I) +DXVP;/D( ACVF) +[,',F( ! 1

+ Di. Lr/( r( Cvr')"1*2*Ri101 L))

3193 ',= (1)*RHOIL
IF( R,"T.['. . .) " ,I=.0
UJ( I , I ) =OF,, ( AAkA, DDO, US [( )I I ) T0( I),D ,,
T. P1 =D't(r\.4)

IF ( P ,T. GL. 0. , . ( 1, 1 = 0. 3

310 6 ,V5)* IirAL

U(I1, l'5)='iF~( \A, DO, Y2V-,(I(15.6) ) ,'PO(.),PL( 5))
I 1' %,P. L . 0.0) '(I41T = .0

(),NAN, 2)=) , I f 1 , ) )T

+ ( * , ;6)=+( J( ,L)+, ,)+' (. Jl .. ) ,O(i) )

, , 3 ) =A IS( d, IT)
:O 'r) 3 3 n1

3200 "R.,'P=((,0)LOI

I, I.P.S ) o. ) 1 , 2) )= .

., ( I,) T

I'1( ,[)=..\:) *CP1./%, L) *.\+(, .( I I)PF+ .)/(IJ )*CP? : ,;P,."),3

= +*CPL2+3(I)
, ,. 13,:I 4::I 2

iF( I.GT.2) 11=,-21

CA( I, IJ )= ( , '/.jI), 3) *CP()/
1!' 1 . L.,) kA43 P) IJ(C1* PFl

A .( 1, 15):- . 1, _ *CPp 'l

S IF( I.G' ' . 2) ; =L(I-2)

2A( -kD(ASFV)
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6.22.7 (Continued)

3( 1)=F,lASS*CPPN*TrO( I)/DL[P'+R,-tD(1, 1) *CPFII*D( PLRC) *rCAPP( 1, 1)+
+ ~ID(,2)cpP*DCpr(, 5)*D(PLiTC)+n ,i)(,3)*D(PLRC)*DC,-pIT(I,j!6)*

3410 CO:XTI.4UL
A5, 5)=A5, 5) +D( V.IA 3)*CP\vw/Df'LT+R11+-.'24 ,(34 fl4+Al

3( S)=)( ViiAS3) *CPVI *r'(VW4)/D ,LT+P\1*T1V,( [A) -P2*T ( L2)+
+ R 3*Tw ( L3) +R 4*N ( L4 )+C IP* D(TST)-C IP*( (Dlr(TV,,) + 4 0.)*4
4 +A1*D(TA)

CALL SI,'UJLr(A,3,,5,IbRP0P)
DO 3500 ,i=1,4

To'( .) =13 (.%.)
0. (N) 01

3500 PTC( 4,0)=3 ( 5)
DT -2VW)=( 5)
P LPURN'
L : 1
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6.31 SUBROUTINE TCVAL31

TCVAL31 simulates a simple undamped check valve as shown in Figure 6.31-1.

Although the actual mechanical configurations of these values vary greatly,

the basic method of operation remains the same. The subroucine calcul"tes

the valve wall temperature, the valve fluid temperature, and the valve

poppet temperature.

Connection No. 1
Connection No. 2

~Free

0.1 
Flow

Inlet I.D.- -Outlet I.D.

FIGURE 6.31-1
TYPE NO. 31 CHECK VALVE
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6.31.1 Math Model

A check valve has a variable geometry orifice, which is opened

for forward flow and closed for reverse flow. The thermal math model for

the check valve includes heat transfer to and from two connecting line

segments, one upstream and one downstream. Seven nodes are considered:

three fluid nodes, three wall nodes, and one poppet node.

Temperature nodes are indicated in Figure 6.31-2. For forward flow

the temperatures of the upstream line segment wall and fluid nodes are TW(LI)

and TF(Ll), the temperatures of the valve wall and fluid nodes are DT(TV) and

DT(TVF), the temperature of the poppet node is DT(TP), and the temperatures

of the downstream line segment wall and fluid nodes ate TW(L2) and TF(L2).

Three heat balance equations are written to solve for DT(TV), DT(TVF), and DT(TP),

using the valve and line material properties and dimensions, the atmosphere

and structure temperatures external to the valve, and TW(Ll), TW(L2), and TF(LI).

(Note TF(L2) = DT(TVF), see assumptions). One equation is a heat balance for

the valve fluid node. The second equation is a heat balance for the valve

wall node. The third equation is a heat balance for the poppet.

DT (TV)

Free
Flow

FIGURE 6.31-2

CHECK VALVE NODE REPRESENTATION
OP77-006S.3
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The first equation represents three modes of heat transfer relative

to the fluid node:

1. Heat transfer due to mass transfer into the valve from

upstream of the valve

B4 * (TF(Ll) - DT(TVF))

where B4 is equal to RMF(l) *CPFN

2. convection to or from the valve walls and poppet

Bl * (DT(TV) - DT(TVF))

B2 * (DT(TP) - DT(TVF)) respectively.

where Bl and B2 are convection coefficients and are equal

to UFWIL * D(ASFV) and UF14IL * D(ASFP)

3. heat addition due to a pressure drop across the valve

B4 * DCAPT * D(PERC) = ].O/RIIOIL*(P(Ll) - P(L2))/

(CJ * CPFN) * D(PERC)*B4

If the fluid experiences a substantial pressure d-op across

the valve (greater than 100 psi) then there is heat added

directly to the fluid due to this pressure change.

The above heat transfer terms are combined to produce the equation for

heat balance for the valve fluid node:

MC * (DT(TVF) - DT(TVF)o) = B4*(TF(Ll) - DT(TVF))
DELTOL + dl*(DT(TV) - uT(TVF)) (1)

-V. /*(iT(T) - uT(XVF))

+ B4wDUAPT * D(PERC)

where MCp is equal to FMASS * CPEN

The second equation represents three modes of heat transfer relative

to the valve wall node:
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1. conduction to or from the upstream and downstream line

wall nodes

R3 * (TW(Ll) - DT(TV))

R4 * (TW(L2) - DT(TV))

where R3 and R4 are the conduction coefficients are

equal to 1.0/(DXF(Ll)/(ACF(Ll)*C(Ll)) + DXV (ACV * CV))

where I = 1 for R3 and 2 for P4

2. (a) convection to or from the fluid in the valve

Bl * (DT(TVF) - DT(TV))

where: B1 was described previously

2. (b) convection to or from the external atmosphere

B3 * (D(TA) - DT(TV))

where B3 is the convection coefficient and is equal to

D(UAV) * D(ASAV)

3. radiation exchange with the surrounding structure

CIP * (D(TST) - (DT(TVW) + 460) **4)

where CIP is the radiation coefficient and is equal

to SIGMA * SHAPF * EPSION * D(ASAV)

These heat transfer modes are combined to produce the equation for heat

balance for the valve wall node.

iC_. *DELT (D'r(TV) - DT(TV)o) = B1*(DT(TVF) - DT('rV))+R3*(TW(Ll)-DT(TV))

DELT OLD
+ R4*(TW(L2) - DT(TV))+B3*(D(TA)-DT(TV)) (2)

+ CIP*D(TST) - CIP*(DT(TV)+460.)**4

where MCp is equal to D(VMASS) * CPVN
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The third equation represents a heat balance for the poppet:

TCp * (DT(TP) - DT(TP)o) = B2*(DT(TVF) - DT(TP)) (3)
DELT OLD

where B2 is a convection coefficient and was described

previously, and MCp is equal Lo D(T PMASS)*CPPN

Equations (1), (2), and (3) are solved for the appropriate

temperatures.

For reverse flow as shown in Figure 6.31-3 for the connecting lines

are reversed. Three equations can also be written to solve for DT(TVF),

DT(TV) and DT(TP).

-DT (TV)

F Flow

TF (1-2) \-TF (1-1)
DT (Tp). _DT (TVF)

FIGURE 6.31-3

NODE REPRESENTATION FOR REVERSE FLOW

The first equation represents two modes of heat transfer relative

to the valve fluid node:

1. conduction to or from upstream connecting line

Rl*(DT(TVF) - TF(Ll))

where RI is the conduction coefficient and is equal to

CF/(DXF(Ll)/ACF(LI) + DXV/ACFV +RMF(l)*DELT/(ACVF

**2*RIIOIL))

6.31-5



2. convection to or from the valve wall and poppet nodes

respectively

BI*(DT(TV) - DT(TVF))

B2*(DT(TP) - DT(TVF))

where Bi and B2 were defined previously

The above heat transfer modes are combined to produce the heat

balance equation for the valve fluid node when flow is by the valve.

* (DT(TVF) - DT(TVF)oLD) = Bl*(DT(TV) - DT(TVF))
DELT

+ Bl*(DT(TP) - DT(rVF)) (4)

+ RI*(TF(LI) - DT(TVF)

with all terms previously defend.

The second equation is the same as Equation (2) for a heat

balance for the valve wall node.

The third equation includes convection between the poppet, and

the downstream linte fluid node

ICp * (DT(TP) - DT(TP)o) = B2*(DT(TVF) - DT(TP))
DELT OLD

+ B5*(TF(L2) - DT(TP) (5)

where B2 was defined previously and B5 is equal to

D (UAV)*ACF(L2)

Equations (2), (4), and (5) are solved for the appropriate

temperatures.

A thermal model of the heat transfer terms for the check valve with

forward flow is shown in Figure 6.31-4.
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B4*DCAPT

INLET EXIT

FLUID FLUID

TF(L1) .- B4 D-,TF(L2)=

DT(TFVF)T(L2) 

DT(TV 
) ,

R4 BI B2

DT(TV) DT(TP)

T(L).-R3 v4 pG

B3 CIP BN = CONVECTION

D(TA) \D(TST) 
B4 FLOW
MnCp = STORAGE

CIP = RADIATION
B4*DCAPT = GENERATION

FIGURE 6.31-4

THERMAL MODEL

FORWARD FLOW

The hydraulic math model used to calculate the steady state pressure

drop assumes a straight line flow/pressure drop characteristic between the

cracking pressure and the fully open position. The cracking pressure drop is

set eq;,al to the inlet area divided by the spring preload and the slope, DT(5),

is set to the change in pressure required to fully open the poppet divided by

the flow at that condition which is

DT(4) = D(1)*CV*SQRT(DT(2)*AHO( )/2.0) (6)

where D(1) is considered to he the maximum valve area.

The orifice resistance at the fully open position, is used when the

flow exceeds DT(4). Figure 6.31-5 shows graphically how this is done.
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Pressure

t Slope =DT(5)PUr()0-2 P = DTr(3) .Q.2

/
/I A /

DT (1) A DT (2)

DT(4) Flow OF75 0270

FIGURE 6.31-5

VAL31 STEADY T: P.,;SSURE DR[OP CLARACTERISTICS

6.31.2 Assumptions -

1. There is no conduction between the poppet and the walls since there

is little contact area and the poppet is completely submerged in

oil

2. The interface conductance between the valve and line walls is infinite

3. The atmosphere and structure temperatures remain constant

4. The emissivity of the wall material is a constant, .3

5. No friction is generated when the poppec moves.

6. The fluid exiting from the check valve is equal to DT(TVF)

7. There is complete mixing of the fluids in the fluid volume.
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6.31.3 Computational Methods

SECTION 1000

The fluid and wall temperatures are initialized, the external

structure temperature is changed from degrees Farenheit to Rankine and

raised to the fourth power, and the default values are assigned.

SECTION 2000

This scction is called from TLEGCAL via COMPE using CON #i,

if tile check valve is connected so that the free flow direction is the same as

the positive flow in the leg, or CON #2 if the valve is in backwards. When

the valve is closed

L(3) = 1 and QS = -1 or ((3) = 6 and QS = 1

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

When the valve is fully open (ENTR = 1, QS = 1, or IENTR = 2, QS = -])

plus Q>DT(4), the valve orifice impedance DT(3) is multiplied by the QA**2

term to obtain a pressure drop used in TLEGCAL.

With the same basic conditions but with Ql > 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 as a pressure drop or rise.

SECTION 3000

Property values are assigned. Dimensions and coefficients are calculated.

The flow direction is determined. (The program is set up with the flow entering

connection line one (Ll) and icaing through connection line two (L2). During the
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calculation the flow direction is checked. If the flow has reversed flow

direction, the program reassigns connection numbers so that the flow still

enters connection line one). Some coefficients are then recalculated if the

flow is reassigned. A 3x3 matrix is loaded and the mathematical equations

are solved for DT(TVF), DT(TV) and DT(TP) and stored in the B computational

array. The calculated values are assigned to their proper storage locations

and the boundary conditions are assigned to arrays in COMiON /TRANS/.

6.31.4 Approximations

1. The distance from the valve wall node to the interface of the valve

and tube wall is approximated by

DXV = (D(VLENGTH)/2.0)

2. The cross sectional area of the valve walls

ACV = D(VMASS)/(D(VENGT1H)*RHOV))

3. The check valve wall is treated as one node, thus the entire

valve is at the same temperature

4. The shape factors is constant at .96 as described in Section 2.0

of this manual.

6.31.5 Limitations - Not applicable.

6.31.6 Variable Listing

Var able Description Dimension

A( ) Computational Array

AAA Dummy Variable

ACFV Cross Sectional Area of the Fluid in IN2

value

ACV Cross Section Area of the Valve Wall IN2

D(ASAV) External Surface Area IN 2

D(ASFP) Poppet Surface Area IN

D(ASFV) Internal Check Valve Surface Area IN2  TN
2
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VAUABLE DLESCRJTION raMN

B( ) Computational Array

B1, B2, B3, B4, Dummy Variables
B5

CIP Radiation Coefficient WATTS/ 0R4

CJ Mechanical Equivalent of Heat IN-LB /WATTS-SEC
m

CPPN Specific Heat of Check Valve WATTS-SEC/LBm- F

CPVN Specific Heat of the PoppEt WATTS-SEC/LB M-F

CV Conductivity of the Valve WATTS/IN-OF

DCAPT Heat Added Due to Pressure Drop OF

DDD Dummy Variables

DXV Distance from Valve Wall Mode to IN
Line Wall Interface

EPSION Emissivity Factor

FUASS Fluid Mass LB

D(ITF) Initial Fluid Temperature OF

D(TTV) Initial Valve Temperature OF

KTYPE Duiuny Variable

D(MTYPE) Valve Material Type --

NTYPE Dummy Variable

D(PERC) Percentage Heat Added to Fluid Due to AP --

PMASS Fluid Mass in Valve LB
m

D(PTYPE) Poppet Material Type --

RHOIL Fluid Density LBm/IN3

RHOV Valve Wall Density LBm/IN3

RMF,R3,R4 Dummy Variables

SHAPF Shape Factor, Valve Walls to Surroundings --

SIGMA Stefan - Boltzmann Constant WATTS/IN - R4

D(TA) Surrounding Ambient Temperature OF
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Variable Description Dimension

TEMP1,TFO, Dummy Variables
TFOO

DT(TP) Poppet Temperature OF

D(TPMASS) Poppet Mass LB

D(TST) Surrounding Structure Temperature "F

DT(TV) Valve Wall Temperature OF

DT(TVF) Fluid Temperature in the Vaive OF

D(UAV) Heat Transfer Coefficient - External to WATTS/IN 2 - T

Valve Wall

UFWIL Heat Transfer Coefficient - Fluid to Valve WATTS/0N 2-0F
Wall

D(VLENGTH) Valve Length IN

D(VMASS) Valve Mass LFm

D(VOLI) Volume of Fluid Inside Valve Ih3

For variables in common refer to Paragraph 3.3.
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6.31.7 3UBROUTTNE LISTING
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6.31.7 (Continued)
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6.31.7 (Continued)
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6.41 SUBROUTINE TREST41

TREST41 simulaves a fixed, two-way orifice restrictor with two

connecting lines as sketched in Figure 6.41-1. The same discharge

coefficient is assumed for flow in either direction so that the unit may

be installed backwards, i.e., eiLher end may be the entering line.

This subroutine calculates the temnerature of the fluid in the

restrictor, and the temperature of the restrictor wall.

Connection No. 1 Connection No. 2

SFlow

LOrifice Diameter

FIGURE 6.41-1

TYPE NO. 41 ORIFICE RESTRICTOR

6.41-1



6.41.1 Math Model - The thermal ,ath model for the restrictor includes heat

transfer to and from two line segments, one upstream and one downstream.

Six nodes are considered: three fluid nodes and three wall nodes (as shown

in Figure 6.41.2). The temperatures of the upstream line segment wall and

fluid nodes are TW(LI) and TF(L]), the temperatures of the restrictor

TF I(l) (LTF) TF (L2)Flow 0

Upstream Restrictor Downstream
Line Segment Line Segment

FIGURE 6.41-2
RESTRICTOR AND CONNECTOR NODE REPRESENTATION

GP77-OO65.8

wall and fluid nodes are DT(LTC) and DT(LTF), and the temperature of the

downstream line segment wall and fluid nodes are TW(L2) and TF(L2). Two

heat balance equations are written to solve for DT(LTF) and Dr(LTC),

using the restrictor and connecting line material properties and dimensions,

the atmosphere and struccure temperatures external to the restrictor, and

TW(LI), TW(L2), and TF(LI). (Note: TF(L2) = DT(LTF), see assumptions).
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One equation is for heat transferred to and from the restrictor fluid

node. The other equation Is for the heat balance for the restrictor

wall node.

The first equation represents four modes of heat transfer relative

to the restrictor fluid node:

1. conduction to and from the upstream line segment fluid node

Rl * (TF(LI) - DT(LTF))

where RI is the conduction coefficient between the fluids,

and is equal to CF/(DXF(L!)/ACF(LI) + DXR/ACFR +

RMFLl * DELT/(ACFR**2*RHOIL))

2. convection with the restrictor wall node

Bi * (DT(LTC) - DT(LTF))

where BI is the convection coefficient between the fluid

and the wall and is equal to UFWIL*ASFR

3. heat transfer due to mass transfer into the restrictor

node from the upstream of the restrictor node

Cp*(TF(Ll)-DT(LTF))

where MCp is the flow rate and is equal to Q(Ll)*RHOIL*CPFN

4. heat transfer due to a pressure drop across the orifice

MCp*DCAPT*D (PERC)

where DCAPT is the temperature rise due to a pressure drop

and is equal to (I.O/R!IOIL)*(P(Ll) - P(L2))/(CJ * CPFN)

These heat transfer terms are combined to produce the equation for heat

balance for the restrictor fluid:

MCp(DT(LTF)-DT(LTF) OLD ) = Rl*(TF(Ll) -DT(LTF)+Bl*(DT(LTC)-DT(LTF))+

MCp*(TF(Ll)-DT(LTF))+ MCp*DCAPT*D(PERC) (1)

where MCp is equal to DT(RlM)*CPFN.
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The second equation represents four nodes of heat transfer relative

to the restrictor wall node:

la. conduction to and from the upstream line segment wail

R3 * (TW(Li) - DT(LTC))

where R3 is Lhe conduction coefficient and is equal to

1.0/(DXF (Ll) / (ACW(Ll)*C (Ll))+DXR/(DT (ACWR) *CR))

lb. conduction to and from the downstream line scgment wall

R4 * (TW(L2) - DT(LTC))

where R4 is the conduction coefficient and is equal

to l.O/(DXF(L2) /(ACW(L2)*C (L2))+DXR/(DT(ACWR)*CR))

2a. convection to and from the restrictor fluid

BI * (DT(LTF) - DT(LTC))

where B1 is the convection coefficiert, defined previously

2b. convection to and from the external atmosphere

B2 * (D(TA) - DT(LTC))

where B2 is the convection coefficient and is equal to

D(UAR) * D(ASAR)

3. radiation exchange with the surrounding structure

CIP* (I, (TST) -(DT (LTC) +460.0) 4 )

where CIP is the radiation coefficient and is equal to

STG,MA.-,, EPSION*S1IAPF*D (ASAR)

These heat transfer terms are combined to produce the equation for heat

balance for the restrictor wall node:

Mcp (DT (LTC)-DT (LTC) OLD ) = R3* (TW (Ll) -DT (LTC))4+R4* (TW(L2) -DT (LTC))
DELT + Bl*(DT(LTF)-DT(LTC))+B2*(D (TA)-DT(LTC)) (2)

+ ClP*D (TST) -CI P* (DT (LTC)+460.)**4)

where MCp is equal to RNASS*CPWR
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A thermal model of the above heat transfer terms for the restrictor

is shown in Figure 6.41-3. Equations (1) and (2) are solved simultaneously

for the fluid and component wall temperatures.

C*I)CAPT

EXIT

INLET FLUID
FLUID M TF(L2)=

TF(LI) R R _ C "4 DT(LTC)

DT (LTF)

B!

DT (LTC)
TW (L)@ R3 R4 ,TW(1.2)

B2 CIP
BN = CONVECTION

D(TA)/ D(TST) RN = CONDUCTION
MnCP = STORAGE

MCP = FLOW
CIP = RADIATION

FIGURE 6.41-3 MCp*DCAPT = GENERATION

THERMAL MODEL

in the hydraulic math model, the basic equation for flow through

an orifice is used to compute the orifice pressure drop.

AP = Ql**2*R1O( )/(D(13)*D(12)**2*2) (3)

w ,ere Ql - flow (CIS)

RO = fluid density (LB-SEC2 IIN )

P(i3) = orifice area (IN**2)

DK, ) = discharge coefficient

pressure drop (PSI)

6.41-5



6.41.2 Assumptions - The following assumptions are made to write

equations (1) and (2) discussed in Section 6.41.1.

1. The temperature of the fluid leaving the restrictor is equal to

the restrictor fluid node temperature, DT(LTF)

2. The pressure drop across the resteictor orifice raises the tempera-

ture of the restrictor fluid, not the temperature of the restrictor

wall.

3. The temperatures of the atmosphere and structure surrounding the

restrictor are constant.

4. The emissivity of the wall material is constant. (.3 for steel)

5. The interface conductance between the restrictor wall and line walls

is infinite.

6. The discharge coefficient is considered the same in either flow

direction.

7. Complete fluid mixing in the restrictor volume.
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6.41.3 Computation Methods

SECTION 1000

The fluid and wall temperatures are initialized; the external structure

temperature is changed from degrees Farenheit to Rankine and raised to

the fourth power, and the default values are assigned.

The input orifice diameter D(13) is converted to an area and a steady

state orifice equation constant is calculated using the formula:

D(13) = l./((D(13)*D(12))**2*2)

SECTION 2000

The pressure drop through the orifice is computed using equation (4).

PUP = PUP - Ql*QA*RIIO(TF(Ll)),PUP)*D(13) (4)

where PUP = upstream pressure

QA = absolute value of Q1

SECTION 3000

Property values are assigned. Dimensions and coefficients are cal-

culated and the flow direction is determined. (The program is set up

with the flow entering connection line one (L1) and leaving through connection

line two (L2). During the calculation the flow direction is checked. If

the flow has reversed flow direction, the program reassigns connection

numbers so that the flow still enters connection line cne). Some coefficients

are then recalculated if the flow is reassigned. A 2x2 matrix is loaded

and the mathematical equations are solved for DT(LTF) and DT(LTC) and stored

in the B computational array. The calculated values are assigned to their

proper storage locations and the boundary conditions are assigned to arrays

TC and TF in COMMON /TRANS/ for distribution throughout the entire program.
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6.41.4 Approximations

i. The shape factor is 0.96 (described in Section 2.0).

2. The coefficient for heat transfer between the wall and

the external atmosphere is assumed equal to .0069,

if not input by tile user.

6.41.5 Limitations

The subroutine is limited to fixed two way restrictors having the

same discharge coefficient for flow in either direction.

6.41.6 Variable Listing

Variable Description Dimension

A( ) Computational Array

AAA Dummy variable

ACFR Cross sectional area of the fluid in IN2

restrictor

DT(ALWR) Cross sectional area of the restrictor IN2

walls

D(ASAR) Surface area surrounding atmosphere IN2

to case

ASFR Surface area of the fluid and wall N

Al,A2 Dummy variables

B( ) Computational array

BL,B2, Dummy variables
B3,B4

CIP Radiation coefficient WATTS/OR4

CJ Mechanical equivalent of heat FT-LB m/WATTS-SEC

CPRW Specific heat of the wall WATTS-SEC/B- 0 F

CR Thermal conductivity of the wall WATTS/IN-0 F

Cl Dummy variable
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Variable Description Dimension

DCAPT Heat added to fluid due to pressure OF

change

DDD Dummy variable

D(DIA) Orifice diameter IN2

DXR Distance from wall node to interface TN

with the connecting line segment

EPSION Emissivity factor for the walls

IERROR Dummy variable

D(ITC) Initial temperature of the wall OF

D(ITF) Initial teiperature of the fluid F

DT(LTC) Restrictor wall temperature OF

DT(LTF) Restrictoc fluid temperature OF

L,L2 Addresses of leg and component data --

M. YPE Dummy variable

D(PERC) Percentage heat DCAPT, added to fluid

DT(RFM) Mass of the fluid LBm

RHOIL Fluid density LB /IN 3

RHOR Density of the restrictor wall LB mIN 3

D(RLENGT) Length of restrictor IN

D(RMASS) Mass of the restrictor LB

RMFLl Entering mass flow rate LB m/SEC

RMFL2 Exiting mass flow rate LB m/SEC

D(RTYPE) Material type

RI,R3,R4 Dummy variables

SHAPF Shape factor walls to surrounding structure --

SIGMA Stefan-Boltzmann constant for radiation WATTS/IN 2-R4
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Variable Description Dimension

DT(SPMAFR), Dummy variables
DT (SPMAR)

D(TA) Surrounding atmospheric temperature 0F

D(TST) Surrounding structure temperature oil

D(UAR) Heat transfer coefficient (surrounding W.TTS/TN 2-F
atmosphere to walls)

UFWIL Heat transfer coefficient for fluid WATTS/IN2_,F
to walls

D(VOLF) Volume of fluid in restrictor IN3
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6.41.7 Subroutine ListinF,
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6.41.7 (Continued)
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6.41.7 (Continued)

+ D('PA)+CIp*D)(r&, )-C1
CALL IULT(A,',2,IiA:<Oia)
PT( LTC) ='( 2)
)T(LTF)=3( 1)
T'( L2) =3 ( 1)
PC( Ll)='3( 2)
rC(L2)=31(2)
I ,URN

L,4 -
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6.51 Subroutine TPUl4P51

Subroutine TPUMP51 simulates a variable displacement inline piston

pump sketched in Figure 6.51-1 .The subroutiiie calculates the temperatures

of the exit fluid, the inlet chamber fluid, the case fluid, the internal

moving parts (assumed one node), and the pump walls.

Connection Rotating Group Pump Port M,nifold Connection No. 2

No. 1- --- Volume of
Outlet

VolumeChamber
of Inlet To Case

Chamber
0

\-Pump Barrel

-Compensator Valve

Hanger Actuator
7" - ,, I-angjer .

Case Volume
Pump Case /

Mass Cunnector 141. 3-/

FIGURE 6.51-1
TYPE NO. 51 PRESSURE REGULATED VARIABLE

DISPLACEMENT PUMP GP77 oD65.,,
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6.51.1 Math Model

Tile thermal marh model for the pump includes heat transfer to

and from three connecting line segments, one upstream, one downstream and

one at the case drain. Thirteen nodes are considered: six fluid nodes,

six wall nodes, and one node for the internal moving parts of the pump,

called the piston node (as shown in Figure 6.51-2). The pump consists of

TILI) -DTTBN) DT(TCN) DT(TFP2) TF(L2)

+ \-DT(TFP3)

-TWIL3)

-TF(L3)

FIGURE 6.51-2

TYPE NO. 51 PRESSURE REGULATED VARIABLE DISPLACEMENT PUMP
AND LINE NODE REPRESENTATION

OP77.065.22

seven nodes: three fluid (one inlet, one outlet, and one case), three wails,

one inlet, one outlet, and one around the case drain, and one node for the

internal moving parts of the pump, the piston.

The temperatures of the three line segment nodes are TF(Ll) and TW(Ll),

TF(L2) and TW(L2), and TF(L3) and TW(L3) for the inlet segment, exit segment,

and case drain line segment fluid and wall nodes respectively. The pump
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inlet volume temperature is DT(TFPl), exit volume temperature is DT(TFP2),

the case drain fluid volume temperature is by DT(TFP3), the pump wall

temperature, around the inlet, is denoted by DT(TBN), the wall temperature

around the exit is DT(TCN), the wall temperature around the case drain is

DT(TDN), and the pistons temperature denoted by DT(TPN).

Seven heat balance equations are written to solve for the seven pump

node temperatures, using the pump and line segment material properties

and dimensions, the atmosphere and structure temperatures external to

the pump, and TF(Ll), TW(Ll), TW(Ll), TW(L2) and TW(L3). (Note TF(L2) =

DT(TFP2) and TF(L3) = DT(TFP3), see assumptions).

The first equation represents three modes of heat transfer relative

to the pump inlet fluid volume (the volume within the wall node DT(TBN)).

1. Heat transfer due to mass transfer into the pump volume from the

upstream line segment.

MCp* (TF (Ll)-DT (TFPl))

where MCp is equal to Q(L1)*RHOIL*CPFN

2. Convection to or from the pump walls around the inlet volume

BI* (DT (TBN) ~;T (TFPI))

where Bl is equal to D(UPIB)*ASPIB, a convection coefficient.

3. Conduction to or from the upstream fluid line segment

Rl* (TF(Ll)-DT (TFPl))

Rl is the conduction coefficient equal to

CF/(DXF(Ll)/ACF(Ll)+DXPl/ACPl+(RMFL*DELT)/ (ACF (Ll)**2*RIIOIL) )

where RMFLl=Q(Ll)*RHOIL

These three heat transfer modes then combine to produce the heat

balance equation for the pump inlet fluid node.
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!cp *(DT(TFPl)-DT(TFPl)oLD) = (Rl+MCp)*(TF(Ll)-DT(TFPl))+
DELT

Bl* (DT (TBN)-DT (TFPl))

with MCp equal to FMASS1*CPFN

The second equation represents three modes of heat transfer relative

to exit volume two (the volume within wall node DT(TCN) of the pump manifold).

la. Convection Lo or from the piston node.

B33* (DT (TPN) -DT (TFP2))

where B3 is the convection coefficient equal to D(UP2P)*ASP2P.

lb. Convection to or from the pump walls at the exit chamber of

the pump manifold, node DT(TCN)

B8* (DT(TCN) -DT(TFP2))

where B8 is equal to UP2C*ASP2C

2. Heat transfer due to mass transfer into the fluid volume from

the inlet volume.

MCp* (DT(TFPl)-DT(TFP2))

where Cp is equal to Q(L2)*RIIOIL*CPFN

3. Hleet added directly to the fluid due to compression, friction,

and the piston moving parts.

D(IITREJ)*. 323

where D(HIREJ) is defined in the Technical Summary.

These heat transfer modes are combined to produce the heat balanace

equation for the pump exit fluid node.

MCp *(DT(TFP2)-DT('FP 2 )oID) = B3*(DT(TPN)-DT(TFP1)) + MiCp* (2)
DELT

(DT(TFP1)-DT(TFP2)) + .323 * D(iilTREJ)

+B8*(DT(TCN)-DT(TFP2))

The third equation represents three modes of heat transfer relative to

volume three within the pump case.
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1. Heat transfer due to mass transfer into the case volume three

from the inlet, and exit volumes respectively. (Leakage flows).

DT(QLEAKl)*CPFN*(DT(TFPI)-DT(TFP3)) and

DT (QLEAK2) *CPFN* (DT (TFP2) -DT (TFP3))

where DT(QLEAK1) is equal to I)(COECIN)*(P(LI)-P(L3)) and

DT(QLEAK2) is equal to D(COEPLK)*(P(L2)-P(L3)).

2a. Convection to or from the pump mass node around the case.

B5*(DT(TDN)-DT(TFP3))

and B5 is equal to UP3D*ASP3D

2b. Convection to or from the piston mass node

B2* (DT (TPN)-DT (TFP3))

where B2 is equal to UP3D*ASP3P

3. Heat added to the fluid due to the heat rejection term

.24*D(HTREJ)

where D(HTREJ) was defined previously.

These heat transfer terms combine to produce the heat balance

equation for the fluid volume 3 in the case drain.

MCp *(DT(TFP3)-DT(TFP3)oLD) = DT(QLEAKI)*CPFN*(DT(TFP1)-DT(TFP3)) (3)
DELT

+DT(QLEAK2)*CPFN*(DT(TFP2)-DT(TFP3))

+B2* (DT (TPN)-DT(TFP3) )+B5*(DT(TDN)-

DT(TFP3)) + .24*D(HTREJ)

where MCp is equal to FMASS3*CPFN

The fourth equation represents four modes of heat transfer relative

to the pump wall mass (inlet manifold mass) around the inlet volume.
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la. Conduction to or from the pump wall node around the exit volume.

(manifold node DT(TCN))

R9*(DT(TCN)-DT(TBN))

where R9 is equal to COB/(DXB/ACB+DXC/ACC)

lb. Conduction to or from the upstream line wall segment

R3* (TW(Ll) -DT (TBN))

where R3 is the conduction coefficient equal to

1. O/(DXF(Ll) / (ACW(Ll) *C(Ll))+DXB/(ACB* COB)

ic. Conduction to or from the pump walls around the case fluid volume.

Rll* (DT (TDN)-DT (TBN))

where RII is equal to COB/((DXBi/AS'B4-DXD/ACD)*2.0)

ld. Conduction to or from the piston node

R5*(DT(TPN)-DT(TBN))

where R5 is equal to l./(2.*(DXP/(D(ACP)*COP)+DXB/(ACB*COB)+

1.O/(D(ASPB)*D(CBP)))).

2a. Convection to r from the pump fluid in inlet volume, fluid

volume one.

Bl*(DT(TFPI) -DT(TBN))

with BI defined previously.

2b. Convection to or from the surrounding atmosphere

B6* (D (TA) -DT (TBN))

where B6 is equal to D(UAB)*D(ASAB)*Dl

Dl is equal to D(VOLI)/(D(VOLl)+D(VOL2))

3. Heat added due to the heat rejection term

.125*D(IITREJ)

D(HTREJ) has been defined previously
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4. Radiation exchange with the surrounding structure

C2* (D(TST)-(DT(TBN)+460)**4)

where C2 is a radiation coefficient equal to Cl*Dl where

CJ equals SIGMA*EPSION*SIIAPF*D(ASAB) and Dl defined previously.

These heat transfer terms combine to produce the heat balance equation

for the pump wall (manifold wall node B around the inlet volume).

MCp* (DT(TBN)-DT(TBN)OLD) R3+ (TW(Ll)-DT(TBN))+R9*(DT(TCN)-DT(TBN))
DELT (4)

+ Rll*(DT(TDN)-DT(TBN)) + R5*(DT(TPN)-

DT(TBN)) + Bl*(DT(TFPl)-DT(TBN))+

B6* (DLTA)-DT(TBN)) + . 125*D(HTREJ)

+C2* (D(TST)) -C2* (DT(TBN)+460. ) **4

where MCp is equal to D(TPMASS)*CPBN*D1.

The fifth equation represents three modes of heat transfer relative to

the piston node.

la. Convection to or from the fluid in the exit chamber

B3* (DT (TFP2)-DT (TPN))

with B3 described previously

lb. Convection to or from the case fluid

B2* (DT (TFP3)-DT (TPN))

with B2 being defined previously.

2. Conduction to or from the pump manifold walls

R5* (DT (TBN) -DT (TPNl))

R8* (DT (TCN)-DT(TPN))

when R5 is as defined previously.

and R8 equals l./((DXP/(D(ACP)*COP)+DXC/(ACC*COB)

+1. /(D(ASBP)*D(CBP))*2.)

3. Heat added to the piston mass from the heat rejection term

•187*D (HTREJ)
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These heat transfer terms comoine to produce the heat balance equation

for the piston node.

_Cn*(DT (TPN)-DT(TPN)o) = B3*(DT(TFP2)-DT(TPN)) +

DELT (5)

B2*(DT(TFP3)-DT(TPN)) +

R5+(DT(TBN)-DT(TPN))+. 187*D (HTREJ)

+R8*(DT(TCN)-DT(TPN))

where MCp is equal to D(PMASS)*CPPN

The sixth equation represents four modes of heat transfer relative to

the pump manifold wall node surrounding the exit volume, Node C.

la. Conduction to or from the downstream connecting line segment

R4* (TW(L2) -DT(TCN))

where R4 equals l.0/(DXF(L2)/(ACW(L2)*C(L2)) + DXC/(ACC*COB))

lb. Conecution to or from the piston mass

R8*(DT(TPN)-DT(TCN))

where RS was defined previously.

1c. Conduction to or from the two pump wall node manifold B

(inlet, volume wall)

R9*(DT(TBN) - DT(TCN))

id. Conduction to or from the case wall node

Rl0* (DT (TDN)-DT (TCN))

where RIO is equal to COB/((DXC/ACC+DXD/ACD)*2.)

and R9 was defined previously.

2a. Convection to or from the exiting fluid node

B8*(DT(TFP2)-DT(TCN))

where 88 was defined previously.

2b. Convection to or from the surrounding atmosphere

B9* (D (TA)-DT (TCN))

where B9 is equal to D(UAB)*D(ASAB)*D2
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3. Heat added to the walls due to a heat rejection term,

.125*D(IIrREJ)

where D(IITREJ) was defined previously.

4. Radiation exchange with the surrounding structure.

C3*(D(TST)- (DT(TCN)+460. )**4)

where C3 equals Cl*D2 and Ci was defined previously, and D2

equals D(VOL2)/(D(VOLl)+D(VOL2)).

These heat transfer terms combine to produce the heat balance for the

pump wall around the exit volume, manifold wall node (DT(TCN).

Mp !(DT(TCN)-DT(TCN)L) = R4*(TW(L2)-DT(TCN))+R9*(DT(TBN)-
DELT (6)

DT (TCN))+R8*(DT(TPN)-DT(TCN))+. 125*

D(HTREJ)+RlO* (DT(TDN)-DT(TCN)) +

B9* (D (TA)-LT (TCN))+B8* (DT (TFP2)-DT (TCN))

+C3*D(TST)-C3*(DT(TCN)+460.)**4

where MCp is equal to D(TPMASS)*CPBN*D2.

The seventh equation represents three modes of heat transfer relative

to the pump walls surround the case fluid.

la. Conduction to or from the case drain connecting line wall segment.

R7*(TW(L3)-DT(TDN))

where R7 is equal to 1.0/(DXF(L3) / (ACW(L3)*C(L3))+DXD/(ACD*COB))

lb. Conduction to or from the two other pump manifold wall nodes,

around the Lnlet and outlet respectively.

Rll* (DT (TBN) -DT (TDN))

Rl0* (DT(TCN)-DT(TDN))

where R10 and Rll were defined previously.
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2a. ConvecTion to or from the fluid in the case volume

B5* (DT (TFP3) -DT (TDNI))

with B5 defined previously.

2b. Convection to or from the external surrounding atmosphere

110* (D (TA) -DT (TDN))

where B10 is a convection coefficient equal to D(UAD)*D(ASAD).

3. Radiation exchange with the surrounding structure.

C4* (D(TST)- (DT (TDN)+460)4 )

where C4 is equal to SIGMA*EPSION*SHAPF*D(ASAD)

These heat transfer terms combine to produce the heat balance

equation for the case wall node.

MCp (DT(TDN)-DT(TDN) OLD) R7*(TW(L3)-DT(TDN))+Rll*(DT(TBN)-
DELT (7)

DT(TDN)) + Rl0*(DT(TCN)-DT(TDN))

+B5*(DT(TFP3)-DT(TDN))+BlO*(D(TA)

-DT(TDN))+C4*D(TST) -i *(DT(TDN)+

460)**4

where MCp is equal to D(PDMASS)*CPBN.

A thermal model of the above heat transfer terms for thc. pump is

shown in Figure 6.5J.-3.

Equations (1) thru (7) are solved for the appropriate temperaLures.

In the hydraulic math model the variable delivery pump generates fluid

flow in response to system flow demand. The output pressure is a function

of outlet flow. The steady state pump simulation models the pump

characteristic flow versus pressure out curve (Figure 6 .5-4),the characteristic

leakage from high pressure to pump case, the leakage from pump case back to

inlet and the pump outlet flow versus inlet pressure curve.
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CASE

24*D(IITREJ) EXIT
FLUID

13 Cp.323*1.)(IITREJ)

DT(QLEAK1) L(QLEAK2) EI

INLET M1c C FLUID
FLUID il1CpC _ f-_ _ -, FL)
TF(L1) 'C R1 11CT(TFP2) DT(TFP2)

DT(TFP1)

B .187* B2 B3 B

D(HTREJ)

4 DT(TPN).1*

D(HTREJ)
R5 

R

T3 BC 9 L 4 1) -- ,T(2

125*D(HTREJ)B6DP5I

B1B0

C2 C4

BN = CONDUCTIONC2 R

iMUp = STORAGE 
T(3MCp =FLOWJ

RN = CONDUCTION D(TST)
CN =RADIATION
D (IITREJ) =GENERATION

FIGURE 6.51-3

THERMAL hOQDEL
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(O,DT1(Q3)) (DT(RPFQ) ,DT(Q2R))

FLOW4

\(D(RFOQ) ,O)

PRE SSURE

FIGURE 6. 5-4

Pump Outlet Flow vs Outlet Pressure Curve
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6.51.2 Assumptions

1. All internal moving parts are evaluated as one node, all at

the same temperature, DT(TPN).

2. The mass of the pump walls are modeled as three nodes, two

top mainfold nodes one each associated with the inlet and exit

fluid volumies, and the third wall around the case volume.

3. External temperatures remain constant.

4. Interface conductances between pump wall and connecting lines

is infinite.

5. The fluids leaving volumes two (exit) and volume three(case)

are equal to DT(TFP2) and DT(TFP3) respectively, so there is no

interaction with the downstream line fluids nodes.

6. The emissivity of the walls remains constant, .3 for steel.

7. Complete mixing occurs in the fluid volumes.

6.51.3 Computational Methods

Section 1000

The fluid and wali temperatures are initialized, the external

structure temperature is changed from degree Farenheit to Rankine and raised

to the fourth power, and the default values are assigned.

Section 2000

The pump subroutine Is called in the order inlet, case drain and

outlet. The inlet; pressure is determined from the pump flow node. The pump

rated flcw at the operating RPM is calculated as

DT(Q2R) = D(RQ)*D(RPM)/D(RRPM)

The pump flow at zero system resistanco is

DT(Q3) = 1.05*DT(Q2R)
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If the inlet flow is less than the pump minimum inlet pressure D(PSMIN),

a new rated flow is computed based on a straight line interpolation between

10 psia and D(PSMIN). When inlet pressuce fails below 10 psia a warning

message is printed.

On entry into the case drain section the leakage flow from high pressure

to the pump case is calculated as

QPCD = D(RCDC)-(.3*(DT (QOUT)/D(RQ))

The flow that leaks back to the inlet from the case is a function of

the case flow out the port and QPCD. The case pressure is computed based on

this flow difference.

DT(PCASE) = D(RCDP)*(l-QQ/QPCD) + DT(PINLET)

Using the flow out of the pump the characteristic - 1sure out is calculated

for flow less than DT(Q2R)

DT(POUTLT) - D (RPOQ)- (D (RPOQ) -D(RPFQ)), (QQ/DT (02R) )

If the flow out is greater than DT(Q2R)

DT(POUTLT) = (I)T(93) -QQ)*D (RPFQ) / (DT(O2R)-DT (Q3))

The actual pump outlet pressure is calculited using DT(POUTLT) from

the characteristic curve and adjusting this to account for the actual pressure

in the case less the case pressure at which DT(POUTLT) was set.

POUT = DT(POUTLT) + DT(PCASE) - D(PSET)

Section 3000

Property values are assigned. Dimensions and coefficients are

calculated. A 7 X 7 matrix is loaded and equations (1) through (7) are

solved for DT(TFPI), D'(TFP2), DT(TFP3), DT(TBN), DT(TPN), DT(TCN) and DT(TDN).

The calculated values are assigned to their proper storage locations and the

boundary conditions are assigned to TF and TC in COMION/TRANS/.
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6.51.4 Approximations

1. The heat transfer coefficients for fluid in the case to the case

walls is one thirdof the coefficient from fluid !n volume one to

the case walls.

2. Many distances and areas are approximated.

6.51.5 Limitations

The pump model cannot handle cavitation at the inlet port.

6.51.6 Variable Listing

Variable Description Dimensions

ACB Cross sectional of maniiold wall node B, around IN. 2

the inlet volume

ACC Cross Sectional area of manifold wall node C, IN. 2

around the exit volume

ACD Cross sectional area of manifold wall node D, IN. 2

around the case volume

D(ACP) Fstimated cross-sectional area of the rotating group IN. 2

ACPI Estimated cross-sectional area of the inlet fluid IN. 2

ACP2 Estimated cross-sectional area of the outlet fluid IN.2

ACP3 Estimated cross-sectional area of thet case fluid IN.2

D(ASAB) External surface area of the pump walls IN."

2
D(ASPB) Contact area, walls and the internal mass (pistons) IN.

ASPIB Surface area, inlet fluid to walls IN. 2

ASP2P Surface area, outlet fluid to pistons IN.2

ASP3P Surface area, case fluid to walls IN.2

ASP3P Surface area, case fluid to internal mass (pistons) IN.2

B Dummy computational array
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6.51.6 Variable Listing (Continued)

Variable Description Dimensions

Bl,B2,B3, Dummy variables
B5, B6

D(CPB) Interface Conductance between the piston and walls WATTS/IN.2°F

Ci Mechanical Equivalent of Heat FT-LB /WATTS-SEC
IN

COB Thermal conductivity of the walls WATTS/IN-0 F

COP Thermal conductivity of the pistons WATTS/IN. -0 F

CPBN Specific heat of the walls WATTS-SEC/LBm-0 F

CPPN Specific heat of the pistons WATTS-SEC/LBm- 0 F

Cl Dummy variable

D(DELTA) Distance from connection one to piston chamber IN.

D(DELTAI) Case Depth IN.

DXB Distance from wail node to interface of lines IN.

DXC Distance from internal fluid node to interface IN.
of lines

DXD Distance from exit fluid node to interface IN.

DXP Distance from piston node to interface IN.

DXPI Distance from fluid one node to interface with line IN.

Dl,D2 Dummy variables

EPSION Einissivity factor

FMASS1 Inlet fluid mass LBm

FIASS2 Outlet fluid mass LBm

FMASS3 Tase fluid mass LBm

D(HTREJ) Heat rejection term W1,TTS

D(ITF) Initial temperature of the fluid in the pump OF

D(ITB) Initial temperature of the pump & piston masses OF

LTYPE Duo,my variable

NTYPE Dummy variable
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6.51.6 Variable Listing (Continued)

Variable Description Dimmeinions

DT(PCASE) Case Pressure PSI

DT(PINLET) Inlet Pressurc PSI

D(PMASS) Piston Mass (all internal moving parts) LBm

DT(POUTLT) Outlet Pressure PSI

POUT Dummy Variable

PP Computational array

D(PSET) Pump Case Pressure at rated flow PSI

and pressure

D(PSMIN) Minimum inlet pressure PSI

D(PTYPE) Piston Material Type

DT(QCD) Case Drain Flow CiS

DT(QLEAK1) Leakage flow high pressure to case CiS

DT(QLEAK2) Leakage flow case to inlet CiS

Q2C Dummy Variable

DT(Q2R) Rate Flow adjusteJ for CIS

operating RPM

D(RCDL) Case drain flow at rated CIS
conditions

D(RCDP) Maximum pressure differen," between PSID
pump case and inlet

RHOB Case material density 
LB /1IN3

m

RHO1L Fluid density 
LB iIN 3

RHOP Rotating group material density 
LB IN 3

RMFL1, Dummy Variables
R .FL2,
RMFL3

D(RPFQ) Rated. pressure at full flow PSI

D(RPM) Pump operating speed RPM
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6.51.6 Variable Listing (Continued)

Variable Description Dimensions

D(RPOQ) Rated pressure at zero flow PSI

D(RQ) Rated flow CIS

D(RRPM) Pump speed at. rated flow and pressure RPM

RPM Dummy variable

RI,R2, Dummy variables
R 3, R4,
R5,R7,
R 10, RII

SIIAPF Radiation shapf factor for the external walls --

SIGMA Stefan-Boltzmann radiation constant WATTS/IN. 2-R 4

D(TA) Surrounding atmospheric temperature OF

DT(TBN) Temperature of the pump walls OF

DT(TFPl) Temperature of the inlet fluid OF

DT(TFP2) Temperature of the cutlet fluid OF

DT(TFP3) Temperature of the case fluid OF

D(TfPMASS) Pump wall mass LBm

DT(TPN) Temperature of the internal parts, piston OF

D(TST) Temperature of the surrounding structure OF

D(bAB) External heat transfer coefficient of the pump WATTS/IN. 2-F

D(UP1B) Heat transfer coefficient, inleL fluid to the walls WATTS/IN. 2-F

D(UP2P) h1eat transfer coefficient, outlet fluid and the WATTS/IN. 2-F
piston

UP,3P Heat transfer coefficient, case fluid and the walls WATTS/IN. 2-F

D(VOLl) Inlet volume IN. 3

D(VOL2) Outlet volume plus cylinders volume IN.3

D(VOL3) Case volume IN.3
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6.51.7 Subro ting Listing

l'lJ3lWU T, L TP~J.iP'5l ( D,OD, DD, L)

C0.i t0Q1 / T'PFAo4/ P( 300) ,Q0( 300) , c( 300) ,TC( 300) ,'P-( 300) T'F( 300)
+ , ACF( 300) , AC~q ( 300) , D-XF( 30)0) ,-j~L, DLIT, LlI , N.,Ip"L,WLL
CO,~~r / CJ ,1 LTY PL( 99 ) ,NC( 99) , INTI,,sP( 99 ), IND, IL4.',
CG,tO~ /' STADY/,' (U 9 0) Qill ( 9 0) , PLX ( 90) , POLLG( 90),$u 90),

+ %'V% , ')I , PUP, PDOULYN ,NN0Dl:,,,,LtG, t4 ; ,'r (,i , TAG;~,iC, 1 1W1,
+ INX , L , I UP( 9 0) ,ND,,;, ( W0 W 'LLLA( 90) 1 r.L(;AD( 90) , I [,-,G( 1000)

/O i~~ FIXE IJ/ Vi'PS, C c, CPFW' FT,- PIROP( 13, 3))
J JL.'SIGNt PP( 77) ,3( 7 1

+ , t'(31 1i., ;, FP ,1'') I ~F , L,i P, , L/ , 0, QLLiAK ,C,CA~hL
+ C . .,-,), 'P;~ ,J IC2, L LP, PQ,'QtiP ,P3 ,)OUT

rSL~±', DL UPA ~ , PFUTL , P1O, Q, F~CD, HTKLJQCD, U

c D) Ai~kAY VARNIA.Sr

+ MAA/V14/ ,AS;A--/15/ ,UA3/ 15/,3P/ 17/1, UP0/ 19/,TST/ 191
+ riv 20/ , I,u/ 21/ , IT3/ 22/ ,
+ P1v23/ ,RRi 2d/, RiP.i/ 25/ , RPOQ/ 26' ,~P)27/1
+ Pb, / 23. 2(~C)i2/ -v'CDL/30/,P ,31/,,DLLCA12,'

C ) lY iki,.Y VAif\I3LiA,
i;11 "~ 2'1' I/ T iFP2/ 2/ , F /3 *~'1',iW5/, QLvAIl/ 16/ ,2'tAFAi'\2/ 7/
+ (,)3/ 9/, :l .,1/ ,TC. 11/ ,TD-N/ 12/ , PCAoL/13/ , POUTLT/ 14,'

+ ,c 1C/ 15/ , pjuT,'/ 1 s/
OVF ~,'~A .349L-1l/ , S13ritPF/ .96,' LPJI0.N/ 0. 3/ ,CJ/ 8. 85/

C DiULl A =T'ii DIJIV.'CL F'RO:'. I.IUL?' TO OUTLLTl TdROUGrI T~i. PEl rcj
C OLLUMA =rdbh T-rAL OF~I E TrI-L Dt'(Al.N 33v-L
C ITlK* I?3=I~I1AL L.P<A:j(

c ~UA.3~iA 'rR.ASE-Lt CULPF. AT ,O)PLRL TO CiS-L
C MAA 0~IFAi AiL. LXYt,,'AL TO) CASL DR. Io\ jAlL
C 'P0.1AS.. =iPu.iP ':%;L .~~2OF CAjiu )RAI:'. WALL:'

C Cilp =IJTLrKPACL ODCNdLTJNS

C V L 2 =LlI f VjLlLL 1.DCL~oL!D CYL114Lik VOLU.1LJ
C \10L3 =C \ >i VOLtiiL,

3 =c-.,. rO''ACP'- *L I 4Tr 4 N\[, PA; : IS P PTST0.14,TO CASL
C CP T) =CK .-)3lr.CT1OnAL iA.d'A OF TuTAL PI.-iON, IiaNAL

c Jv2 =-.iArTf.Fh CT ''~ u~1~u o iXI'V FLUID
)LLA K 1 =LbAl\At 1 Luai F i\&-i I JLL.1 l o )
Upi 3 =HLAT Y'Aj Ck)LFF. C\3LE Jtl PIJTiON TO FLUI )

C P. I 53 =PIo',PQ' *iA:SS
C TPRI\2! =?UP ,Aio~ f~UIGVLJ.IS1 2,TIul? i3UW-L"Iql

C 320 TJ I. 52.aTY

C* k k 1000o jtLCTjIY)

10)00 COAVI.AUL
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6.51.7 (Continued)

L2=L( 2)
1,3=L( 3)

S i "t'I T I iZ I 'JG 'T"r,, IP L RA T UR n 5

'C( L1 )=-)( I 'Lt3 )
TC( L3)=D( IT3)
TF( TA ) =D( I i'F )
TC( L2) =D( IT3)
TF( L2)=0(I'LF)
TV( LI )=D(I ) ("

'(r FO( P) ( I 90) 0
DT N'), IT 1 ) .

DL( j,'2 )=1ITF

D 'i (J' Fv 3 D(IT

-)'P( tCC ,) =D(iIT3)
flu, PtJ.)? 1= ( F)

O( 2J2) ( r.,") +460. )* 4

IF (IOP13) .Q.. ,0) D(P3). 1
IF( L(UA ) . L.). 0.,0) )( LA3) =. 005

Ii(D(012P).L).0 0) D( P2P) =3.0
DT( PI LL.T ) =- .
O r(:0 ,i = 0
RL'i Jr'

C * 2000 SLC'TI' :,

C= II u

c r AT(, ,1 .- C , 4 L D I, . 1 L D L R, L
C COJa 1 - ['ALi'[: CO,:' 3 - CAZ-L DtAIl4: CO.,, 2 - ,U'tLiT

It(ICO"-2) 21 0, 201 , 2200
C I.: L i. i'
2100 )e'( Q)210)=D(.,, ) 'I-( i-P 1)/ D( ,NP.,)

1 .'(Q ( I:,LL t)., -1.GO TO 2191
DTi( P I *Lt.2) ='i-. IA, LL)
I!'( OTi( P I L! " CL: " P..,I.,) T..T I,
"'2C=. I
ITL:( DTL(P 1-1 LtT) . r 10. ),' 2C=O,-7( Q2R)*( D( -DT ?Iq.A

+ ( (Q ,Y, l C) -13. ) )
.-T( f/".5 -20
It:( T( PI ; t. ) LT. 11). ).,i <Illt( 6,9 )9)

9 99 PO ,.,T( IdAX, 4 0!i,A,%i':1 i 1 110.,F I- L,;LL f i% L.,-'J R L ..' L W e. I J PL)
i L IOJ[

2 10 1 DT ( i I NLL',) = 50.

2 2 0 0 1F( 1,4X. %;,. I) GO 1 0 2 7 J0

IF(Q1, L U'. 0,.0) =0, 'D
1:1PC,*)= 1)( 1, CDL) -( 3*()T( fO- '),U D(,Q )
UT( ?U, ,MK2) =/,PCD
I I . r) iG I, fC 15) D')= PC ,)
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6.5L.7 (Continued)

1I'( PCAJL) =D( RCDP) *(I. --,QO/0PC0) +DT( PI,',L:T)
DT( ".C,) =QQ
DP(QLLAr1) =DT( QCi)) -DT( QLLAK 2)
PU0=+DT ( PC %SL)
IAv=o
PDLLG( IN1,L) =D'r( PC\St) -DT( PINLLT)
8LT JPi,

2019 I (1 ii X, 1 L. 1) GO '1') 2730
C U T LL 
C)Q=1
IF (I. LU'. 0. 0)Qg= 0
I 1(:.1T. D( 3) )QQ=DT(Q3)

IS( 1.G'f.0'1i,(Q2))GO F- 2020
Di'( POU ') = ( rPo 1) - ( R, POQ) - ( 1PFQ) ) * ( QQ/ DT( 2: )
.3O TO 2030

202 OT( POUT LT) =D(iT(3 )-Q)*D(R PFQ)/ (T( 02)-[DT( Q3)
IF( 0- ( POUTL'f) . LI'. 0.0) DT( POU 'LT) =0.0

203) DT( POUT)=DT( POUT LP) + Df( PCA JL) -1)( PIS1T)
Ie( 'f ( POUT). Li. DTi( PCAoL ) ) DT( POl') =DT ( PCAL)
PUP=D'P( POIj2)
IIv=o
?DL G( DTL) D( POUT)

2600 R LTiT 3 i:4
2700 1,i<I't:, ( 6, 2 800) 1 N , ICO'N, IN LL
2300 1R.IA'( 5X, 4 61 C t .LL z-)UINC Lc L i kRW)l UI DL 11,C fb CUPO, D I u.i' IL 0 ,

+ 15, 14i1 C(INLC'TI')-' ;40, 15,7iiLL I 1. ,15)
STULP 5900

C "** 3000 .,C'2lji i
3300 CO.l rI IUL

LI=L( i)
L2=L( 2)
L3=L( 3)
:T'PL=J(,,TYPL) +. 001
,jTiL=J( PTYPL)+. 001
CPP.,=PRKP(;iTYPL, 1)

CP'1=P<UP( KTY .L , 3)

COP=PROP( ffFL,3)
C PC"=C P 1:4
CP ,--C P'3:J
1 ,.1) P =?[,'OP ( )T'iY Pt, 2)

, I IPa.\P( 'J 'YPL, 3)
c AikL, . 0I SC'AAJCrS- AiL A .ILAi t..

01=D( 4OL1)/D( OIU1) + AVOL2) )
D2=D(VOL2) (D( VgLl)+D( ; 2))
OXPI=)( Dt-LA)/ 4. J
DIC=)( OiL'-), 4.0

;)Xi=,( DLLTA )/ 2.
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6.51.7 (Continued

"C 1Si* I>*IAL~ ) ~3

C3=01kD2
C4=S 1, * EP' IO,'*3oA PP* D( ASAD)
IztI(I L=3'36G 4 * RdN( .)T( iF1I) ,(P( L3) +1( Li) /2.)
F. IASSI=D( VOLl) * xRdOI1,
F, A,3,S2= ( D( '/0L2 ) ) * RWI; L.
F. ,,SS3=c0( VUIA3) I riIU L

A1. ASS3=D( rP.7N.) *01
AC3=3tiA.3li Im~-O3*i)( DLL''A)/ 2.)

AC=(PD'iS)/ ( RdG3.1D( DLLTrAl)
W\CI'D( VULI) /D( DLLT'A)
ACP2=D( ,UL2); ( D( 'OLLU1/ 2. 0)

\S1~SQk24. *ACIIII/PI) *[*D( DL'rA)
-V3)=3')RT( 4. *ACP3, PI) *PT* D( DtLLTA1)

\SPP=S>i4. *AC,?2/'PI)*PI*D( OLLi'A)/ 2.
,\,P2Co \'i( 4. *ACP2/P) *PI*( LLL.\)/ 2.

\~S3P='>( 4. 1ACI'3, PI) kPI*)( DLLTA2)
ASP3:)S '(ACVk4. 'PI) *?i*D( D1LTA)

C i~.\ii'p \ ..,~ixC')ILFF. %k\L, COJSTfANT;=502TPJ/ iR-FT 2-F( I 11IA~'
C 'I - L~d' VAfJUL

JP3'i=D( UPi )1 2
UP31,='JP33k 2./ 3.

UP2C-=D( 'J2'2. 0

i..-jFL3=+.V3:3((C'( L3) ) *iMiU1L
3200 OX-CF ( l .LI) / WF( Ll) +)XrI/ACPI+( kRki-L* DLLr)/ (,Cl( Li)

+- *k * ti l )

F' 5=1. 0/ ( ( UP,' (D( ACp) kCUp)+DX/ (AC,3*CO12) +
+ 1. / ( D(i)( *.3) * i)(C-3t?) ) ) * 2.)

iN7=1. 0/ ( X(Li3)/ (fC.L3)kC( L3) )+DXD (AC*Cjt) )
£\9=.~( D~X /,AC,;+DXC/ AC--)

Rl )=CO,03/ ( ( DXC/ ACC+DXu/ ACD) * 2.
RI I=C(>, ( ( DX3/ AC 5+DXD/ ACt)) * 2.
1<3=1..' ( ( DXel' ( L(AC) *CoP) +DXC/ (ACC*C0,3) +1./ (D(4A?13) *tJ(C;3P) )*.

.3 2 = U P3 G *A L) 3 1-1
7 33=-,( d UP2P) *AS P2?P

5= UP 2C 3 UA- P 30

'39=D( UA 1) kD1( .\ )k[)2
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6.51.7 (Continued)

51 )=UAD*D(A',A)
C PI,P2 P3 3,P,C,D, .JOLtj IN ORDLR

DO 3333 I=1,7
DO 3333 J=1,7
PP(l,J) =0,0

3333 3(I)=O.)
3 3.10 Pj(1,1)=I. A.,I*CzFX / - +C R,,FLI+31

PP( 1, 4) =-31

P1P( 2, 1) =-I .,FL,2*CPCiq
PP( 2, 2) =F ,AS32*C P/LL LT+IR, FL2*C P[N+_3 3+.38
PP( 2, 6) =-38
PP?( 2, 5) =-:33
3( 2) =F.,Ao 2*CPF*,*DT( I'l,'LtJ2)/DL'[+O. 323* D( til't J)
PP( 3, 1I) =-)'P( QLLA,\I ) *Ci?F'

?P( 3, 2) =-D'P( QLfr.AK2) *CPFN
PP( 3,3) =F.,AS:3*CPFN:iDLLT+35+DT( QL.AK2) *CPFA

+ +DTI(QLLAKI1) ACPt+32
PP(3,7)=-d5
PP( 3, 5) =-32
;3( 3) = F,iA.;33*CPFjD kfC ( TPP3 )!DLLT+o. 24*D( ilTRLJ
PP( 4,1)=-31
Pt?( 4,4 ) =53.,, *C P6N/0 LLT+R9+R3+R5+3 1+ 36+R11
PP( 4, 6)=-R9
PP (4, 7) =-RIIl
PP( 4, 5)=-h5
R.( 4) =3,.i oS *CP3N* OT ( I'r,3,/ )/ DLL'+36*D( FA) +R3* lvv( L1 ) +

+ C2*D(rST)-C2*(DT ( iu)+460,)**4+0. 125*D(aT. L,)
el?( 5, 6) =-R 8
iP( 5, 2)=-33
PP( 5, 3)=-32
P ( 5, 4) =-R5
PP( 5, 5) =D( P., Ao) *Ct"Pi DLLT+33+-Z5+32+R83
3 ( 5) =1)(i,,A S S) C I? N * UT ('T P 1)/D LLT+0 .8 7 * D(IETRiL.J)
PP( 6, 4) =-A9
PP( 6, 5) =-1
NlP 6, 7)-- 13
'( 6, 2)=-38

PP( 6,6 ) =C.iA. *CPSi/ OLL'.'+4+3+r.9+id10+38+39
3( 6)=C iAS.,*CPJWq*DI'( fCN)/ DLLF+4*_Pw( L2)+ 9*D(TA)+C3*L(ToT)

+ -C3* ( OT(CN) +460. )**4+. 125*( dTRt.J)
PP( 7,3)=-35
PP( 7, 4) =-- 1
PP( 7,6)=-RI0

Pi( 7, 7) =D( PO0,A b) kCP!3 0/ DLLr+ 17+ I10+RII+135+3 10
L:( 7) =( P D,iAS3) *CP3N, Or( ION))/ DLLT+7* Po( L3) +31* D(TA)

+ +C4*D( 23")-C4*( DT( i'O;4)+460, ) **4
3600 CALL S1,IULT(PP,.'3,7,1L.RUI0)

DT(TFPI) =3( )
DT(TFP2)=3( 2)
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6.51.7 (Continued)

D'( rFP3 )=3( 3)
DT( r'fs)=,3( 4)
DT(Tc ) = ( 6)
DT(TDN) =( 7)
DT( r4))=3( 5)
rF(L2)=3(2)
TF(L3)=3(3)
'C( L1)=:3( 4)
TC( L2)=3(6)
IC(L3)=B(7)
LWI
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6.61 SUBROUTINE TRSVR61

TRSV61 models a hypothetical constant pressure, constant temperature

reservoir that can be used in test simulation work as sketched in Figure

6.61-1. The input pressure is mainLained without fluctuation while

the flow rates are adjusted to meet the line requirements. A maximum

of four connections can be used.

This subroutine calculates the fluid and wall temperatures of

the component at each connection.

Gas

oil

Connection No. 1 Connection No. 2

Iu2~ Flow

FIGURE 6.61-1

TYPE NO. 61 CONSTANT PRESSURE RESERVOIR
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6.61.1 Mlath Model

The thermal math model for the reservoir includes heat transfer

to and from one to four connecting line segments. They can be either

downstream or upstream of the reservoir. To understand TRSV6] we shall

look at a hydraulic system with two reservoirs connected by a line as

shovwn in Figure 6.61-2. The line is downstream of reservoir one and

Reservoir 1 D (ITF) 1  TLW2  Reservoir 2
TL 1  TLT 2 RWr

Flow ,, rNW,
#'///// /Line Line D (1'I TC )2 '

D (ITC) - D (ITF)

FIGURE 6.61-2
RESERVOIR NODE REPRESENTATION FOR SAMPLE SYSTEM

upstream of reservoir two. As is discussed in subroutine TLINEA. the

line is divided into equal segments. ln Figure 6.61-2 the temperatures

of the fluid and wall of reservoir I are D(ITF), and D(ITC), the temperature

of the fluid and wall of the line segment connecting reservoir I are TLF1

and TLW1 the temperatures of the fluid and wall of the line segment connecting

reservoir 2 are TL'.and TILW 2 , and the temperatures of .he fluid and wall of
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reservoir 2 are D(ITF)2 and D(ITC)2 . For downstream connecting

line segments, such as these similar to segment 1 in Figure 6.61-2,

the subroutine assigns the temperatures of the reservoir fluid and

wall as end conditions of the reservoir, and boundary conditions of

the first line segmenL,

TF(Ll) = D(ITF)1

TW(Ll) = D(ITC)l

For upstream connecting line segments, such as those similar to segment

2 in Figure 6.61-2, the subroutine assigns the temperatures of the

reservoir wall to the reservoir connection, or the boundary condition

of the line segment

TW(L2) = D(ITC),

and also assigh.3 the temperatures of the fluid entering the reservoir

to the temperature of the line segment, TF(L2) = TLF 2. Note however

that the temperature of the fluid in reservoir 2 is D(ITF) 2 and eventually

the fluid entering reservoir 2 will equal TLF 2. In the hydraulic math

model the input constant reservoir pressure is assigned to the reservoir

node number.

6.61.2 Assumptions

1. Fluid and wall temperatures of the reservoir remain constant,

except the fluid entering a reservoir makes the reservoir fluid

the same temperature as the fluid in the connecting line.

2. The reservoir is assumed to have an infinitely large gas volume

so that the pressure remains unchanged.

3. The interface conductance between the reservoir walls and the

line walls is infinite.
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6.61.3 Computation Methods

SECTION 1000

The number of active reservoir connections is determined from the

NC( ) array. A DO loop is then set up to initialize all the connecting

line wall and fluid temperatures.

SECTION 2000

The node number of the reservoir is determined and the flow into

and/or out of the reservoir is summed for each active connection.

D(4) = D(4) + QR

Counter, L(6), is incremented by 1 each time an entry is made until the

counter is equal to the number of active connections. Once the total

net flow has been determined, QN(N) is calculated

QN(N) = D(PRESS) * 20.-D(4)

An external pressure array is set to a constant value

PEX(N) = 20.0

The total flow and counter, L(6), are then set to zero.

SECTION 3000

The number of connecting line segments and flow direction are

first determined. Property values are assigned. The exiting fluid and all

wall connection temperatures are assigned. The assigned values are put into

arrays TC and TF in ITRANS/.

6.61.4 Variable Listing

Variable Description Dimension

D(ITC) Initial temperature of the reservoir walls OF

D(ITF) Initial temperature of the reservoir fluid OF

Q(LI) Flow in connector I CIS

N Reservoir node number
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Variable Description Dimensions

D(PRESS) Pressure of reservoir PSI

TF(LI) Temperature of fluid leaving reservoir OF

TC(LI) Temperature of reservoir wall connected to OF

connection I
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6.61.5 Subroutine Liscing

C R LIIAO A'J.;0JST 5,1975)
C 11i 10"1 / r1 , N/ P( 301) 4.'( 300) ,C( 3 10) ,TC( 300) ,Th( -300), i~(300) ,

+ ACP~( 301)) AC.,( -310() ,-)",( 300) ,T.LDLL3 ', PIII\,IL
C().i..Cl /(UsP/L VYPL ( 99) , C( '99) , 'KT-P( 99) , TI, m T! ILL

+ '),','],PUP~, P)~ aO'L IFG CJ1L
LI 26 , ICoC, 1'iV, IWjx, lI)z %,Jp( 90) , iLv(9 ~Lt.( 0),

+ILLG'\D)0) , ILI : ( 1000)
CO /Pl'lJI' V\ P~ CP P' 1  P, CO( 13, 3)

L'3'1.Trl 1 TTF/ , , ITC3000

4 ) =0

MC 111911 C

1113 C, !'I J Ui.

[:1 T X I- U1) I2 i.- 1 1,

=) +

Ol=2iP( I T\ ,T 1.

2);' 4 0.1

L,( r)=0

i=L( I )

IT( CCu. 0 T Po

"IN I P L

6.61-6



6.62 SUBROUTINE TRSVR62

TRSVR62 simulates a bootstrap reservoir. The subroutine can

accommodate up to four low pressure lines along with a high pressure

(bootstrap) line, as shown in Figure 6.62-1. The calculated variables

are, the reservoir fluid, wall and piston temperatures.

Low Press Piston Area

Connection No. 2

High Press Piston
Connection No. 3Area

Connection No. 1

Connection No. 4

Connection No. 5-

Zero Low Press Piston
Stroke Volume 1 Area Exposed to Atmosphere

GP75 0106 14

Figure 6.62-1

TYPE NO. 62 BOOTSTRAP RESERVOIR

6.62-1



6.62. 1 Mathi Model

The thermal mnath mo~del for the reservoir Includes beat transfer

from three to fi,,e connecting lines, one high pressure line, at. least

one ups~tream line and at least one downstream line. Three reservoir

nodes are cons 4 dered, one wall, one piston, and one fluid node. There

are two nodes, one fluid and one wall for each connecting line segment,

and in our model we will consider five lines or ten nodes, so that

there arp a total (,f thirteen nodes in the math model, as shown in Figure

6.62-2.

T'N(L2)

TF(L2)

/T F(L3)

TW(L-3)

DT(TR)

Flcv

DT( TP)
TW(L)_______ ____

TFU)

F low

........... Open to
Atmosphere

FIGURE 6.62-2
BOOTSTRAP RESERVOIR AND LINE NODE REPRESENTATION

OP77-0065-20
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The temperatures of the high ;-ressure line segment nodes are TW(LI),

and TF(LI) for the wall and fluid respectively. The two upstream line node

temperatures are TW(L2), TW(L3), TF(L2), and TF(L3) for the wall and fluids,

and the two downstream connecting line segment node temperatures are TW(L4),

TW(L5), TF(L4) and TF(L5) for the wall and fluids respectively. The

reservoir fluid temperature is DT(TRF), the wall temperature is DT(TR),

and the piston temperature is DT(TP). Not every case has five connecting

lines, but for this discussion there will be.

Three heat balance equations are written to solve for the through

reservoir node temperatures, using the reservoir and line segment

material properties and dimensions, the external atmosphere and structure

temperatures, and TW(Ll). TW(L2), TW(L3), TW(L4), TW(L5), TF(LI), TF(L2),

ar,.- TF(L3) (note: TF(L4) and TF(L5) equal DT(TRF), see assumptions).

The first equation represents two modes of heat transfer relative to

the reservoir fluid.

la) convection to and from the reservoir walls

Bl * (DT (TR)-DT(TRF))

where B1 is a convection coefficient equal to

DT(ASFR) * t(UFR)

Ib) convection to and from the piston node

B2 * (DT(TP)-DT(rRF))

where B2 is also a convection coefficient equal to

D(AREA1)*D (UFR)

2) heat transfer due to mass transfer into the reservoir volume

from the connecting lines segment k1Cp*(TF(L2)-DT(TRF)) for line

two and MCp*(TF(L3)-DT(TRF) for line three where MCp is the

mass flow rate term equal to RMF(I)*CPFN and RMF(I) is equal to

Q(L(I))*RHOIL with 1=2 for line two ano I=3 for line three.
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These heat tr-- er terms then combine to produce the heat balance

for the reservoir fluid node

M~p* (DT (TRF) -Dr (TRF) OL) = Bl* (DT (TR) -DT (TRF))+B2* (DT (TP) -DT (TRF))
DELT + MCp* (F (tL2) -DT (TRF)iCp* (TF (L3) -DT (TRF))

(1)

where MCp is equal to FMASS*CPFN

The secoad equation vcpresents three modes of heat transfer relative

to th( rc-ervoir wall node.

la) convection to and from the reservoir fluid

I !* (DT (TIRF\ -DT (TR))

where BI .'is defined previously.

b) conveLcio, t-c anI from the external atmosphere

B3-A(D (TrA)-D'I tTR) )

where B3 is eq ia, to D(ASA,')*D (UAR)

2a) conduction t) aid from the nnecting line segment walls

R(I) * (TW(L(I))-DT(TR))

where R(I) is the L.nduction co,'fficient equal to

1.0/(DXF(L(I))/(ACF(L(c-))*C(L(I)) +DXR/(ACR*CR))

and I= 1 to 5 for each of the five (onnecting lines

considered.
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b) conduction to and from the pist'on node

R9* (DT (TP) -DT (TR))

where R9 is equal to l,0/(DXR/(ACR*CR)+DXP/(ACP*CP)+l.0/

(ACP*2.0*D(CRP))).

3. radiation exchange with the surrounding external structure

CIP (D(TST)-(DT(TR)+460)**4)

where CIP is a radiation coefficient equal to SIGMA*EPSION*

SHAPF*D(ASAR)

These terms then combine to produce the heat balance for the reservoir

wall

MCp * (DT (TR)-DT (TR) OLD )  Bl* (DT (TRF)-DT (TR))+B3* (D (TA)-DT (TR))
DELT +

+ 5 R(I)*(TW(L(I))-DT(TRF)) 
+R9*(DT(TP)-

I=1

DT (TR)+CIP*D (TST) -CIP* (DT (TR)+460.) **4

where MCp is equal to D(RMASS)*CPRW

The third equation represents two modes of heat transfer relative to

the reservoir piston

la) convection to and from the rvservoir fluid node

B2* (DT(TRF)-DT(TP))

with B2 defined previously

b) convection to and from the high pressure fluid

B5* (TF(LI) -DT (TP))

%here B5 is equal to D(UAR)*D(AREA2)

c) convection to and from the external atmosphere

B4* (D (TA) -DT (TP))

where B4 is equal to D(ASAP)*D(UAR)
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2. conduction to and from the reservoir wall node

R9* (DT (TR) -DT (TP))

where R9 has been defined previously

3. radiation exchange with the surrounding structure

ClPP*(D(TST) - (DT(TP)+460. )**4)

where CIPP is a radiation coefficient equal to

SIGMA*SIIAPF*EPSION*D (ASAP) *. 69.

.69 was used since the shape factor for tle piston is

not neprly equal to .96 but .96*.69 = .6624

These terms than combine to produce the heat balance equation for the piston

_I!Cp* (DT(TP)-DT(TP) OLD) = B2*(DT(TRF)-DT(TP))+B5*(TF(Ll)-D"(TP))

DELT + B4* (D (TA) -DT (TP))+R9* (DT (TR) -

DT (TP))+CIPP*D (TST) -CIPP* (DT (TP)

+460. )**4 (3)

where MCp is equal to PMASS*CPPW

Equations (1), (2), and (3) are solved for the appropriate temperatures

A thermal model of the above heat transfer terms for tile reservoir

is shown in Figure 6.62-3.

6.62-6



ACp* ACP*
INLET DCAPT(2) DCAPT(3) EXIT
FLUIDS FLUIDS

TFL2o kC /------TFL/
/ DT(TRF)

TFL3- A3p ICF< % - - -OTF(L5) =

T F ( L 3 ) . - M 2 C p - .

R(2)~~~D /D(TRF)':(T\
TW(L]) /T(TRF

R(2) DT(TRMR9 Y( B5- TF(Ll)

R(4) MRCP Ibp

R(5) CIi' cIP

B3 B 14BN = CONVECTION
TW(L5Z Pr, T,) B*MCp = STORAGE

D f TA) MNCP = FLOW
R(N) = CONDUCTION

cIP(N) = RADIATION
FIGURE 6.62-3 1ACp*DCAPT(N) =GENERATION

THERMAL M0 Y.EL
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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 6.62-4) that terminates at low

pressure node N is established. The pressure at the external end of this leg

is set as the average of the pressure at node N PN(N) and pressure calculated

for node N using the piston area ratio times pressure at node M, PMN where:

PMN = PN(M)*DT(NAREAR)+DT(EXPRES)

Any difference in PMN and PN(N) will produce flow in the pseudo leg and hence

an unbalanced system. As TLEGCAL balances the flows at all system noues, the

pseudo leg flow is forced to zero which in turn forces PMN and PN(N) pressures

to be equal.

(PMN + PN(N))/2

y

PSEUDO LEG-- .. RSVR LOW PRESSURE NODE (N)

RSVR HIGH PRESSURE
NODE (M)

CON #2
CON #3
CON 5#4 PN(N) PN(M) CON i1
CON #5

DT(QNET) DT(QNE'f)* (D(AREA 2)/D(AEA 1))

Figure 6.62-4

RSVR62 STEADY STATE FLOW DIAGRAM
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6.62.2 Assumptions

1. The fluids exiting from the reservoir are i ua! to the calculated

value of the fluid in the reservoir, DT(TRF).

2. The emissivity of the walls remain constant, .3

3. The entire mass of the reservoir walls is at the same temperature

4. The temperatures external to the reservoir remain constant

5. Tle interface conductance bqtween the reservoir walls and the line

segment walls is infinite.

6. Seal friction is zero

7. Complete mixing occurs in the fluid volume.

6.62.3 Computational Methods

SECTION 1000

The fluid and wall temperatures are initialized, the external

structure temperature is changed from degrees Farenheit to Rankine and

raised to the fourth power, and the default values are assigned.

SECTION 2000

This section sums the flows into and/or out of the low pressure

chamber as the entry is called for each active connection. It also

determines overboard flow at the high pressure node (M) and low pressure node (N).

SECTION 3000

Property values are assigned. Dimensions and coefficients are calculated.

The flow direction is determined. (The program is set up with the flow

entering connection line one (LI) and leaving through connection lines four

and five (L4) and (L5). During the calculation the flow direction is

checked. If the flow has reversed flow direction, the program reassigns

connection numbers so that the flow still enters connection lines three and two,.,

Some coefficients are then recalculated if the flow is reassigned. A 3x3

matrix is loaded and the mathematical equations are solved for DT(TRF),
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DT(TR) and DT(TP) and stored in the B computational array. The calculated

values are assigned to their proper storage locations and the boundary

conditions ace assigned to arrays (TC and TF) in common /TRANS/ for distribution

throughout the entire program.

6.62.4 Approximations

1. Shape factor for the piston, SHAPF is multiplied by .69 since

this is a good representation of the real shape factor piston

to the surrounding structure, .96*.69 = .6224

6.62.5 Limitatqnns

Reservoir 62 is limited to four low pressure connections and one

high pressure connection.

6.62.6 Variable Listing

Variable 
Description Dimensions

A( ) Dummy computational array

ACP Cross sectional area of the piston IN.2

ACR Cross sectional area of the reservoir walls IN. 2

D(AREAl) Piston surface area, low pressure side IN.2

D(AREA2) Piston surface area, high pressure side iN.2

D(ASAP) External surface area of piston IN.2

D(ASAR) External surface area of the reservoir walls IN. 2

DT(ASFR) Internal surface area of the reservoir walls IN. 2

B( ) Dummy computational array

B1,B2,B3,B4, Dummy variables
B5

CUP Radiation coefficient for the reservoir

CIPP Radiation coefficient for the piston

CJ Mechanical equivalent of heat IN-LB m/WATTS-SEC

CP Thermal conductivity of the piston node WATTS/IN.-OF
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Variable Description Dimension

CPPW Specifc heat of the piston node WATTS-SEC/LB -OFm

CPRW Specific heat of the reservoir walls WATTS-SEC/LB -OFm

CR Thermal conductivity of the reservoir walls WATTS/IN-OF

D(CRP) Interface conductance between the piston & WATTS/IN 2-F
reservoir

DXP Distance from the piston node to the wall IN.
interface

DXR Distance from the reservoir node to the IN.
line segment wall interface

EPSION Emissivity of the walls

PMASS Reservoir fluid mass LB
m

D(ITF) Initial temperature of the fluid OF

D(ITR) Initial temperature of the reservoir walls OF

KTYPE Dummy variable

D(MTYPE) Reservoir material type

D(PERC) Percentage of DCAPT added to fluid

D(PHEIGHT) Piston height IN.

PMASS Piston material mass LBm

D(PTHICK) Piston wall thickness IN.

D(PTYPE) Piston material type

R Dummy array

RHOIL Density of the fluid LB IN.3

RHOP Density of the piston mass LB /IN.3
~m

RHOR Density of the reservoir mass LB IIN.3

D(RKNSS) Mass of the reservoir walls LBm

Rl,R9 Dummy variables
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Variable Description Dimensions

SHAPF Shape factor for the walls --

SIGMA Stefan-Boltzmann radiation constant WATTS/IN - R4

D(STROKE) Total piston stroke IN.

D(TA) Temperature of the surrounding atmosphere OF

TFO Dummy variable

DT(TP) Temperature of the piston mode OF

DT(TR) Temperature of the reservoir wall node °F

DT(TRF) Temperature of the reservoir fluid node OF

D(TST) Temperature of the surrounding structure OF

D(VAR) Heat transfer coefficient external to the WATTS/IN2 _o F
reservoir

D(VFR) Heat transfer coefficient internal to the WATTS/IN2 _, F
reservoir

DT(VOLUME) Calculated volume of the reservoir IN.

D(VOU) Initial volume, low pressure side IN. 3

D(VOL2) Initial volume, high pressure side IN. 3
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6.62.7 Subroutine Listing

'* * ** rPLVIS3ED JIMUtYRY 24, 1076 ****
CO,.-iO't / PL<AWS/'( 309), )( 300) ,C( 300) ,TC( 30) ,Ti( 300) ,T; ( 300),

I+I 1C GER( 00) ,A 30 , DXF 300)VoL , OL 2 , Df TRO, IAL, t.~ XL PILPL2

+ -\j, PD i bS ,V, , DL f, NLJL , 'Jv 1, rPk2 I CL.G , CAP, L X I

+ Ty D 1, , PPY 9L , TA, TS3'f, IT P , I 'r , Ab F , VOr~~ LI, L, r -,T E r, ,C RP

+ , A\S-, V 11A "%P/ 12/ UA.~/13/, 13FR?14/ PL RC/ 17/, S T r\'O :L

+ , /1 1100, 20/),T3/000I2/1/c~/5
110 Cv 0irA 1 I d\3L

Ic I :!TR 1, A)9 I )J, 3000

C 1iCT U!J, 3 Li R "N CO'1.jLC'rI0;S ( LT' LS 'rO'rL)
c \s? SU'AL p PLA PTSTONi TO 7 ~iL*2?
c 11 vow 1  F 1)f 1'~ CflA~j'lL'< ZT'Lk!O STR~liL
C V)T O(iL OF F'LJII; Ii I( PR~ iSU;'\v CP2 ~E31R AT

AJCI = c( I K )

101ll", T~0 I =1 I ICI
T( rII) =T)( I'C)

.IYL=-( PTRYJ 0

PI)'=PRO( 'IYL,2)

IF(D(r[JA).V'0) D( JA.-)=005-
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6.62.7 (Continued)

DT ( V'.) LO.1 .) D'( Ailt:.% 1 1) 1 JPO.))

IFD( zAISA) D( .iA3) *9D( IPY)IID() * ( D( ARL9)+ (AL2)*

L( 7)=O

(2* ~ _ *) k*~'X Y .~'P.,LC'rI')(!*****

i 0 : I9h CY 1 AA I'-, I itL~ 'L3ULJL

L( 7)=L(7)+1
IF( ICOI.\1L. 1 GIO TO 251
* I=W N N( I 'I h-)
W1 ,) =,i

IF li. A. ) 30 M,; 2? 09
.=IOiP( I'\LL)

Li 9

TF( IC.X. :,. I) GO PO 2700

I( fl

NODL,( FO F,').

FLT'
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6.62.7 (Continued)

]TY PL,=) ( IPTY PI-)n 01
CR=PROP( (FTYPL, 3)
CP=PPOP(14rY*'L, 3)
C PR-. =Poop ( xrY PL,
C P ) 1= PRO P (Lr'YOL, 1)
RH0RN=P- 0P( I;TYiL, 2)
IICTI="I C ( I 1)J)
k fI', IL= 3 96 4*jf r ~R F) DT( P2)
DO 3003 I=2,,CI

ltC(r'T( VOjL,i.) . r. DT( ,A.'JViL) )DYr( VQ-LIIL) =i'( .iAXVO)L)IP*( fl ( VCJLIJJi-) . .J.' )( V'JLl ) ) vi'PIT,( 6,900)
001 i'OfliA(llX,35,j*k** iAR'NT.AG THlL RbSLV)IR Is ,Py

IF1 3( D( \OLU)+LPD-(VOfLj) )*DT(VP'Fr1I-f)= *prj1p
F1 = 'f ( P L ,L) * - i I,", 11

A v~ CAl)DR- * 1J( (J~ fjV1)0j

A =0 P"d C'\ D) (D JA RL1 D(AP) PIi-3
D~=l %/ FX,/ L!CI*+CI( LD%2 ( PTCI)C)1 K /AP 2.l 10D PP

CT 2 = ( A, * I\P~ 1 j)-~ IJ)

4X 302:*7)2,?,
:25=.-(L,(11) )z'r(LM4()

3 I~2 1~ *"i1 F - S 01 )A, P

F 2)r , rr [ ,f , T ', "'D , I 1 0 ME,'

V( 2)=10.

3( 2) =0. '
T) 3790 I=*2,,:Ci

3700 CO'TI'I11Ul

6.62-15



6.62.7 (Continued)

Pl I.0/ DXF( ( I) )/( ACa( L( 1) ) 1 L )) ) +DXR)/( ?CR*CR)
'3( 2) =3( ' D ~A:)*CPR .,*DL( i'R)/DLLT+:U kTv( L( 1) ) +,f3* ( PA)

+ +CIP*D(TS.2-)-CIP*((D(Tr )+4)O.)**.i)
3( 1) ='.)( 1) +FeiASS*CPFl'\*o(~) /DLL'I
A( 11) =(1,1) -irOS* Pt;D:LrQ+
A( 1, 2)=-31
A\(1,3)=-32
A( 2, 1) =-31

'2, 2) =\ ( 2, 2) +D( RK. AS) *Cp . /DT-3 31+3 3+R?9

\(3,1l)=-32

(3, 2)=-1
3 3) =?.47,A*Cpt')Pr)/p,. U+4*)(IA)+I \*('9 +3z?*((Z(.

n P( T ~=3 2)
DT ( P')=( 3)
--)C 3200O I=2,:1Ct
TF( T( T) ) =-( I)

IF( L( 1 0. () 2)L I TO(L
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6.69 SUBROUTINE TIIEX69

Subroutine TIIEX69 simulates a variety of heat exchanger configurations

which includes shell, tube and flat plate types. Each can have unidirection

flow, counter flow, or cross flow, as shown in Figure 6.69-1.

The subroutine calculates the exterior wall temperature, the hydraulic

fluid and cooling liquid temperatures, and the interior wall temperature,

of either pipes, fins or flat plates (whichever is considered).

Cooling
Connection 3 Fluid Oil Connection 1

A A A I

Pipe

Cooling
Fluid,/

Connection 4 4W

Fins Flow - Connection 2

FIGURE 6.69-1

TYPE NO. 69 HEAT EXCHANGER
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6.69.1 Math Model

The thermal math model for the heat exchanger includes heat transfer

to and from four connecting line segments, two hydraulic segments and two

cooling segments, as shown in Figure 6.62-2.

Cooling
Liquid Oil

TF(L3) TF(Li)

TW(L3) TW(Ll)

DT(TEW)

DT(TEC)

DT(TED) 
Pp

TW(L4)

Cooling
Liquid

Oil

FIGURE 6.69-2
HEAT EXCHANGER AND LINE NODE REPRESENTATION

OP77-0065-21
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The heat exchanger is represented by four nodes, one exterior wall

node, one interior wall node (representing pipes or tubes etc), one

hydraulic fluid node, and one cooling fluid node. Each connecting line

segment (hydraulic and cooling) is represented by two nodes, one fluid

and one wall. The temperature of the heat exchanger wall node is DT(TEW),

interior wall node is DT(TEP), hydraulic fluid node is DT(TEF) and cooliag

fluid node is DT(TEC). The temperatures of the hydraulic connecting line

segment wall and fluid nodes are TW(Ll), TW(L2), TF(Ll), and TF(L2). The

temperatures of the cooling liquid connecting line segment wall and fluid

nodes are TW(LI), TW(L4), TF(L3)=D(TECI), and TF(L4) = TEMPCOT. (Note:

TEMPCOT=DT(TEC), see assumptions).

Four equations are written to solve for DT(TEW), DT(TEP), DT(TEF),

and DT(TEC), using the heat exchanger and line segment material properties and

dimensions, the atmosphere and structure temperatures external to the

heat exchanger and TW(Ll), TW(L2), TF(Ll), TW(L3), TW(L4), and D(TECI).

(Note: TF(L2) = DT(TEF), TW(L3)=D(TECl) and TW(L4) =TEMPLOT, see assumptions.)

The first equation represents three modes of heat transfer with

the heat exchanger hydraulic fluid node:

1. Convection to and from the interior wall (pipe)

BI.* (DT (TEP)-DT (TEF))

where BI is the convection coefficient and is equal

to UFWIL*ASFP.

2. Heat transfer due to mass transfer into the heat

exchanger from upstream of the heat exchanger.

Mcp* (TrF(Ll) -DT(TEF))

where ACp is the mass flow rate and is equal to Q(L1)*

RHOIL* CPFN
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3. Beat transfer due to a pressure drop across the heat exchanger

ACp* DCAPT1

wheLe DCAPT = (l.O/RHOIL)*(P(Ll)-P(L2))/(CJ*CPFN)

These terms are combined to produce the equation for the heat balance for

the heat exchanger fluid node.

MCp* (DT(TEF) -DT (TEF) OL) B* (DT (TEP) -DT (TEF)

DELT 1+Cp*(TF(Ll)-DT(TEF))

+ACp DCAPT1

where A4Cp is equal to FMASS*CPFN

The second equation represents three modes of heat transfer relative

to the heat exchanger exterior wall node:

Ia. convection to and from the cooling fluid node

B7* (DT (TEC) -DT (TEW))

where B7 is a convection coefficient equal to D(UCW)*D(ASCW)

lb. convection to and from the atmospheric air

B5* (D(TA) -DT(TEW))

where B5 is the convection coefficient and is equal to D(UAW)*

D(ASAW)

2a. conduction to and from the hydraulic fluid connecting lines

Rl* (TW(L) -DT (TEW))

where RI is the conduction coefficient and is equal to

l.O/(DXF(LI)/(ACW(LI)*C(LI)) + DXE/(ACEW*CEW)) and I= for

line 1 and 2 for line 2

2b. conduction to and from the cooling fluid connecting lines

R3* (TEffPCIN-DT (TEW)) and

R4* ( TEMPCOT-DT (rEW))

where R3=R4 and are equal to l.O/(2.0*DXE/ACEW*CEW))

and TEMPCOT=DT(TEW) OLD
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3.0 radiation exchange with surrounding structure

CIP* (D(TST)-(DT(TEW)+460. )**4)

whei, CIP is equal to SIGMA*EPSION*SIIAPF*D(ASAW)

These terms combine to produce the equation for heat balance for the

exterior wall node:

MCp* (DT (TEW)-DT (TEW)oLd = B7* (DT (TEC) -DT (TEW)) + (2)
DELT O Rl* (TW (LI) -DT (TEW))+R2 (TW (L2) -DT (TEW))

+R3* (TEMPCIN-DT (TEW)) +R4 (TEMfPCOT-DT (TEW))

+B5 (D (TA) -DT (TEW))+ClP*D (TST) -

ClP*(DT(TEW)+460. )**4

where MCp is equal to D(EMASS)*CPCN

The third equation represents three modes of heat transfer relative

to the heat exchanger cooling liquid node:

la. convection to and from the interior wall or pipe node

B4* (DT (TEP) -DT (TEC))

where B4 is the convection coefficient and is equal

to D(UCP)*D(ASCP)

lb. convection to and from the exterior wall node

B7* (DT (TEW) -DT (TEC))

where B7 is equal to D(UCW)*D(ASCW)

2. heat transfer due to mass transfer into the cooling liquid

node from upstream of the node

MCp (D(TECl) -DT (TEC))

where tlCp is the flow coefficient and is equal to D(RMFCL)*CPCN

3. heat transfer due to pressure drop across the heat exchanger

coding liquid node

MCp h DCAPT2

where DCAPT2 is equal to (l.0/RIIOIL)*D(PP3)/(CJ*CPCN)
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These terms are combined to produce the equation for heat balance

for the cooling fluid node:

MCp* (Dr (TEC)-DT (TEC) OLD) = B4* (DT (TEP) -DT (TEC))
DELT +B7*(DT(TEW)-DT(TEC)) (3)

+ lCp* (D(TECl)-DT(TEC))

+ACp*DCAPT2

where MCp is equal to CMASS*CPCN

The fourth equation represents one mode of heat tta ;fer relative

to the interior wall (pipe) node:

la. convection to and from the coding fluid node

14*(DT(TEC)-DT(TEP))

where B4 was defined previously.

lb. convection to and from the hydraulic fluid node

Bl* (DT (TEF) -DT (TEP))

where B1 was described previously

These terms combine to produce the equation for heat transfer to

and from the interior wall node:

MCp (Dr (TEP)-DT (TEP)o) = B4* (DT(TEC)-DT (TEP))
DELT + Bl*(DT(TEF)-DT(TEIP)) (4)

where MCp is equal to D(PMASS)*CPPN
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Figure 6.69-3 is a thermal resistance for the heat exchanger and

shows how all four nodes are interrelated. Equations (1) through (4)

are solved simultaneously for the temperatures of each node.

MCp *DCAPT1 D(TECl) ApDAT

INLET EXIT FLU EID
FLUID -- MCp DT(TEF) FLUID DT(TEC, TFLUCIT
TF(Ll) TF(L2)= Lcp-- -- DTEC)T

fCp- 
-- -----. 

DT(TEF) 
B

B4

Bi

DT (TEW)

TW(Ll)-...RI R2 4W(L2) DT(TEP)

TW(L3)--TM -CIN ~ .R3 IM Cp - - R4 T..E. MP.C...TETPWOT=TW 4LPC

=D(TECl) B5 CIR

/D(TA) \D(TST) BW CONVECTION
M n Cp mSTORAGE
RN CONDUCTION

MCp FLOW
CIP -RADIATION

ACp*DCAPTN =GENERATION

FIGURE 6.69-3

THERMAL MODEL
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In the hydraulic math model the pressure drop through the heat

exchanger is computed using equation (5).

PUP = PUP-Ql*D (LA)*VISC (TF (L (ICON),PUP) (5)

*RiiO(TF(L(ICON)) ,PUP)/(.028*8.2E-5)

where

PUP = upstream pressure (PSI)

QI = flow (CIS)

D(LAM) = laminar flow coefficient

RHO( ) = fluid density (LB-SEC 2/IN4 )

VISC( ) = fluid viscosity (IN2/SEC)

In equation (5) the laminar flow coefficient is corrected to the

system temperature and fluid.

6.69.2 Assumptions

1. Atmosphere and structure temperatures remain constant

2. The entire wall or case of the exchanger is all at the same

temperature.

3. The interface conductance between th', exchanger wall and the line

wall segment is infinite.

4. The emissivity of the walls remain constant at .3 Zur steel.

5. TW(L4), the downstream cooling liquid line segment temperature

is at the temperature of the exiting fluid TEMPCOT which also equals

DT(TEC).

6. No conductance between the pipe and the walls of the exchanger.

7. The temperature of the exiting hydraulic fluid is equal to the

calculated temperature, TF(L2)=DT(TEF).

8. Complete mixing occurs in the fluid volume.

9. TW(L3), tlte upstream cooling liquid line segment temperature is equal
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to D(TECI) the cooling liquid inlet temperature.

6.69.3 Computation Methods

The subroutine executes the above discussed calculations as follows:

SECTION 1000

The fluid and wall temperatures are initialized, the external structure

temperature is changed from degrees Fahrenheit to Rankine and raised to the

fourth power, and the default values are assigned.

SECTION 2000

The pessure drop of the hydraulic fluid through the heat exchanger

is computed using equation (5).

SECTION 3000

Property values are assigned. Dimensions and coefficients are calculated.

The flow direcuion is determined. (the program is set up with the flow entering

connection line one (Li) and leaving thru connection line two (L2). During the

calculation the flow direction is checked. If the flow has reversed flow

direction, the program reassigns connection numbers so that the flow still

enters connection line one). Some coefficients are then recalculated if the

flow is reassigned. A 4x4 matrix is loaded and the mathematical equations are

solved for DT(TFW), DT(TEP), DT(TEC) and DT(TEF). The calculated values are

assigned to their proper storage locations and the boundary conditions are assigned

to arrays (TC and TF) in common /TRANS/.

6.69.4 Approximations

1. The exit cooling fluid line wall is at the temperature of the cooling

fluid exiting.

6.69.5 Limitations - Not applicable.
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6.69.6 Variable Listing

Var Lable Description Units

A( ) Computational array IN. 2

ACEW Cross sectinal area of the exchanger walls IN. 2

D(ASAW) External surface area of the exchanger walls IN. 2

D(ASCP) Surface area cooling fluid to pipe (fins) IN. 2

D(ASCW) Surface area cooling fluid to exchanger IN. 2

exterior walls

ASFP Internal surface area 3f the cooling pipe IN.2

B( ) Computational array

Bl,B2,B3,B4,B5,B7 Variable coefficients

CEW Thermal conductivity of the exchanger walls WATTS/IN-0 F

Ci Mechanical equilivant of heat, 8.85 TN-LBm/WATTS-SEC

CMASS Cooling liquid mass LBm

CICN Specific heat of the cooling liquid WATTS-SEC/LBm-OF

CPPN Specific heat of Lhe exchanger pipe WATTS-SEC/LBm-OF

CPWN Specific heat of the exchanger walls WATTS-SEC/LBm-F

D(CTYPE) Cooling liquid type (use 1.)

D(DELTA) Overall length of the length IN.

D(DELTAX) Pipe length thr,, exchanger IN.

DXE Distance from node to interface, exchanger IN.
watts

D(EMASS) Exchanger mass LBm

EPSION Emissivity of the walls, constant .3

FMASS Fluid mass LB m

D(IDIA) Inside diameter of the pipe IN.

D(ITC) Initial temperature of the walls

D(ITF) Initial temperature of the fluid OF
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Variable Description Units

D(ITL) Initial temperature of the cooling liquid OF

KTYPE Dummy variable

D(LAM) Laminar flow coefficient PSI/CIS

D(MTYPE) Exchanger wall material type

NTYPE Dummy variable

D(PMASS) Pipe mass (fins etc) LBm

D(PP3) Pressure drop across exchanger for cooling PSI
liquid

RHOC Density of the cooling fluid LB /TN. 3

RHOE Density of the exchanger walls LB mIN. 3

RHOIL Density of the hydraulic fluid LB /IN.3
m

RHOP Density of the exchanger pipe (fins) LB /IN.3
m

D(RMFCL) Mass flow rate of entering cooling liquid LB /SEC.
m

RI,R2,R3,R4 Dummy variables coefficients

SHAPF Shape factor of the walls, constant .96 -

SIGMA Stefan-Boltzman radiation constant .385xi0 "'  WATTS/IN2-R 4

D(TA) Surrounding ambient temperature OF

DT(TEC) Temperature of the exchanger cooling OF
liquid, to be calculated

D(TECI) Inlet temperature of the cooling liquid OF

DT(TEF) Temperature of the exchanger fluid, to OF
be calculated

TEMPI Temperature o: the walls for heat transfer OF
calculation

TEMPCIN Temperature of cooling liquid in OF

TEMPCOT Temperature of cooling liquid out OF

DT(TEP) Temperature of the exchanger pipe (fins, OF
to be calculated)

D(TST) Surrounding structure temperature OF
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Variable Description Units

DT(TEW) Temperature of the exchanger walls, to be OF
calculated

D(UAW) Heat transfer coefficient ambient to walls WATTS/IN2-oF

D(UCP) Heat transfer coefficient cooling liquid WATTS/IN2 -oF
to pipe

D(UCW) Heat transfer coefficient cooling liquid WATTS/IN2-OF
to walls

UFWIL Heat transfer coefficient, fluid to pipe WATTS/IN 2 _, F
walls

D(VOLC) Volume of the cooling liquid in the IN. 3

exchanger

VOLF Volume of the hydraulic fluid in exchanger IN. 3
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6.69.7 Subroutine Listing

SU'3POUT I L r'ILX)9 ( D; f, DD, L)
IR ** LVLS3LD Or )IIL R 2q,19 70
DIJLNIIO: D( 1 ) , DT( 1 ) , Dr( I) L( 1)

+ ACP( 300) ,AC.-;( 300) , F)XF( 300) OTiUT, C1 NILIL,WI.,

+ ;-,A,Q~ , ' , P?:iP, P0"j,,' u C , a "rrR. I+ LILG 1, Tco'i, 1.jV, Ir ', I:4 , \rJP( 99) , 03"".A(00) , fILLe( 90),1+I LL3\0Nl( 10) , ILI,,,( 1 000)
/ F Ll Il/I')/F', CP , C IN , F 1 PROP ( 13, 3)v)1 (P:~Io\ I( 4,r4) ,3 ()

+ Tk:C1 ,VOLC , L..ASS, rJCo-, D)LUFI ' T~,r,,'C
+ TI,UC 1,Tp P P3 PA-5:*,,A.')

C ;) A.RA Y VAR I \3U r (

Ir( It2IT.) 1 300, 20,11), 391
1 0') CO )Tr'ij;.

L1=L( 1)
L2=L( 2)

rF( I2=D lP)

mC L? I I i-'C)

IT T !'LF) =,-,( I'.2

'T( Tivo)=( ITC')+O L)?

U ( 'IJ ) = ( D( ' T) +" I )

c r :.) (,r, , ) + ic: ,),)

I ( r.A) 0.I7C \2L L 0' r,~!.' L

c 0( d1,. 1, i PI X' 1-1 .. r C.1;'IT' A: LL L:, i CC'IJCIiC D(?) iLLA'L 1 ,7 A..1 -I

C D(V-, LC) )vt F COJLI ,C 1T l" I0!jI )L LXClIA,.ICL:?C D(I,..1FCr) 1.,N;I &L~'I\L~ COEGLI2J

C D( ?P3) =PL;(1 J CU3,kCz.c~,COOLI:-.1; LI-"'UID,
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6.69.7 (Continued)

f )( PR.ASS) =PIi'u SAA I XCL(DI 10, ALL Pi,,OR JUJSTk
C Fl: II I NO P'IiL
C D)( -UC ) =HLAT TL'NI4 S1'L.R COLFF~. PIPE TO COOLING LIA)JI.)
C 2)D L C 18I COOTI 4G) LI UTOi (JI12-4)

?, ; 'rill, PIPL I. SIOL. 'Pill, I CI;M''L
i, . ra, i

C _;' TI- )Y L'PM rL S.'I,

+ P=' 11*0 ( CO.) *I, PL)C( . 028*3. 2L-),U

I I Q Ci !T1~J

C'~~C~ P.2~O(''~L, +)

JlJ2~? PTY P f 2)

C P I"' 'FI 0 'e ', Y P 1)

R-c f25

L1=L( 1)
L2=L.( ?)

C.', V.CY)'(T LC)

1: C .. \S3 1. '2 j i C 0 L 1T, A 2U I .A S- J P -4 1D,
C IF 'D)ICFLRL.,"T LIC'UI;) I-,-' DE? CI \.'j;L.6.J 3L *')

P-0 CC*! \M is)C P0, FTT~ S3PLCII"IC \L.L.)

*,!'7 TL',F. TA,)T' 3~ ~ i),~(L) (L)

UP1 / %3A?(L)/ -).(L)(L))+A1 L) PL

I ACf, I +, Ii*

2 1 . 2 AC. L CL
3~~~ 1 .2 0A
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6.69.7 (Continued)

Q7=lD(0CJ) *F(ASC. )

DCAIPTI=( I ./R~OIr,) *A3S( P( LA - L2) )/(CJ*CIPFA)
OC PT2=( l./ IIIOC) *AI( D( PP3) )/(CJ*CPCf)

c FLIJI , r, CO.r)T \JG [,I)JI 0, PT PL, Aki-. Tril- IOOLS I 0I'Dif
1300 A\( 1,l)RA*P~Dr'+13

3 1 ) = 0. '
?\(31)=0. I

3 2 )=2L0
3( , 3)=D( .iA,) *Cr):I/).Jr+37+3+r(+.~

A( 4, 3)=-*

A(3,3 )=C(,I.3CC1DA.I±3+43

1( 4, 2)=1.1
A( 2, 4)=). 0
( 4, 3)=-34
%( 3, 4)=734

4( ) ='~ .~ * C).,*:( Tj ) r-1 [I ( L,) /T2 DI". LT

+. .4R3* ,..iPCT,'+,14*ri ,PC,)'+-A5*D(T 'r)+CIl P*(:: T)C p*( T(:)+

,11,01 CA L & I IJ LT(A, 3, 4 ,RO

TC(L 1)='3 2)
7C( L?) =3( 2)

YTi P)=3(4)

P T #::C =1 3
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6.71 SUBROUTINE TACUM71

Subroutine TACLIM71 simulates a simple gas charged piston type accumulator

that can be used as a system accumulator, as sketched in Figure 6.71-1. When

used as a system accumulator, the initial volume of oil in the accumulator is

determined by the steady state pressure. 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, pressure and temperature changes.

The subroutine calculates the accumulator fluid (oil) temperature, the

gas temperature, and the temperature of the accumulator walls and piston.

PG Gas Oil Connection No. 2
PO

[XP- Connection No. 1

FIGURE 6.71-1
TYPE NO. 71 FREE PISTON ACCUMULATOR

6P4 013 I
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6.71.1 Math Model

The THERNIAL math model for the accumulator includes heat transfer to and

from two connecting line segments, one upstream and one downstream. Nine nodes

are considered: three fluid nodes, one gas node, and five wall nodes (as

shown in Figure 6.71-2). The temperatures of the upstream connecting line

segment wall and fluid nodes are denoted by TW(Ll) and TF(Ll). The temperatures

D )DT(TBN) D TLP1)

TFI(L2)

FIGURE 6.71-2
ACCUMULATOR AND CONNECTING LINE SEGMENT REPRESENTATION

OP77.VO 5-11

of the accumulator wall and fluid nodes are denoted by DT(TAN), DT(TBN), DT(TPN),

and DT(TAF), and the temperature of the gas node is DT(TG). The temperature

of the downstream connecting line segment wall and fluid nodes are TW(L2) and

TF(L2). Five heat balance equations are written to solve for the five accumulator

nodes temperature DT(TAN), DT(TBN) DT(TPN), DT(TG) and DT(TAF), using the

accumulator and line segment material properties and dimensions, the atmosphere

and structure temperature external to thle accumulator, and TW(Ll), TW(L2), and

TF(LI). (Note: TF(L2) =DT(TAF), see assumptions). One equation for the

heat balance tor each of the accumulator nodes is produced. The first equation

represents two modes of heat transfer relative to the accumulator gas node.
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1. Heat transfer due to expansion or compression of the gas by the

piston

DT(TG) = DT(TG)oLD *DT(PG)*DT(VOLG)
DT(OPG) *DT(OVOLG)

This term calculates the new temperature of the gas just due to

expansion or compression, not with its reactions with the other nodes.

2a. Convection to and from the accumulator wall node

Bl* (DT (TAN)-DT (TG))

where B1 is the convection coefficient and is equal to D(UGA)*ASGA

2b. Convection to and from the accumulator piston node

B2* (DT (TPN) -DT (TG))

where B2 is the convection coefficient and is equal to D(UGA)*D(AREA)

These heat transfer terms are combined to produce the equation for the heat

balance for the accumulator gas

DT(TG) = DT(TG)*DT(PG)*DT(VOLG)/ (DT(OVOLG)*DT(OPG))

this new DT(TG) then becomes the DT(TG)OLD in the next equation

MCp (DT(TG)-DT(TG) OLD) = Bl*(DT(TAN)-DT(TG))
DELT (1)

+B2* (DT (TPN)-DT (TG))

The second equation represents three modes of heat transfer relative to

the accumulator fluid (oil):

la. Conduction to and from the upstream line segment fluid

Rl* (TF (Ll) -DT (TAF))

where Rl is equal to CF/(DXF(Ll)/ACF(Ll)+DXAF/ACAF + RMFL1*DELT/

(ACAP**2*RHOIL)), the conduction coefficient for the fluid. RMFLl

equals Q(Ll)*RHOIL.
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lb. Conduction to and from the downstream line segment fluid node

if the flow rate is negligible, or not Leaving the accumulator.

R2* (TF (L2)-DT (TAF))

where R2 equals Rl except instead of LI, R2 uses L2. (Note:

There may only be one connecting line with the second being

closed off and conscq-ently this term would be zero.)

2a. Convection to and from the accumulator wall node around the

fluid.

B5* (D'" (TBN) -,)T (TAF))

where B5 is the convection coefficient and is equal to D(UFVIA)*ASFB.

2b. Convection to and from the piston node

B4*(DT(TPN)-DT(TAF))

where B4 is the convection coefficient and is equal to D(UFWA)*D(AREA)

3. Ilkat transfer due to mass transfer into the accumulator from the

upstream connecting line node

MCp* (TF (Ll)-DT (TAF))

where MiCp is the flow rate coefficient and is equal to Q(Ll)*RIIOIL.

If there is no fluid entering the accumulator the last term is set

equal to zero.

These heat transfer terms are combined to produce the equation for the

heat balance for the accumulator fluid node:

MC*(DT(TAF)--DT(TAF)OLD) = Rl*(TF(Ll)-DT(TAF))+R2*
DELT (TF(L2)-DT(TAF)) + LICp *

(TR(Ll)-DT(TAF))+B5(DT(TBN-

DT (TAF))+B4* (DT(TPN)-DT(TAF))

where MCp is equal to FMASS*CPFN
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The third equation represents three modes of heat transfer relative to

the accumulator wall node surrounding the gas node.

la. Conduction to and from the accumulator wall surrounding the fluid.

R4* (DT(TBN)-DT(TAN))

where R4 is the conduction coefficient and is equal to

CA/(DXAA/ACAA+DXAB/ACAB)

lb. Conduction to and from the accumulator piston node

R3* (DT (TPN) -DT (TAN))

where R3 is the conduction coefficient for the wall and is equal to

1.0/(DXAP/(ACAP*CP)+DXAA/(ACAA*CA)+I .0/(CAP*ACAP))

2a. Convection to and from the gas node

Bl* (DT (TG)-DT (TAN))

B1 is a convection coefficient and was define! previously.

2b. Convection to and from the external atmosphere

DI *B3* (D (TA) -DT (TAN))

where B3 is the convection coefficient equal to D(UAA)*D(ASAA)

and D1 is equal to DT(VOLG)/(I)T(VOLG)+DT(',LO)), a term to

represent the accumulator mass surrounding the gas.

3. Radiation exchange with the surrounding structure

D1*CIP*D(ASAA)*(D(I'ST)- (DT (TAN)+460.) 4)

where CIP is equal to SIGMA*EPSION*SHAPF, the radiation

coefficient, and D1 is as above.

These terms are combined to produce the equation for the heat balance for

the accumulator wall node.

6.71-5



MCp (DT(TAN)-DT(TAN)o) = R4(DT(TBN)-DT(TAN))+R3(DT(TPN)-
DEIT

DT(TAN))+Bl*(DT(TG)-DT(TAN)) (3)

+B3* (D (TA)-Dr (TAN)) +C IP*D (ASAA)

* (D (TST) - (DT (TAN) +460) **4)

where MCp is equal to D(AMASS)*Dl*CPAN

The fourth equation represents three modes of heat transfer relative to

thp accumulator wall node surrounding the oil volume.

la. Conduction with the connecting line segment wall,

R6* (TW (El) -DT (TBN))

where R6 is the conduction coefficient for the walls equal to

1.0/(DXF(Ll) / (ACW(Ll) *C (Ll))+D3).

D3 is equal to DXAB/(ACAB*CA).

This may be upstream if fluid is entering, or downstream if fluid

is only leaving, or either if there are two connecting lines.

lb. Conduction to and from that second connecting line wall node.

R7* (TW(L2) -DT (TAN))

where R7 is a conduction coefficient equal to 1.0/(DXF(L2)/

ACW(L2)*C(L2))+D3)

Ic. Conduction to and from the accumulator wall node surrounding the gas.

R4 * (DT (TAN) -DT (T BN))

where R4 has been defined previously.

id. Conduction with the piston node

R5* (DT (TPN. - DT (TBN))
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where R5 is the conduction coefficient between the two nodes

equal to l.0/(DXAP/(ACAP*CP)+B3+l.O/(CAP*ACAP))

2a. Convection to and from the external atmosphere

D2*B3*(D(TA)-DT(TBN))

B3 being same as defined previously and D2 is equal to DT(VOLO)/

(DT(VOLO)+DT(VOLG)), a term for the amount of accumulator mass

surrounding the fluid.

2b. Convection with the fluid node in the accumulacor

B5 (DT (TAF) -DT (TBN))

where B5 is the same as prceviously defined.

3. Radiation exchange with the surrounding structure

D2* (CP*D(ASAA)* (D(TST)-(DT(TBN)+46O0 4)

where all terms have been previously defined.

These six terms are combined to produce the equation for the heat balance

for the accumulator wall node surrounding the fluid.

MCp (DT(TBA)-DT(TBN)oLD) = R6* (TW(Ll)-DT(TBN))+R7 (TW(L2)-DT(TBN))
DELT +R4*(DT(TAN)-DT(TBN)-DT(TBN))+R5 (DT(TPN)

-Dl (TBN))+D2*B3*(D(TA)-(DT(TBI)) 
(4)

+B5 (DT(TAF)-DT(TBN))+D2*CIP*

D(ASAA) *(D(TST)- (DT(TBN)+460)**4)

where MCp is equal to D(AI 1"SS)*D2*CIPAN

The fifth equation represents two modes of heat transfer relative to

the accumulator piston node.

la. Conduction to and from the accumulator wall node gas side

R3* (DT (TAN) -DT (TPN))

with R3 being defined previously

lb. Conduction co and from the accumulator wall node fluid side

R5(DT(TBN)-DT(TPN))

with R5 being defined previously.
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2a. Convection to and from the gas node

B2* (DT (TG) -DT (TPN))

and again B2 is the same as was defined previously.

2b. Convection to and from the fluid node

B4* (DT (TAF) -LT (TPN))

with B4 being defined previously.

These terms combine to produce the equation for the heat balance for the

accumulator piston node.

MCp (DT(TPN)-DT(TPN) OLD) = R3*(DT(TAN)-DT(TPN))+R5*(DT(TBN)-DT(TPN)) (5)
DELT +B2* (DT (TG) -DT(TPN))+B4* (Dr (TAF)-DT (TPN))

where MCp is equal to D(PMAS$*CPPN

A thermal model of the above heat transfer equations is shown in Figure 6.71-3.

Equations (1) thru (5) are solved for the appropriate temperatures.

DT (TG) *DT (PG)*DT (VOLG)
OLD =GENERATION

DT(OPG)*DT(OVOLG)

BN = CONVECTION

MNCp = STORAGE

MCp = FLOW

D1*CIP CIP = CONVECTION

D(TA) Dl* MACP
B3

D2*CIP

TW (L )...., R6 D2*B3 R M

TW(L2)-,- R M 3Cp liCpB54

INLET RC ..... R2 -*EXIT
FLUID FLUID
TF(Ll) TF(L2)=

DT (TAF)
FIGURE 6.71-3

THERM1AL MODEL
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For the appropriate temperatures a thermal model for the accumulator

is shown in Figure 6.71-3.

For entry and exit flow losses, a pressure loss term is input into the

program. The term is corrected for the fluid type and operating temperature.

The resulting pressure loss is

PUP=PUP-QI*CORR (6)

where Q1 = flow rate (CIS)

CORR Entry exit flow constant (PSI/CIS)

PUP Inlet Pressure (PSI)

CORR is the adjusted laminar flow constant determined by the following

formula

CORR = D(LOSS)*(VISCOPERATING)(DENSOPERATIN G ) / (V ISC 1 0 0 ) (DENS 1 0 0 )

6.71.2 Assumptions

1. The temperature of the atmosphere and structure surrounding the

accumulator remain constant.

2. The temperature rise in the gas is due to compression or expansion

of the gas from the fluid in the accumulator, besides the heat

transferred to and from it.

3. The emissivity of the walls remain constant.

1'. Complete mixing occurs in the fluid volume.

5. The interface conductance between the accumulator walls and

the line walls is infinite.

6. The temperature of the fluid leaving the accumulator is equal

to the fluid calculated temperature, DT(TAF).

6.71-9



6.71.3 Computational Methods

Section 1000

The fluid and wall temperatures are initialized, the external

structure temperature is changed from degrees Farenheit to Rankine and raised

to the forth power, and the default values are assigned.

Section 2000

The pressure loss due to fluid entry and exit is computed using

equation (6) and the accumulator oil pressure is storcd in DT(PO). At time

zero in the program the initial gas volume is computed as

DT (VOLG) = DT( MAVOLG)- (DT (APRECH) *DT (MAVOLG))/DT(PG)

where

DT(MAVOLG) = MAX VOLUME OF GAS (IN )

DT(APRECH) = PRECHARGE PRESSURE (PSI)

DT(PG) = GAS PRESSURE (PSI)

DT(VOLG) = GAS VOLUME (IN )

Section 3000

The present oil volume is computed using a simple integration

TVOLO = DT(VOLO)+(DT(IQV)+TQV)*DT(NDELT))

where

DT(VOLO) = OLD OIL VOLUME (IN )

DT(TQV) = SUM OF FLOW IN AND OUT OF ACCUMULATOR (CIS)

DT(IQV) = OLD SUM OF FLOWS (CIS)

DT(NDELT) = .5*TIME STEP

TVOLO = TOTAL OIL VOLUME
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TVOLO is checked to determine if the accumulator is full, empty or in its

working range. With an empty accumulator the oil volume, TVOLO, is set to the

minimum oil volume and the volume of gas becomes DT(MAVOLG). Similarly for a

full accumulator the proper volumes are initialized.

After the volumes of oil and gas have been determined the gas pressure is

computed

DT(PC)=DT(PG)+(DT(DPG)+TDPG)*DT(NDELT)

where

DT(PG) = OLD GAS PRESSURE (PSI)

1DPG = RATE OF CHANGE OF GAS PRESSURE WITH
TIME (PSI/SEC)

DT(DPG) = OLD DIFFERENTIAL GAS PRESSURE (PSI/SEC)

Property values are assigned. Dimensions and coefficients are calculated.

The flow direction is determined. (The program is set up with the flow

entering connection line one (Ll) and leaving through connection lines two (L2).

During the calculation the flow direction is checked. If the flow has reversed

flow direction, the program reassigns connection numbers so that the flow still

enters connection line one). Some coefficients are then recalculated if the flow

direction is changed. A 5x5 matrix is loaded and the mathematical equations

are solved for DT(TAF), DT(TG), DT(TAN), DT(TBN), and DT(TPN) and stored in

the B computational array. The calculated values are assigned to their

proper storage locations and the boundary conditions are assigned to special

arrays TF and TC in COMNON/TRANS/.

6.71.4 Approximations

1. The shape factor is .96 (described in the technical discussion earlier).

2. The properties for the gas are for nitrogen at 100'F, and remain

constant.
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6.7].5 Limitations

The accumulator model may not be used as a pressure source in a hydraulic

system.

6.71.6 Variable Listing

VARIABLE DEFINITION DIMENSION

A Computational Array

AAA Area Associated with the Inlet Flow to Accumulator IN2

AAMASS Accumulator Mass - Surrounding the Gas LBm

ACAA Cross Sectional Area of the accumulator wall IN.2

2
ACAB Cross sectional area of the accumulator wall IN.

2
ACAF Cross sectional area of the accumulator fluid IN.

ACAP Cross sectional area of the accumulator piston IN.2

D(AMASS) Accumulatcc Mass LBm

D(APRECH) Precharge pressure adjusted to fluid temperature PSI

D(AREA) Piston to oil area IN. 2

D(ASAA) Surface area accumulator walls to atmosphere IN. 2

ASFB,ASGA Dummy variables

B( ) Computational Array

BMASS Accumulator Mass Surrounding the fluid LBm

CA Conducitivity of the accumulator walls WATTS/IN.- 0 F

D(CAP) Interface conductance - walls to piston WATTS/IN.-°F

CIP Dummy variable

CJ Mechanical equivalent of heat IN-LBm/WATTS-SEC

CORR Laminar flow coefficient correction term --

CP Thermal conductivity of the piston WATTS/IN.-°F

CPA14 Specific heat of the accumulator walls WATTS-SEC/LBm-°F
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6,71.6 Variable Listing (Continued)

VARIABLE DEFINITION DIMENSION

CPFN Specific heat of the fluid WATTS-SEC/LBm-°F

CPGN Specific heat of the gas WkTTS-SEC/LBm-F

CPPN Specific heat of the piston WAYTS-SEC/LBm- 0 F

DOD Distance over which AAA Acts 3.N.

D(DIA) Inside Diameter of accumulator IN.

D(DPG) Differential gas pressure PSI/SEC

DXAA Distance from node to interface, wall to wall IN.

DXAB Distance from node to interface, wall to wall IN.

DXAF Distance from node to interface, fluid to IN.
connecting line

DXAP Distance from node to interface, piston to wall IN.

Dl,D2,D3 Dummy Variables

EPSION Emissivity factor of the walls

FMASS Accumulator fluid mass LBm

D(GTYPE) Gas material type

GMASS Gas mass LBm

IERROR Dummy variable

D(ITC) initial wall temperature OF

D(ITF) Initial fluid temperature OF

D(ITG) Initial gas temperature OF

D(LOSS) Entrance and exit loss coefficient PSI/CIS

KTYPE Dummy variable

DT(MAVOLG) Maximum volume of gas IN.3

D(MAVOLO) Maximum oil volume IN.3
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6.71.6 Variable Listing (Continued)

VARIABLE DEFINITION DIMENSION

D(MIVOLG) Minimum gas volume 
IN. 3

D(MIVOLO) Minimum oil volume 
IN.

D(MTYPE) Accumulator Wall Material Type --

!T(NDELT) .5 * Time Step SEC

NTYPE Dummy Variable

DT(OPG) Old gas pressure PSI

DT(OVOLG) Old gas volume 
IN.3

DT(PG) Gas pressure 
PSI

D(PIRASS) Piston mass LBm

DT(PO) Oil pressure 
PSI

D(PPRES) Gas precharge pressure 
PSI

D(PTYPE) Piston material type
3

RHOIL Density of the oil LBm!IN.

RHOG Density of the gas LBm/IN.

RHOP Density of the piston 
LBm/IN

3

SHAPF Shape factor of the walls for radiation --

SIGMA Stefan-Boltzmann constant for 
radiation WATTS/IN-. 2R 4

D(TA) Temperature of surrounding atmosphere 
OF

DT(TAF) Fluid temperature in accumulator 
oF

DT(TAN) Temperature of the wall surrounding 
OF

the gas

DT(TBN) Temperature of the wall surrounding the fluid OF

TDPG,TFO Dummy variables

DT(TG) Gas temperature 
OF
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6.71.6 Variable Listing (Continued)

VARIABLE DEFINITION DIMENSION

DT(TPN) Piston temperature OF

D(TST) Temperature of the surrounding structure OF

D(UAA) Heat transfer coefficient, accumulator to ambient WATTS/N. 2-,F

DUFWA) Heat transfer coefficient, accumulator to fluid WATTS/IN.2-°F

D(LGA) Heat transfer coefficient, accumulator to gas WATTS/IN.2-oF

DT(VOLG) Volume of the gas IN. 3

DT(VOLO) Volume of the oil IN.3

D(WrHICK) Accumulator wall thickness (average) IN.
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6.71.7 Subroutine Listing

i;l '.)U',I :i T\(:'J,,7 l ( O), "'i, *)D', [,)
nI .l ,,11TIM. T(A),. 1 () ,1),r,( )

Co / .S' IP,;/ ( 300) ,( 300) ,C( 300) ,TC( 300) ,0( 300) , 'F( 3NO)
+ QCp( 30') , \C'.( M10) 09F( 300) ,JI..,, rLIj', -'I,%L1 M,11 ,

.- /. I PAP /IA (). NQ(99),Al" .0(09), 1.. n, . ', I -M I,
C ,,-,'/,3I'i Ar-Y/:" (1"0) , 11:(90) , PL°X(qn} ),I P"M ,',:( 90) -'L( 90),
1 , , "11, PfUP, W " e,....J! Q 1 , LIt- E , I a

[ I 'Y, t ;, 4OdP( 9') , W. 4( 9 ), ILLk.( 10), i, ;:\')( 9 0), IL .;( 1090)
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, *I'P( 13, 3)
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+ ,T -2, ei, P\ , ' ', TPw , TO, 2IF", V)L ,VJL;, ,' ,P';, \P v. A,?- , t .
I AM N,,, Q.TV L., PT2YRI , "N b'l WVOT,,V W) ) 01_,3p;

VA FN -.'0, 111 "I / , 3 YV /')/, M e3 1 1, W o.'\/ I, it I MC1//,/

.,.' V , T V/ 1,", 1/ " , I W' 1 5/ , 'I.'/1 51 T O'/ 17/ , NVI N1 / .. I _ l M EA "9/

3 , .IV Wlv,/21/,.T,, )Lb/21/, IP--1?Lb/22/, L)Ss/23/
N \Y 11 "I W. L: i
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6.71.7 (Continued)

TC( Li )=PD( I 1C)
D( A.;.%J.S) =)( I.1'\S) -,( PiAA"36)
C I P=S I G. IA* S IM PP L PSI'
D (TS) = ( o(rsf) + it)o. ) ** 4
IF(D(UAA) . LC-. . 3)D(AA) =.000)'

T( APRIC111) =D( P PPL.S) * ( rIP( L I) +443n. ) /520.

T'(VOU..L)=D( A110LO)+-)( 1IVOL,G)
WT ( OVO L-3) = D (. .IT,; L3)
DT(0 PG) =iDT A PPLC it)
PT( IC ' )5 .) LU
Tf ( 10p V) = 0

IF'( L( 2) .LO. 0) -U.TUR14
'2F( L( 2) )= L ITF')
T C(L 2) )= DIT'C

200.0 CONTINUL
C CORRLCT e'LOai CO',iSTVT FOI! FL-iD 0 'r -.i

C-ORRi= VI;C( '( L(i 1) ,POP) *RliIO(Ti'( L( 1)) PUP)/ *029*3.2L5)
+ *D(LOSC'3)

T( PO) = PIJW

~r( ?G)=DIP( po)

'Yr VOO)=flI' V'L'X.L) -P(VOL(3)

Or( PG) =,),r( A:PI C:i)
D-I' (r Vu 1) =Z(iI VQ Lr))

V~) L( 1)

I( L( 2) 72'. ))12--~ L( 2))
T(YYPL.=J .,'rY') Y)

4TYN-=I)( c"rY;" ).

CP P.?OP ( v'(Y O, )

Vi!OIL,=3qr. 4*f11'r)( r F( Li I OT P'))
C CO.'. P'J'Fr, OIL~~TJll VOL'' t.

'V~'=' Li) 4 )'2
'VO LO=r TOM U) + ( '-T(I iV ) + "")V) ~D V' .J 0bL r
" I U"L , ,9 0 n)I11) JD\C( I LD , ( 2) Q Li '72, 911( 1 V) , QT(D)

+ TVOLO, -D(Vft)
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6.71.7 (Continued)

0 ~(1 FOh",i%fr(1X, 311 1 6 L, 155
UT( VQ -)"L~i( V)LI L) -'PV t.. LO

I F VVC W.P.-( -, IVO LO) )Go TO 3100n
c \CC"),,'JLATOR Ii LuTY

,v)lU=[L( .1]C..LO)

Tt )V='1I I

CT VOA' ;

C .1111A .' lA~)P I qG"

32' C ' .I

DT J= ) k VL, )/( 1)3*( -IVOLO

Tj ( '~l)( )T DP) ' *TD)G *T'4;fL

C)1~~~)p( 'JLC)/ Y P('J'.JG + Yi' VL;

f: -A: P = P( ASI3; R*: 011

N .',3= PY I IUC D P ' D L O ) f )., , N

V--'' - A' S L I I)
C 'Ji' 11Lv= J in vr( iAD ,) + .),ri( vi)) I ( iP(L)

~1)C/ N I L 7/ACIP) Li) +D i/.C[+.Fi*LL( i'CI' Li),
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6.71.7 (Continued)

1-( L.(l L 1 0. )?(1 2) 0 0
I ()Ll. 0. ) IL-U(2)=0

TP( L(42) .L,~O 'L-0 3103
L2=L( 2)
; 2=Cr'/ ( i->'F( L2)/0 F( L2) +,,XAP/ACA+,Z~.1vL2*0f. L/( AC( L2)

+ * * )*RIIal)

Di(Li)/ (AC [,l) *C( LI) 03

1=!) Jjf(\ W I

A~ 1) ~ I IJ,2 JKJL leOir
T>. '1) r7((~) .3',( ;I) *")'J'( \10 L )/ D £P( JV' LG ) DP( J PG)

3 I) =-31 ~ /IJ w~.

A\ 4 " ) =1) . I

A( ,) ',2~ CP/r~4 5.j~k~~

+ F F.2+ L2i") (L)

1( 3, 2)=0. 9

%( 3,4)=-!*4
A ( 3,5) =-k(3

+-,P*D 3) A\ iV,*.)1k LD' 1'+I-+-Y~ I P* D( +AA3*-I*) PST)

.%( 4, 1) ).
A( 4,?)=-75

A 4) =.- Fl:2.*C P:\.j/> I, '+ 59+p4+- 5+," 6+R7+
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6.71.7 (Continued)

'( 4 )= . , C P\,*. f( 2,v)/'LLT+ ,3* ', ( Li ) 4-:7* .( L2)+
+ ;33"Th*;;,( I.) FI2*)( \,;\) D * ( o )
+
+ C I ) P ,AA)*,.2* ('( T. ! ) +-A0. **4

5,( 5,1) 1 -'3 2

,5, 3) =-,

"'( [,i!) =-;,5I

(5, 5 C . .,* / i LTI+,!, 3+R 5+' , 2+! -4

'(5) = ., ' S * C P P i) )( I, ) LT
C'%LL ; 1,UT(\, 1,,5 , i )

'I() ' ($ ) TVT( :

I')=I' ( L .

r,:("'.F)= 2)

PC(L I1 1.
T- ( L ( ), -. 0 )  T-(LI 6=3(12
Ir( L (2)... ) TO 4 0 0
:' (L2 )-, (

L'(12) ,( )

SJF L IJ Li '(1,1 I C
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6.81 SUBROUTINE TFILT81

TFILT81 simulates an inline non-bypass filter with no moving parts

as shown in Figure 6.81.1. This subroutine calculates the filter wall

temperature and the temperature of the fluid in the filter bowl.

Connection No. I Connection No. 2

Flow

Inlet Volume_ ]

(Includes Inlet

Passage of Component)

(Includes Element
Volume)

Element
GP74 0773 6

FIGURE 6.81-1

TYPE NO. 81 F4 TYPE IN-LINE FILTER
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6.81.1 Math Model

The thermal math model for the filter includes heat transfer to and

from two line segments, one upstream and one downstream of the filter. Six

nodes are considered: three fluid nodes and three wall nodes (as shown in

Figure 6.81-2). The filter consists of two nodes: one fluid, representing

all the fluid in the filter, and one wall, representing all the walls. The

temperatures of the upstream and line segment wall and fluid nodes are denoted

by TW(Ll) and TF(Ll), the temperatures of the filter wall and fluid nodes

DT (TFRW) TW 1--2
TW (11) -- -TF (L2)

Flow

Connection No. 1 Connection No. 2

DT (TFF )- / '  Fl e Elelwent

OP77-0065. t0

FIGURE 6.81-2
FILTER AND LINE SEGMENT NODE REPRESENTATION

Figure 6.81-2

FILTER AND LINE SEGMENT NODE REPRESENTATION
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are DT(TFRW) and DT(TFFI), and the temperatures of the downstream line segment

wall and fluid nodes are TW(L2) and TF(L2). Two heat balance equations are

written to solve for DT(TFRW) and DT(fFFl), using the filter and line

segments material properties and dimensions, the atmosphere and structure

temperatures external to the filter, and TW(Ll), TW(L2), and TF(Ll). (Note:

TF(L2) = DT(TFFl), see assumptions). One equation is a heat balance for the

filter fluid node. The second equations is a heat balance for the filter

wall node.

The first equation represents four modes of heat transfer relative to

the filter fluid node:

1. Conduction to and from the upstream line segment fluid node

R3* (TF(Ll) -DT (TFFL))

where R3 is the conduction coefficient between the fluids and is equal

to CF/(DXF(Ll)/ACF(Ll)+DXFF/ACFF+RIFLI*DELT/(ACFF**2*RiOIL))

2. Convection to and from the filter wall node

Bl* (DT (TFRW) -DT (TFFl))

where Bl is the convection coefficient between the fluid and the

wall and is equal to UFWIL*D(ASFW).

3. Heat transfer due to mass transfer into the filter from the

upstream line fluid segment.

MCp*(TF(Ll) - DT(TFFl))

where MCp is the flow rate coefficient and is equal to Q(Ll)*RHOIL*CPFN.

4. Heat addition due to a pressure drop across the filter

MCp * DCAPT

where DCAPT = (1.O/RNOIL)*(P(Ll)-P(L2))/(CJ*CPFN)

Note: There may be a pressure drop acroos the filter and if sufficient

may add heat to the fluid experiencing the pressure drop. If not an appreciable
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pressure drop, (100 psi or greater) this term will be negligible.

These four heat transfer terms combine to produce the equation for

the heat balance for the filter fluid:

Mp * (DT(TFFl)-DT(TFFI) old= Bl*(DT(TFRW)-DT(TFFl)) (1)
DELT 0

+ MCp* (TF(L) -DT (TFFl))

+ MCp*DCAPT+R3* (TF(LI)-DT (TFFl))

where MCp is equal to FFMAS*CPFN

The second equation represents three modes of heat transfer relative

to the filter wall:

1. Conduction to and from the upstream and downstream line segment

walls

Rl* (TW (Li) -DT (TFRW)

where RI is the conduction coefficient and is equal to l.0/(DXF(LI)/

ACW(LI)*C(LI))+DXRW/(D(ACFW)*CW)) and I = I for the upstream line and

2 for the downstream line.

2a. Convection to and from the filter fluid mode

Bl * (Dr (TFFl) -DT (TFRW)

where BI is defined above.

2b. Convection to and from the external atmosphere

B2*(D(TA)-DT(TFRW))

where B2 is the convection coefficient and is equal to D(UAF)*D(ASAF).

3. Radiation exchange with the surrounding structure

CIP* (D(TST)-(DT(TFRW)+460. )**4)

where CIP is the radiation coefficient and is equal to SIGMA*EPSION*

SIIAPF*D(ASAF).
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these heat transfer modes combine to produce the equation for the heat

balance of the filter wall node:

MCp*(DT(TFRW)-DT(TFRW)oid) = Rl*(TW(Ll) -DT(TFRW)) (2)
DELT

+ R2*(TW(L2)-DT(TFRW))

+ Bl* (DT (TFFl) -DT (TFRW))

+B2* (D (TA) -DT (TFRW))

+ CIP*(D(TST))

-CIP* ( (DT(TFRW)+460) **4)

when MCp is equal to D(FASS)*CPWN

Equations (1) and (2) are solved for the appropriate temperatures.

A thermal model of the above heat transfer terms for the filter is shown in

Figure 6.81-3.

MCp*DCAPT

EXIT
INLET FLUID
FLUID MCp TF(L2) =

TF(Ll) _ R3 !: FC -- ----- .DT(TFFl)

DT(TFFl) BN = CONVECTION

.MCp = STORAGE
MCp = FLOW

RN = CONDUCTION
B3 CIP = RADIATION

ICp*DCAPT = GENERATION

TW(Ll)- RI_ C_ -R2-- TW(L2)
MCp

B2 CIP

D(TA) / \ D(TST)

FIGURE 6.81-3

THERMAL MODEL
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In the hydraulic math model a second order relationship is used to

compute the filter pressure drop.

PUP = PUP-QA*QS* (COEFFL+QA*COEFFT) (4)

where PUP = upstream pressure (PSI)

QA = magnitude of t'low (CIS)

QS = sign of flow

COEFFL = laminar flow coefficient (PSI/CIS)

COEFFT = turbulent flow coefficient (PSI/CIS )

6.81.2 Assumptions

1. The temperature of the fluid leaving the filter is equal

to the filter fluid node temperature, DT(TFF1).

2. The entire filter wall is at the same temperature.

3. The temperatures of the atmosphere and structure surrounding

the filter remains constant.

4. The interface conductance between the filter and line walls

is infinite.

5. The emissivity of the wall material is a constant.

6. romplete fluid mixing occurs in the fluid volume.

6.81.3 Computational Methods

The subroutine executes the above discussed calculations as follows.

Section 1000

The fluid and wall temperatures are initialized, the external

structure temperature is changed from degrees Farenheit to Rankine and raised

to the forth power, and the default values are assigned.
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Section 2000

The laminar flow coefficient D(CONSEL) and turbulent flow coefficient

D(CONE2) are adjusted for fluid other than MIL-H-5606B and temperatures other

than 100°F. Equation (4) is then solved to obtain the filter pressure prop.

Section 3000

Property values are assigned. Dimensions and coefficients are calcu-

lated. The flow direction is determined. (The program is set up with the

flow entering connection line one (Ll) and leaving thru connection line

two (L2). During the calculation the flow direction is checked. If the

flow has reversed flow direction, the program reassigns connection numbers

so that the flow still enters connection line one.) Some coefficients are

then recalculated if the flow is reassigned. A 2 x 2 matrix is loaded and

the mathematical equations are solved for DT(TFF1) and DT(TFRW) and stored

in the B computational array. The calculated values are assigned to their

proper storage locations and this boundary conditions are assigned to arrays

in COMMON/TRANS/for distribution throughout the entire program.

6.81.4 Approximations

Not applicable.

6.81.5 Limitations

Not applicable.
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6.81.6 Variable Names

Variable Description Dimension

A( ) Computational array

AAA Dummy variable

D(ACB) Cross sectional area of the filter bowl IN2

ACFF Cross sectional area of the fluid in the filter IN2

D(ACFW) Cross sectional area of the filter walls at the IN2

connections

D(ASAF) External surface area of the filter IN2

D(ASFW) Internal surface area of the filter IN 2

Al, A2 Dummy variables

B( ) Computational array

CENT Fluid viscosity IN2 /SEC

CIP Radiation coefficient WATTS /OR4

COEFFL Viscosity corrected laminar flow coefficient PST/CIS

COEFFT Viscosity corrected turbulent flow coefficient PSI/CIS 2

CJ Mechanical equivalent of heat FT-LBm/WATTS-SEC

D(CONE2) Turbulent flow coefficient PSI/CIS2

D(CONSEL) Laminar flow coefficient PSI/CIS

CPWN Specific heat of the filter walls WATTS-SEC/LBm-F

CW Thermal conductivity of the filter walls WATTS/IN-OF

DCAPT Heat added to fluid due to a pressure change OF

DDD Dummy variable

DENS Fluid density LBm-SEC2IIN4

DXRW Distance from wall node to interface with IN

line segment

EPSION Emissivity factor of the walls

D(FMASS) Mass of the filter walls ,
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Variable Description Dimension

FRFM Mass of the fluid in the filter LB

IERROR Dummy variable

D(ITC) Initial temperature of the filter walls 0 F

D(TTF) Initial temperature of the fluid 0F

Ll,L2 Line connection addresses

MFYPE Material type of the walls

D(PERC) Percentage heat added to the fluid due to a pressure
drop

RIIOIL Fluid density LB /IN 3

m

RHOW Density of filter walls LBm/IN 3

RMFL1 Mass flow rate entering filter LBm/SEC

RMFL2 Mass flow rate leaving filter LBm/SEC

Rl,R2 Dummy variables

SHAPF Shape factor case to surrounding structure --

S1,GMA Stefan-Boltzman constant for radiation WATTS /IN2-OP 4

D(TA) Temperature of the surrounding atmosphere OF

TEMPI Dummy variable

DT(TFFI) Filter fluid temperature OF

DT(TFRW) Filter wall temperature 0I"

D(TST) Temperature of the surrounding structure OF

D(UAF) Heat transfer coefficient (surrounding WATTS/TN 2 _, F
atmosphere to filter walls)

UFWIL Heat transfer coefficient (fluid to filter walls) WATTS/IN2-OF

D(VOLUME) Volume of fluid inside filter IN3
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6.81.7 Subroutine LiSLing

'UtRO'UTIAL[ 'rFIL'rl (,),T07,DO, L)
DI.'tEN$1ON D( 1) ,rT(~1) ,Dl)(1) ,L( 1)
COt..iN /'PRMMS/P( 300) ,( 300) ,C( 300) ,TC( 300) Ttq( 300) ,TF( 300),

4+ ACF( 300) ,ACW( 300) ,DXF( 300) ,TIMIL,DLLT, PI,NLINIL, NLL
COmeidON /CO,*IP/L,UYiPL( 99) ,NC( 99) , YrL,,iP( 99) , IND, IENTR,T1NLL
como,ij /s'rLAifY/PA(90) QN( 90) ,PLX( 90) ,PDLLG( 90) QL(90),

+ QA,Q S,Q1, PUP, PDOi,NJNODL,LLG,NCP.,TR'i,LLGM, ICON, INV,
+ INX,I11'-,NJJ1(q),NDN(90),.NLLLi (90),ILLGAD(90),ILLG(1000)

D I iI LWS 1ON A ( 2, 2) ,3 ( 2)
INTLGLR IAi, T AF,F)ASS,TA,rs,TF1,TF',iTrc,ITPF,ASFv,

+ VO LUN L,AC FW, AC3,CONSLL, CONJL 2, PL RC
C D) ARRAY VARIA33ALES

IOA'.'\ .ITY PL/ 1/, F,',ASS/ 2/, VOLUME/ 3/, ACF/ 4/, AC.3/5/
+ AAi'/&/,ASF/7/,UAF/8/,TSr/10/,TA/11/, IrF/12/, I'C/13/
+ ,CON'SLL/14/,CO IL2/15/,Pi:;RC/9/
DAMA SIC3.iA/. 34Th-i1/,SJIAPF/.93/,EPSIOl/. 3/,CJ/8.85/

c DTr ARAAY VAARIA*3ALLS
DATA TPF1/1/ ,rPRv/2/

C UA\tF =HLAI T.<ANSFLR COLFFICIENT CASE AvvALL TO ALIBIENT
C NSAI' =SURFACL, ?kRLA CASE W ALL rO AAIINT
C F. 1ASS =FILrtR WALL oiASS, Ll1S. (rOTAL WLIGiIT)
C TiF F I =T~v.PLJRAT!JRl: OF THE' FLUTO
C T FR,-.1 OF Tille CASSE WALL

C VOLUJ,,,=ToTA.L VOL~h.L OF FLUID IN CASE
C ASFw~ =SURPACl-. ARF,,'\ CASE NVALL To I'iSIDE FLUID
C TA =Th:'jPLRATUiRL OF SURROUNDI'4G A,-131LN'f
C TrST =T1LciPLPAT1JRL OF 11 STRUCTURL
C ACF,.-=DIS'iAiqCL 11~LhT TO CXIT
C AC3=CiROSS SLCTIY'JAL AR~LA OF' THE. I'SIDE. OF THlL '3OW.-L

TF(ILN'rR) 1000,2000,3000
C *** 1000 SE.YT1ON

1000 CON1TINW;
LL=L( 1)
L2=L( 2)

DT( TFROI) =D( ITC)
IF(D(CONSLL) .LL.0.0) D(CON\SEL)=.0001

Hi (D( IAF) . Q. 0.0) D( UAF)=. 0069
TF( Li)=D( ITF)
TF( L2) =D( ITF')
TC( L1)=D( VrC)
TC( L2)=D( ITC)
KTYPL=D( 1'YPL)+. 001
1?1Ov=PROP( KTYPL, 2)
CW- PIROP KTY PC , 3)
CP4.4=PPROP( KTYPL, 1)
RETURN

C 2000 SECTION4
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6.81.7 (Continued)

2000 CONTINUE
DE14S=RAIO(TF( L( 1) ,PUP)
CEN4T=VISC( rF( 141) , PUP)
COEF'FL=CE'NT*DEN4S*D( CONSLL)/( .029*3. 2L-.5)
C0EFFr=CN.,T**. 25*DE-NS*D(CONE2)/( .40906234*3. 2L-5)
PUP=PUP-QA*2,S* (COLFFLL+Q A*COEFFT)
RETURN

3000 L1=L(1)
L2=L( 2)
IP(Q(L1).GT.0.C) GO TO 3003
Ll=L( 2)
L2=L( 1)
RiUOIL=386. 4*RIIO('rF( ',l) ,P( L1)
F~mAS-S=D( VOLUML) *RIIOIL

3003 AAA=D(ACE3)/2.
DDD=SQRT(AAA*4./PI)
TLX.iPi=DT( rFRW)
UFWIL=UFq( AAA, ODD,ABS(Q( Li) ),TF( Li) ,PLi)
DXR J=D(VOLU,%1l.)/( 2.0*D(ACPW))
ACFF=D( AC3)/3.
DXFF'=FFI.IASS/( R[IOIL*D( AC'3) *2)

3033 lM.FL1=ABS(-.( Ll)) *RIIOIL
PiMFL2=ASS(Q(L2) )*RHiOIL
P1=1. 0/( DXF( L1 )/(ACW( Li)*C( Li))+DXR ,v/( D(ACFvI)*v)
R2=1.0/(DXF(L2)/(ACW,(L2)*C(L2))+DXR4/(D(ACF~q)*CW))
R3=CF/(DXF(L1)/ACF(L)+DXF/ACF'F+iRLFL1*DELT/(ACFF**2*RHiOIL))
B1=UFv4IL*D( ASFW)
B2=0(UAF) *D(ASAF)
DCAPT=(./IHOIL)*A!3S(P(L1)-P(L2))/(CPF1N*CJ)
CI P=SIGvdA*SllAPF*LPSION*D( ASAF)

C TFF1,TFRW L4JO')ES INJ ORDER
3099 A( 1, 1) =FF,-ASS*CP/DLr+. FLI*CPFN+31+R-3

A( 1, 2)=-Bi
!3( 1)=FF~iASS*CPFN*DT( rfFi )/DELTr+R,%FLI*CPF'N*TF( Li)

* +RLIFLI*CPPN*DCAP'*D(PLRC)+R3*TF(Li)
A( 2, 1)=-B1
A( 2, 2) =D( F,,IASS) *CP~tJ/DLLT+32+31+R1+fl2
B3( 2)=D( EIASS) *CPvifl4*D.('rFR)/DELr+fli*TWq( Li)4-fl2*lrvJ( L2)

* +32*-)(A) +ciP*D(TrST) CIP*((DITMI-1) 1460. -t4
CALL SIvlU1LT(A,B,2,IERROR)
TF(L2)=B( ])
TC( L1)=3( 2)
TC(L2)=3( 2)
DT(TFF1)=B( 1)
DT (TFRVI) =B ( 2)
RETURN
END
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6.101 SUBROUTINE ACT101

TACT101 simulates a simple servo actuator with a mechanical input to the

servo valve, which operates open loop, without feedback as shown in Figure

6.101-i.

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 is inputed independently, to allow the valve

areas to be matched to the actuator piston areas. The initial actuator position

is input, together 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.

The subroutine calculates two actuator fluid temperatures, two valve fluid

temperatures, two actuator wall and one actuator piston temperatures, and one

valve wall temperature.
Ret rn Pressure

Connection No. 2 - Connection No. 1

Input
Command V+E

External _i
Load 0

No. 2 Volume \No. 1 Volume
0P74 0773 2

FIGURE 6.101-1

TYPE NO. 101 VALVE CONTROLLED ACTUATOR
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6.101-1 Math Model

The thermal math model for the actuatr.r includes heat transfer to and

from two connecting line segments, one upstream and one downstream of the

actuator valve. For the actuator valve combination there are a total of

12 nodes: six fluid nodes, five wall nodes, and one piston node, as shown

in Figure 6.101-2.

TF(L1)
TF(L2)

TW(L1)
TW(L2)

DT((VF 1)

/ DT(TCN)

DT(TDN)

DT(TFA2)-- -DT(TFA})

DT(TPN)

FIGURE 6.101-2
ACTUATOR, VALVE AND LINE SEGMENT NODE REPRESENTATION

QP71-IO4$-13

The temperatures of the upstream line segment nodes are 'F(Ll) and TW(Ll)

for the fluid and wall respectively, the temperatures of the downstream line

segment nodes are TF(L2) and TW(L2) for the fluid and wall respectively. The

actuator valve nodes temperatures are DT(TVFl), DT(TVF2). and DT(TVN) for two
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fluids and the valve wall respectively. The actuator wall temperatures are

DT(TCN) for the walls around volume one, and DT(TDN) for the walls around

volume two. The two actuator fluid nodes temperatur-s are DT(TFAI) for the

fluid in volume one, and DT(TFA2) for the fluid in volume two, and the actuator

pistons node temperature is designated as DT(TPN).

Eight equations are written to solve for the eight valve and actuator

temperatures, using the actuator, valve and line segment material properties

and dimensions, and external atmosphere and structure temperatures of the

actuator and valve. The equations represent the heat transferred to and

from each of the eight actuator nodes.

1) 2)
line two Fnow
valve lflve Flow

volume tw o Fo w line one vo u e t ol n o evalvev e F vOl u e one v m wo lin one

vou-oevolume one

actuator actuator actuatorac tua to- / -pis ton

volume two volume one volume two --piston volume one

FIGURE 6.101-3

ACTUATOR WORKING SIMULATIONS

During operation of the actuator, fluid always enters connection one, or

flows into valve volume one, and then has tio possible paths as shown in

Figure 6.10'-3. It either: 1) m ay enter actuator volume one. If this happens

fluid from actuator volume two then leaves actuator volume two, due to movement

of the piston, and travels into valve volume two. The fluid then leaves valve

volume two to line two, or 2) may enter actuator volume two moving the piston
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which forces fluid out of actuator volume one into valve volume two which then

leaves valve volume two again to line two.

To describe the math model we shall only consider the first path. Recall

that eight equations are necessary. The first equation represents four modes

of heat transfer relative to the valve volume one fluid.

I) Conduction to and from the upstream line fluid node

Rl5* (TF(Ll) - DT(TVFl))

where R15 is the conduction coefficient for the fluids equal to

CF/(DXF(Ll)/ACF(Ll) + DXV/ACFV + RMFLl*DELT/(ACFV**2*RHOIL))

and RMFLl is the mass flow rate equal to Q(L])*RHOIL

2) Heat transfer due to mass transfer of fluid into the valve from

the upstream line segment

MCp* (TF (LI) - DT (TVFl))

where MCp is the mass transfer term and is equal to RMFL*CPFN

3) Convection to and from the valve wall node

B7*(DT(TVN) - DT(TVFl))

where B7 is a convection coefficient and is equal to UFWIL*F(ASFV)/2.0

4) Heat added directly to the fluid due to a pressure drop from line

one to the valve volume.

MCp*DCAPT1

where MCp is as defined previously and DCAPT1 is equal to l.O/RIIOiL*

(P(Ll) - DT(pPl))/ (CJ*CPFN*2.)

These terms are combined to produce the equation for heat balance for

a volume one,

MCp (DT(TVFl) - DT(TVFl)o) = R15*(TF(Ll) - DT(TVFl))+MCp (TF(Ll) - (1)
DELT

DT(TVFL1) + B7*(DT(TVN) - DT(TVFI)) +

MCp*DCAPT I

when MCp = FMASS*CPFN
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The second equation represents three modes of heat transfer relative to

the actuator volume one.

1) Heat transfer due to mass transfer into the actuator volume

from the valve volume one

MCp*(DT(TVF) - DT(TFAl))

where 'Cp is equal to Q(Ll)*RHOIL*CPFN

2a) Convection to and from the actuator walls surrounding volume

one B3*(DT(TCN) - DT(TFA))

where B3 is the convection coefficient equal to

UAlC*ASA1C

2b) Convection to and from the piston node

B5*(DT(TPN) - DT(TFAL))

where B5 is the convection coefficient equal to D(UAIP)*D(AREAI).

3) Heat added directly to the fluid due to a pressure drop across

the orifice into the actuator.

MCp*DCAPTI

Mkp is equal to RFML1*CPFN and DCAPT is the same as defined previously.

These terms are combined to produce the heat balance equation for the

actuator volume one.

MCp (DT(TFAl) - DT(TFA1)o) = MCp*(DT(TVFI) + DCAPTI - DT(TFAl)) + (2)

DELT

B3*(DT(TCN)-DT(TFAl)) + B5*(DT(TPN) -

DT(TFAI))

where MCp is equal to FMASS1(CPFN).

The third equation represents one mode of heat transfer relative to the

actuator volume two.

la) Convection to and from the actuator wall surrounding volume two

B4*DT(TDN) - DT(TFA2))

where B4 is equal to UA2D*ASA2D.

ib) Convention to and from the actuator piston none

B6*OMl(TPN) - DT(TFA2))

where B6 is equal to UA2P*D(ARA2).
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These terws combine to form the heat balance equation for the actuator

exit volume two.

MCp *(DT(TFA2) - DT(TFA2 )OLD) B4*(DT(TDN) - DT(TFA2)) + (3)
DELT

B6* (DT(TPN) - DT(TFA2))

where MCp is equal to FMASS2*CPFN.

The fourth equation represents three modes of heat transfer relative

to che valve volume two, the exit volume.

1) Heat transfer due to mass transfer of fluid into the valve

volume from actuator volume two.

MiCp*(DT(TFA2) - DT(TVF2))

where MCp is equal to RMFL2*CpFN and RMFL2 is equal to Q(L2)*RHOIL.

2) Convection to and from the valve wall node

B7*(DT(TVN) - DT(TVF2))

and B7 has been defined previously.

3) Heat added directly to the fluid due to a pressure drop into

the actuator volume two.

ifCp*DCAPT2

where MCp has just been defined and DCAPT2 is equal to

i.0/RHOIL*(DT(PP2) - P(L2))/(CJ*CPFN*2.)*2..

These terms combinc to produce the equaLion for the heat transferred to

and from the valve exit volume two.

MCp *(DT(TVF2) - DT(TVF2) OLD) = iCp*(DT(TFA2) - DT(TVF2)) + (4)
DELT B7*(DT(TVN) - DT(TVF2)) + MCp*DCAPT2

where MCP is equal to FMASS*CPFN.

The fifth equation represents three modes of heat transfer to and from

the valve walls.
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la) Conduction to and from the upstream line segment wall node

Rl*(TW(Ll) - DT(TVN))

where RI is the conduction cGefficient for the walls equal to

l.O(DXF(Ll)/(ACW(Ll)*C(Ll) + DXV/(ACV*CV)) with the interface

conductance between the two nodes being infinite.

lb) Conduction to and from the downstream line segment wall node

R2*(TW(L2) - DT(TVN))

and R2 is equal to Rl with Ll replaced by L2

lc) Conduction to and from the actuator wall node surrounding volume

one.

R3*(DT(TCN) - DT(TVN))

where R3 is equal to 1.0/(DXV/(ACV*CV) + DXC/(ACC*CC) +

1.0/(D(ACCV)*Dl*D(CCV))) and Dl represents the amount of

mass that surrounds the actuator volume one and is equal to

DT(VOLl)/(DT(VOLI) + DT(VOL2))

ld) Conduction to and from the actuator wall node surrounding

volume twu, equal to DT(VOLl)/(DTVOLl) + DT(VOL2))

R4*(DT(TDN) - DT(TVN))

where R4 is equal to 1.0/(DXV/(ACV*CV) + DXD/(ACD*CC) +

].0/(D(ACCV)*D2*D(CCV)). D2 represents the amount of

mass that surrounds the actuator volume two, and is equal to

DT(VOV2)/(DT(VOLl) + DT(VOL2).

2a) Convection .-o and from the valve fluid in the entrance volume

one.

B7*(DT(TVFI) - DT(TVN))

where B7 was defined previously.
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2b) Convection to and from the valve fluid in the exit volume

two.

B7*(DT(TVF2) - DT(TVN))

2c) Convection to and from the external atmosphere

A2*(D(TA) - DT(TVN))

where A2 is the convection coefficient for the wall& and

is equal to D(UAV)*D(ASAV).

3) Radiation exchange with the surrounding structure

CIPI*(D(TST) - (DT(TVN) + 460) 4 )

where CIPl is the radiation coefficient equal to SIGMA*SIUAPF*

EPSION*D(ASAV).

These terms are combined to produce the equation for the heat balance for

the valve walls.

MCp (DT(TVN) - DT(TVN)OLD) Rl*(TW(Ll) - DT(TVN))+ R2*(TW(L2) - (5)
DELT

DT(TVN)) + R3*(DT(TCN) - DT(TVN)) +

R4*(DT(TDN)- DT(TVN)) + B7*(DT(TFAI)+

DT(TFA2) - 2*DT(TVN)) + A2*(D(TA) -

DT(TVN)) + CIPl*(D(TST)) - CIPI*(DT(TVN)

+ 460.)**4

The sixth equation represents three modes of heat transfer relative to

the actuator wall node surrounding volume one.

la) Convection to and from the fluid in volume one.

B3*(DT(TFAl) - DT(TCN))

where B3 is the same as defined previouslv.

lb) Convection to and from the surrounding atmoqphere

Bl*(D(TA) + DT(TCN))

where B1 is equal to UAC*D(ASAC)*D1.
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2a) Conduction to and from the actuator wall node that surrounds

volume two

R5*(DT(TDN) - DT(TCN))

where 1S is the conduction coefficient equal to CC/(DXD/ACD + DXC/ACC).

2b) Conduction to and from the valve wall

R3*(DT(TVN) - DT(TCN))

with R3 defined previously.

2c) Conduction to and from the piston node

R9*(DT(TPN) - DT(TCN))

where R9 is equal to 1.0/(DXP/(ASCP*CP) + DXC/(ACC*CC)).

3) Radiation exchange with the surrounding structure

DI*CIP2*(D(TST)-(DT(TCN)+460) 
)

where ClP2 is the radiation coefficient equal to SIGMA*SHAPE*

EPSION*D(ASAC).

The terms then combine to produce the heat balance equation for the

actuator wall node around volume one.

MCD *(DT(TCN) - DT(TCN) OLD) Bl*(D(TA) - DT(TCN)) +

DELT

B3*(DT(TFAl) - (6)

DT(CN)) + R5*(DT(TDN) - DT(TCN)) + R3*(DT(TVN) -

DT(TCN)) + R9*(DT(TPN) - DT(TCN)) + Dl*C1P2*(D(TST)) -

Dl*CIP2*(DT(TCN) + 460)**4

where MCp is equal to CMASS*CPCN.
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The seventh equation represents two modes of heat transfer relative to

the actuator piston.

1) Convection to and from the two actuator fluids in volume one and

volume two, respectively, with coefficients defend previously

B5*(DT(TFAl) - DT(TPN))

and B6*(DT(TFA2) - DT(TPN)).

2) Conduction to and from the two actuator wall nodes surrounding

volumes one and two respectively, with the terms being defined

previously

R9*(DT(TCN) - DT(TPN)) and

R12* (DT(TDN) - DT(TPN)).

These terms combine to produce the heat balance equation with the

actuator piston.

MCp *(DT(TPN) - DT(TPN)o) = B5*(DT(TFAl) - DT(TPN)) +

DELT
B6*(DT(TFA2) - DT(TPN) )+

R9*(DT(TCN) - Dr(TPN)) + R12*

(DT(TDN) - DT(TPN))

where MCp is equal to PMASS*CPPN.

The eighth equation represents three mudes of heat transfer relative to

the actuator wall node surrounding actuator volume two.

la) Convection to and from the fluid in volume two

B4*(DT(TFA2) - DT(TDN))

where B4 is a convection coefficient k'qkal to UA2D*ASA2D
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Ib) Convection to and from the surrounding atmosphere

B2* (D (TA) *DT (TDN))

where B2 is equal to D2*UAC*D(ASAC) and D2 is a variable to

calculate the wall mass that surrounds volume two, equal to

DT(VOL2)/(DT(VOLl) + DT(VOL2)).

2a) Conduction to and from the other actuator wall node

R5*(DT(TCN) - DT(TDN))

with R5 defined previously.

2b) Conduction to and from the valve wall mass

R4*(DT(TVN) - DT(TDN))

where R4 is the conduction coefficient between the walls equal

to 1.0/(DXV/(ACV*CV) + DXD/(ACD*CC) + 1.0/(D(ACCV)*D2*D(CCV)))

2c) Conduction to and from the actuator piston

R12*(DT(TDN) - DT(TDN))

where R12 is equal to l.0/(DXP/(ASCP*CP) + DXD/(ACD*CC))

3) Radiation exchange with the surrounding structure

D2*CIP2*(D(TST) - (DT(TDN) + 460)4 )

with these terms the same as defined previously.

These terms then combine to produce the heat balance equation for the

actuator wall node

MCD *(DT(TDN) - DT(TDN) OLD) B4*(DT(TFA2) - DT(TDN)) +
DELT

B2*(D(TA) -

DT(TDN)) + R5*(DT(TCN) - DT(TDN)) + R4*(DT(T\N) -

DT(TDN)) + CIP2*D2* D(TST) - CIP2*D2*(DT(TDN)

+ 460)**4

where MCp is equal to DMASS*CPDN. A thermal model of the above 8

equations is shown in Figure 6.101-4. Equations (1) thru (8) are solved for the

appropriate temperatures.
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D (TA) A2 CI .D (TST)

TW(L2) ~ Ri-R TW(Ll)
vCp DT (TVN)

ACp*DCAPTI t4Cp*DCAPT 2

- B7 B7

INLET MCp EXIT

FLUID FLU ID
Mv DT(TVF) DT(VF2)Mv2C -4TF(L2)=TF(Ll) 1-C 15 MlpD(V1 D(TF)v2pDT(TVF2)

M CpDCAPT1 H A~ AC

B5 B6

DT(TCN) R5 DT(TDN)

B 1B 2BN =CONVECTION

\inCp =STORACL

D1*TI2 (TA) D2CI2 n CONDUCTION
Dl*C~~i,2 =2C FLOW

D(TST)CUIN -RADIATION

D(TST)MCp*DCAI)T =GENEIUTNION

FIGURE 6.101-4
THERMAL MODEL
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In the hydraulic math model the total actuator load is given by

DT(FORCE) - DT(LOADZ) + DT(LOADS)*DT(X)

where

DT(LOADZ) -. LOAD AT ZERO STROKE (LB)

DT(LOADS) = LOAD/STROKE SLOPE (LB/IN)

DT(X) = ACTUATOR POSITION (IN)

The valve opening is determined from interpolation of the valve input

data at the current time step. Depending on the direction of the valve movement

the overboard flow at the actuator node is calculated. For an actuator that

is extending

QN(N) = -DT(NCAV)*Ql*(D(AREAl) - D(AREA2))/D(AREAl) (9)

The pressure gain or loss across the piston is calculated using the force
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balance equation

DT(PFORCE) = (-PN(N)*(D(AREAl) - D(AREA2)))/D(AREA2) + QS*D(DAMP)/D(AREA2) (10)

If the actuator where retracting equations (9) and (10) would become

QN(N) - DT(NCAY)*QL*(D(ArEA1) - D(AREA2))/D(AREA2) (11)

and

DT(PFORCE) = (-PN(N)*(D(AREA2) - D(AREAI)) + DT(PFORCE))/D(AREAI) - (12)

QS*D(DAMP)D(AREAl)

6.101.2 Assumptions

1) The fluid exiting from the actuator valve to the connecting line

is equal to DT(TVF2).

2) The interface conductance betwen the piston and the actuator walls

is infinite.

3) Complete mixing occurs in all fluid volumes.

4) Piston and valve leakages are negligible.

5) The emissivity of the walls remains constant, at .3 for steil.

6) The atmosphere and structure temperatures remain constant.

6.101.3 Computational Methods

Section 1000

The fluid and wall Lemperatures are initialized, the external

structure temperature is changed from degrees Farenheit to Rankine and raised

to the fourth power, and the default values are assigned. Compute load/stroke

slope, determine valve position and compute the coefficient for the valve opening.

Section 2000

This section is called from TLECCAL via COMPE for each connection

number for each iteration. Calls are made for each iteration because the overboard
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flow and pressure drop across the piston head very 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 the current time step. If NODE = 1 it is

in il 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, 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 connection #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(PP1P) is added into PUP of

that leg. For the downstream leg, the valve impedance PT(PP2P) is added into

PUP and the constant pressure drop DT(PFORCE) across the piston is subtracted

from PUP or added if it is a pressure rise.

Section 3000

This section calculates the thermal transient response of the actuator.

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, Q1 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.
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From the valve position recalculate the flow coefficients through tile

valve. The position of the actuator piston is computed using a simple integra-

tion.

DT(X) = DT(X) + (DT(VEL) + DT(VELO))*DELT/2.

The cylinder volumes are easily calculated as

DI (VOLl) = DT(VOLl) +(DT(x)-XO)*D(AREAl)

DT(VOL2) = DT(VOL2) -(DT(x)-XO)*D(AREA2)

Property values are assigned. Dimensions and coefficients are

calculated. The flow direction is determined. (The program is set up with

the flow entering connection line one (Ll) and leaving thru connection line

two (L2). During the calculation the flow direction is checked. If the flow

has reversed flow direction, the program reassigns connection numbers so Lhat

the flow still enters connection line one). Some coefficients are then

recalculated if the flow is reassigned. A 8 x 8 matrix is loaded an" the

mathematical equations are solved for DT(TVFI), DT(TFri), DT(TFAZ2, DT(TVFL),

DT(TVN) DT(TCN), DT(TDN) and DT(TPN) and stored in the B computational array.

The calculated values are assigned to their proper storage locations and the

boundary conditions are on distribution throughout the entire program.

6.101.4 Approximations

1) All input heat transfer and interface coefficients remain

constaInt.•

2) External temperatures all remain constant.

6.101.5 Limitations

This straight line flow characteristics of the valve and the straight line

load characteristics limit the applicability of this subroutine to a simple

type of actuator.
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6.101.6 Variable Listing

Variable Description Dimens ion

A( ) Dummy computational array IN2

AAA Dummy variable IN2

ACAl Cross sectional area actuator volume one IN2

ACA2 Cross sectional area actuator volume two IN2

ACC Cross sectional area actuctor we'll around volume IN2

D(ACCV) Contact area between the valve and the actuator walls IN2

ACD Cross sectional area actuator wall around volume two IN2

ACFV Cross sectional area of the fluid in the valve IN 2

9
ACV Cross sectional area of the valve wall kcontacting IN-

lines

D(AMASS) Mass of the actuator LB

D(AREAl) Surface area, piston to volume one IN2

D(AREA2) Surface area, piston to volume two IN2

D(ASAC) Surface area, piston to actuator IN2

D(ASAV) Surface area external to valve IN2

ASAIC Surface area internal to actuator wall volume one 
IN2

ASA2D Surface area internal to actuator wall volume two IN2

ASCP Contact area, piston and actuator wall volume one IN2

ASDP Contact arca, piston and actuator wall volume two IN2

D(ASFV) Internal surface area of the valve IN2

ASIGN

Bl,B2,B3, Dummy variable
B4,B5,B6,B7

CC Thermal conauctivity of the actuator mass WATTS/IN-OF

CCV Interface conductance between the valve and Ictuator WATTS/IN2 -,F
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Variable Description Dimension

Ci Mechanical equivalent of heat IN-LBm /WATTS-SEC

CMASS Actuator mass around volume one LBm

CP Thermal conductivity of the piston WATTS/IN-°F

CPCN Specific heat of the actuator walls WATTS-SEC/LBm-°F

CPFN Specific heat of the fluid WATTS-SEC/LBm-°F

CPPN Specific heat of the piston WATTS-SEC/Ll. OF

CPVN Specific heat of the valve walls WATIS-SEC/LBm-°F

CV Thermal conductivity of the valve walls WATTS/IN- 0 F

D(DAMP) Static seal friction LBf

DCAPTI Temperature change do to a'pressure drop OF

DCAPT2 Temperature change do to a pressure drop OF

DDD Dummy variable

DELTAI Distance from ia].et of valve to volume one of IN.
actuator

DELTA2 Distanze from outlet of valve to volume two of IN.
actuator

DELTA3 Distance from outlet of valve to volume one of IN.
actuator

DMASS Actuator mass around volume two LB.

DXC Distance from node of actuator volume one to IN.
interface

DXD Distance from node of actuator volume two to iN.
interface

DXF Distance from node of fluid in valve to inteface IN.

DXP Distance from node of piston to its interface IN.

DXV Distance from node of valve walls to its interface IN.

Dl,D2 Variable to determine actuator node mass
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Variable Description Dimens ion

FMASS Total mass of fluid in valve LBm

F1;ASS1 Mass of fluid in actuator volume one ,LBm

FMASS2 Mass of fluid in actuator volume two LBmn

DT(FORCE) Load on actuator LBf

ITC Initial temperature of the actuator valve walls OF

ITF Initial temperature of the fluids OF

KTYPE Dummy variable

D (MAXST) Maximum stroke IN.

D(MAXL) Load at max stroke LBf

D(MINL) Load at min stroke LBf

D(MTYPE) Actuator material type

NTYPE Dummy variable

D(PERC) Percentage heat from pressure drop added to fluid -

DT(PFORCE) Actuator pressure drop or rise PSI

P(PHEI1IT) Piston wall height LBm

D(PMASS) Piston mass LBm

DT(PPl) Cylinder 1 pressure PSI

DT(PP2) Cylinder 2 pressure PSI

DT(PPlP) Dummy variable

DT(PP2P) Dummy variable

D(PTHICK) Piston wall thickness IN.

D(PTYPE) Piston material type

RHOC Density of the actuator material LBm/IN. 3

3
RHOIL Density of the fluid LBm/IN.

PJOP Density of the actuator piston LBm/IN.3
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Variable Description Dimensi on

RHOV Density of the valve walls LBm/IN.

R IFLI Mass flow rate into valve LBm/SEC

RIFL2 Mass flow rate leaving valve LBm/SEC

RI,R2,R3,R4, Dummy variabls
R9,R12,R15

SHAPF Shape factor walls to atmosphere

SIGMA Stefan-Botzmann constant for radiation WArTS/iN 2-' 4

D(SLOT141) Slot widtl volume 1 to con #] IN.

D(SLO'1142) Slot width volume 1 to con #2 IN.

D(SLO1143) Slot width volume 2 to con #i IN.

D(SLOTW4) Slot width volume 2 to con #2 IN.

D(TA) Temperature of the surrounding atmosphere OF

DT(TCN) Temperature of the actuator wall node surrounding OF
volume one

DT(TDN) Temperature of the actuator wall node surrounding OF

volume two

DT(TFAI) Temperature of the actuator fluid node in volume one OF

OT(TFA2) Temperature of the actuator fluid node in volume two OF

DT(TPN) Temperature of the piston node OF

D(TST) Temperature of the surrounding structure OF

DT(TVFl) Tanmperature of the fluid node in valve volume one 0F
DT(TVF2) Temperature of the fluid node in valve volume two

DT(TVN) Temperature of the valve wall node OF

UAC Heat transfer coefficient actuator walls to WATTS/-N 2-F
atmosphere

D(UAV) Heat transfer coefficient valve walls to atmosphere WATTS/IN2-2F

UAIC Heat transfer coefficient actuator fluid to walis, WATTS/IN -,F

volume one

D(UAIP) Heat transfer coefficient actuator fluid to piston .4ATTS/IN 2-0F
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Variable Description Dimens ion

UA2D Heat transfer coefficient actuator fluid 2 WATTS/IN 2-F
to walls, volume two

UA2P Heat transfer coefficient actuator fluid 1 to WATT S/ IN2 -,F
piston

UI41L Heat transfer coefficient actuator fluid in WATTS/IN 2-F
valve to valve

DT(VEL) Actuator Velocity IN/SEC

DT(VELO) Old actuator velocity IN/SEC

D(VASS) Valve wall mass LBm

D(VOLUME2) Total cylinder volume of actuator IN. 3

3
DT(VOLl) Volume 1 IN.

3
DT (VOL2) Volume 2 IN.

D(VOL3) Valve volume 
IN.

D(VTYPE) Material type of the valve

DT(X) Piston position IN.

XV Valve position IN.
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b.iUI.7 Subroutine Listing

SUBROUTINE TAC'AI'1l (0,JDT,OD, L)
C ***iRLVISJ'D JUML 1976 **

DIALINSION )( 1) ,DT( 1) DD(1) ,L( 1)
COHAONl /TRANS/P(300),Q,(30O),C(30O),TC(300),1>4(300),TF(300),

+ ACF ( 3 00) , ACW ( 3 00) ,DXF( 3 00) , T IML, DLT, P I,N LIN L, N EL
CO.'1 ION /C0 1 .IP/ LrY Pu(99)NC ( 99) , T.P ( 99) ,IND, I ENTR, IN LL
COri.ION1 /STLAOY/PN90),Q(90),PLX(90),PDLLG(90),QL(90),

+ QA ') , , U)P Oi,,]'0~ ,N I,,4 P , i" 1L G , C t, iV
+ INX,INZ,NUP(90),NDwIN(90),NELL~i,'(90),IrLEGAD(90),ILEG(1000)

C0OileON /FLUII)/ATfPREtS, CF ,CPF4, FTEA,,P, PROP( 13, 3)
DIL,NSIONq A(8,8) ,f3V9)
INT& GER ARLA , AREA 2, VOL , VOL2, SLoTr1 , SLoTW~2

1,SLOT,,3,SLONy4,0AAIP,X,PPORCE,FORCL,PP1P,PP2P
2,PPl,PP2,A.'iASS,VLL,VLO,ASAV,ASA,'JAV,TA,TST
4, PTL ilCK, PlL IGHT', CC V1 ACCV, SARLA, VOL U:,,I2, VIASS
5,TFA1,TF A2,'rVN,TCNI,Tl)Nl,rPN,ASF;V,V0L3,DELrAl,DL"-'rA2,DLLrA3
6 ,PTYPL,VTYPr,TVP1,TVF2,UAl P

C D ARRAY VARIABLLS
DATA~ A~rA1/6/,AR LA2/7/,V1-ASS/5/,..1iisTr/28/,L4iAXST/29/,

1 0-A.P32/,SARLA/18/,SLOTh ,1/33/,SLOThq2/34/,SLOTW3/35/,SLOT N4/36/,
2 ,.IIL/30/,.,iAXL/31 /, IPOS/27/,.ATYPL//,VYPE1/3/, PTYPE/2/,
3 AIASS/4/,DLL'A/9/,DLT'A2/10/,
4 P'rICK/12/,PliIIGHT/13/,DELTA3/1l/,A3AC/14/,
5 ACCV/15/,AS'AV/16/,ASFV/17/,UAV/21/',CCV/19/, PLRC/26/,
6 TST/2?/,T\ /23/, ITff/24/,ITPC/25/,UAIP/20/,VOL3/8/,VOLU'iu2/37/

C [L ARRAY VARIAi3LES
DATA :s TA3/3/, IY/4/,NODE-/5/

C Dr \RRAY VAikIA5LES
DAT\ X/1/,VLL/2/,LOADZ/3/,LOAD)S/4/,PP1/5/,PP2/6/,
1 VOL1/7/,VOL2/3/,VLLO/9/,NiCAV/1O/,PP1?'11/,PP2P/12/,
2 PFOPCL/13/,FOC/14/,LOADLX/15/
3 -F41 / r,TP\2/17/,TVN4/lq/,'rCN4/19/,TDN1/20/,-rPN/21/,TVF1/22/,
4 'rVF2/23/

DATA SI(.sii7/. 349E-11/,SIIAPF/.96/,rEPSIOiN/0.3/,CJ/P.85/
C ,jTYPL IS TAIL *iATERlIAL TYE OF THlL ACTUATOR
C VOL3 IS~ T-iL VOL(iIL IN TilL VALVE
C D(SARLA) =-ToT'L SURFACE ARLA OF BOTHl FLUIDS TO ACTUJATOrR(VOL1+VOL2)

C 0( ASAC) IS VihE SURFACE AiRLA BLTvEl,-! THE- ACTUATOR & THE A,4t31ENT
C D( ASAV) is mLE SURFACE AREA BLTnEEi THE V'ALVL & TilL Ai;13IENT
C 1)( NCCV) IS THIE APLA OF CONTACT tETvvELN C+D & B
C D(ASAC) is THIL 3'JRFACL AREA OF ACELUA7OR
C )( ASAV) IS T91-E SURFACE AREA OF TtiE VALVE
C D(VTYPL) =VAIVL m'APLRIAL TYPE
C )( DLLrA1) =DISTAN~CE F'l~O CONNECTION 1 To VOVi
C D(DLL1lA2) =DISTANCE FRtO,'% CO'41MICTION 2 TO VOL2
C D(DbL'A3) =DISTANCL FRO.1 CON4ECTION 1 TO VOL2 OR~
C FRO.A C' 1'N1CTITON 2 TO0 VOL1(AVE-RAGL OF BOT~i OF rHuSI)

IF'(ItNTi) 1000,2(;'00,3000
C 1000 SECTION
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6.101. 7 (Continued)

1000 CONTINUE
D(V0L3)=D(VOL3)/4.0
D( ASFV)=D( ASFV)/4.0
D( 4SAC)=D(ASAC)/2. 0
1T(TrVN) =D( ITC)
DT('rCN) =D( IT~C)
Dr(TOM) =D( ITC)
DT(TFA1) =D( ITF')
DT(TFA2)=D( ITF)
DT( rPN) =D( irF)
DT('TVF1)=D( ITF)
iT(TrVF2) =D( I'rF)
L1=L( 1)
L2=L( 2)
TF( Ll)D( ITP)
TF( L,2)=D( IT F)
TC ( L1) =D( ITC)
TC( L2)=D( IT C)
D(TST)=(D(TST)+460. )**4
IC'(D(UA1P) .EQ.0.0) D(UA1P)=.09
IF(D(UANI).LQ.0.0) D(UAV)=.0069
IP( D(UAC) JEQ. 0.0) DUAC)=. 0069

C ACTUATOR PARALTLR INPUJT
D(SLOTW1)=D( SLOTW,,1) *0. 65
D( SrOTW2)=D( SLOTW 2) *0.65
D( SLOT43 ) =D( SLOTW 3) * 0. 65
D( SLOTW4) )=)( SLOTW4) *0.6 5
DT( LOADS)( D(,AXL) -D(rflINL))/D(4AXST) D(IIINST))
DT( LOAMZ) =D( A'AXL) -DT( LOADS) *D( ciAXST)
DT(FORCL)=D(LOADZ)tDT(LOADS)*D(I\IPOS)
DT(LOADEX)=ATPRES*(D(AREAl)-D(AREA2))
DT(VLLO)=0. 0
DT(VEL)=0. 0
OT (X) =D( INPOS)
L( IY)=( L(MTAB)+7)/8
L( IY)=41+L( TY) *B
L(NODE)=1
XV=D( L( IY)
DT( NCAV)1. 0
DT(VOL1)=D(ARhA1) *D( INPOS)
DT(VOL2)=(D(L~iAXST)-D(INPOS))*D(ARLA2)
DT( PFORCE)=DT( FORCE)/D(AREA2)
IF(XV) 60,70,30

60 DT(PPlP)1l/( (D(SLOT,,2)*XV)**2*2)
DT(PP2P)=l/((D(sLoTW 3)*XV)**2*2)
L(NODL)=2
oDr( PFOiRCE) =DT (FORCL-) /D( ARLAl)
so To 90o

70 J)T(IqCAV) =0. 0
GO TO 90
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6.101.7 (Con tintied)

80 DT( PP1P)=1/( (D(SL0TV11) *XV) **2*2)
D'r( PP2P)=1/( (D(SLOTW4) *XV) **2*2)

qo RLTURN
C * 2000 SECTION

C THEL STLADY STATE SLCTION
2000 CONT I 1UL

IF(ICON.EQ.2) GO TrO 2750
EF( ICON.'JL. 1) GO L'O 2900
IF(L(NODE).LQ.2) QS=-QS
N =1DWOJ( I I L L)
I1P(D(lCAV).LQ.o.o)GO TO 2550
IF(DT(X).GT.D(LU".iST)) GO TrO 2600
IF(QS.OIT.0.0) 30 TO 2650

2550 QM (N) =0. 0
DT( PP1?l)=Q1*10EL6
DT( PP2P)=Q1*101l'6
DT(VLL)=0. 0
IF(r(NODE).LQ.1) GO TO 21700
QS =-QS
GO TO 2850

2600 IF(D'r(X).LuT.D(,,iAXST)) GO TO 2650
IP(0S.GT.0.o) GO TO 2550

2650 IF(L(NODL).E0.2) GO TO 2800
ITh(N)=D(ICAV)*Q*(D(AREAI)-D(AREA2)l/D(APLA1)
DT (VL LO) = DTr(VU L)
OT (VL L)= 01/ D ( \EA 1)

2700 c-r(POnCL-)=(DTr(FORCL).-PN(N)*(D(ArLAl)-Du RLA2)))/D(ARfLA2)
$ +1)S*D(DAvlP)/D(?ARLA2)

DT( PP1)=PN(N)
DT( PP2)=PN(N)-DT( PFORCE)
PUP=PUil-DTr( PPIP) *RliO('PF( L( ICON)) PUP) *OA*Q A*QS

2750 I(T(). L (ii).O.T()GLDisXS)GOTO 2960
PUP= PUP-Dr( PP2P) *RIIO( rF( L( ICOA) ) PUP) *COA*QA*,)S

PUP=PIJP+PDLF-G( I'LL)
11LTURN

2900 f)S=-OS
QN(4)=-D)T(NCAV)*Q,-I*(D(t\RLFA1)-D(ARfLA2))/D)(ARLA2)
DT(VLL)=i)T( VLL)
DT(VLL) =--1/D(,ARi A2)

2850 I)T(PFORCIl')=(-'?:(N)*(D(ARLA2)-D(rARLAl))+DTI(EORCE)I)/D(ARLAl)
$ -QS*D(DA,-tP)/D(ARL\1)

D)T( P P22=PM(A~4
DT( PP1 )=flN(N)-DT( PEFORCL)
PUP=P!JPI-DTr( PP1?) *Riio('r[.( L( ICON) ) PUP) *Q1A*.C)A*QS
R LT U P. 114

2900 wRIrE(6,1950) IWD,ICON,INLL
1950 FORAA'r(5X,7HCvl'P NO,I3,2011, HAS IN~VALID CON 1-O ,13,

11 H , I N L EG 1110O 4)
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6.101.7 (Continued)

STOP 2101
2960 PUP=Q1*1056

T LERW = P DOW N
DT( PP1 ) PN (N~)
DT ( P2P2 ) =PN ( N )
iRIT b( 6, 2c999)

2999 FOROAT( 1lOX, 28lIT'HL ACTUATOR IS I3OTTOAEJ) 01"
RETURN

C ** 3000 SECTION
3000 CONTINUE

C INITALIZ~ING TEPIPERATURES
ITYPL=)( VTYPL) +. 001
,NTYPL=D( PTYPE) +. 001
KTYPE=D('ITYPL)+. 001
CP=PROP(NTYPL, 3)
CW=PROP( ITYPb,,3)
CC=P!ZOP( KTYPL, 3)
CV=PROP( TTYPL, 3)
RIHOV=PROP( KTYPE, 2)
RIIOC=PROP( KTYPE, 2)
RIIOP=PROP(NTYPL, 2)
CPVN=PROP( ITYPL, 1)
CPPN=PROP(NlTYPL, 1)
CPC;4=PROP( KTYPC, 1)
P IASS=D( PTHICK) *D( AR(EAL) *RI]OP
DT( FORCE)=DT (LOADZ ) +Y'(LOADS ) *DT (X)

LNODE) =1
DT( NCAV) =1.0
DT( PFCRCE)=DT( FORCE)/D( ARIZA2)

IF( ABS(XV). LE. 0.901) XV0. 0
IF(XV) 3060,3070,3080

3060 DTr(PP1?)=1/( (D(SLOTWq2)*XV)**2k2)
DT( PP2P)=1/( (D(SLorW3)*XV)**2*2)
L(NODE)=2
DT( PFORCE)=IYPr(FORCh4I-/D(AREA1)
GO rO 30c90

3070 DT(NCAV)=0.0
VDT(VLL)=0.0
GO TO 3090

3080 D'r(PP).P)=l/( (D(SLcy'hL")*XV)**2*2)
DT(PP2P)=1/((D(SLO-N ti)*XV)**2*2)

3090 XO=D'r(x)
DT(X)=D(X)+(D'r(VEL)+DT(VELO))*DELT/2.
CALL XLIt1If( Dr( X) ,DT( VE,) ,ASIGN, D(.,*iIJST) ,D( iAXSP))
1P(DT(VrLL).EQ.0.0)GO TO 3099
DT(VOL1)=DT(VOLI)+( DT( X)-X-O) *D( '\RI2A1)
DT(VOL2)=DT(VOL2)-(DIIX)-XO)*D(ARLA2)

3099 CONTI1NUE
L2=L( 2)
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6.101.7 (Continued)

Ll= L( 1 )
DO 3001 1=1,8
0O 3001 1=1,8
A ( I ,J) =0. 0

3001 3(I)=0.0
RHOIL,=386. 4*RIIO(TF( L I), P( L1)
D1=D'r(VOLI)/(DTr(V0L2)+D'(VOLI))
D2=Di*DT( VOL ) /D'r( VOLl)
DXP=D( PIIL I Gw)/4. 0
DXV=D(ODLTA 1 l)/2.
DXC=DTP('OL1)/( 2.*D(I\RLA1))
DXD=DT(V0L2)/( 2.*D(ARLA1l)

C iwITTALIZ ING CO,1tON FACTORS
r.IASS=D( V0L3) * RIIOI L/2.
CoiAS3=D( IAi1ASS) *131
D.*IASS= D( Ai iASS) * D 2
F.4ASSi=DT( VOLl) *REIIL
FNASS2=DT(VOL2) *pjI13I
A SC P= D( PTI IC K) D ( ( A RLA 1) /D( PHhI(3H T)
AS D P=ASC P
ASA1C=D( SARLA) *11
A3A2D=D( SAREA) *132
ACA1=Dr( VOLl ) / D( PIMiIGIIT)
ACA2=.DT( VOL2)/D( PHLEIGIIT)

C ACC AD ACD ARE, 3Iusr u3TTWATLS OF CROSS SECTIONAL ARLAS
ACC=1'r(VOLl)/D( PHLIGHT)
ACI)=D'r(V0L2) /D( PHLI GlT)
I\CVD(ViIASS)/( RIOV*D(DEL'rAi)
'\CFV=D(VOL3)/( 2. *D( DEL'rAl)
, AA=D( VOL3 )/( D(DLLT'\l) *2.)
DIV3=Sf9RT( AAA* 4./PT)

C LSTIl..iATLS CF :IL1AT 'rA NSFERCiFFCET
UF%,I lf=UF~q( AAk\, 913, Q( Li),TF( Li) ,P( Li)
UA2P=D( UA1P)
'JlklC=[3( UA1P)
UA"2D)=D(UIP)
UAC=D( UA'V)
A2=D( UAV) *D( ASAV)
R.FLI=A3S(0( Li)) *RHl(IL
CI P1=S IGA -A*SJiAPF* bPS IOl* D(ASAV)
CI P2=Slr 1-iA*F..PSION*SIIAPF*D( ASAC)
31I=UAC* 0 ( \SAC) *131
32=B1* D2/131
33=UAlC*ASAIC

3 4=UA 2D* ASA 21)

36=UA2P*D( Af.R1A2)
B7=UFWqIL*D(4'SFV)/2.
Ri=1.0/(DXF(b1I)/(h.,CW(L1)*C(L1))+DXV/(ACV*CV))
R2=i.0/(DXF(L^ )/(AC'J(L2)*C(L2))+DXV/(ACVkCV))

6.101-26



6.101.7 (Continued)

R3=1.0/(DXV/(ACV*CV)+DXC/(ACC*CC)+1./(D(ACCV)*Dl*D(CCV)))
R4=l.0/(DXV/(ACV*CV)+DXD/(ACID*CC)±1./(D(ACCV)*D2*D(CCV)))
R5=CC/( DXD/ACD+DXC/ACC)
R9=1.0/(DXP/(ASCP*CP)+DXC/(ACC*CC))
R12=1.O/(DXP/(ASCP*CP)+DXD/(ACD*CC))
R15=CF/( DXF( Li)/ACP( Li)+DXV/ACFV+RPMFL1*DELr
+/(?XCFV**2*RHEIL))

IF(XV.t.Q.0.0) R,-iFL1=0.0
R.iFL2=AS ()( L2) ) * RiOI L
IF'(XV.LQ.0.0) RAFL2=0.0
RIIOIE=36. 4*RHiO( D'(TVF1) , P( L1)
IF(XV.GT.0.0) GO TO 3030
DCAPTi=0. 0
DCAPT2=0. 0
IF(XV.LQ.0.0) Go TO 3066
DCAPT1=( i./R 11014*( P( L1)-DT( P22) )/(CJ*CPFN*2.)
DCAPT2=(i./RiIr 4I)*(DoT(PPl)-P(L2))/(CJ*CPF'N*2.)
A( 5, 5)=RA.FL1*CPF~N
A( 5, 1)=-RIFL1*CPF'N
A( 2, 4) =-RIFL2*CPF~N
!.( 5)=R.IFL1*CPFN*DCAPT1
G~O To 3066

3030 DCAPr=./iRIIOIL*(P(L)-DT(PP))/(CJ*CPFN1*2.)
DCAPT2=i./R'IIOIL* (DT( PP2)-P( L2) )/(CJ*CPE'N*2.)
A( 2, 5) =-RAFL2*CPF[4
A( 4,4)=RiIFL1*CPFII
A( 4, 1)=-Rt.1PL1*CPFN
3( 4)=R;MI'L1*CPF1J*DCAPT1

3066 COITINUE
A( 1, 1) =Fi.IASS*CPFPN/DELr+37+R5+RM1-FL1*CPF'N
3( I)=FAASS*CPF*D'(.VF)/DLT+RIFL*CPEiN*(TF(Ll)+DCAPTI)+

" R15*TF(Li)
A( 1,3)=-37
A( 2, 2) =F,.1AS3S*CPFN/DE'LT+37+Ri1FL2*CPF~q
3( 2) =F,.ASS*CPFN*DT(T'VF2) /DlLT+Rit-iFL2*CPFN*DCAPT2* 2.
A( 2, 3)=-137
A( 3,i)=-B7
A( 3, 2)=-B37
\( 3,3)=D(VMASS)*CPvN/DEL'r+R1+R24A2+2.*B7
3( 3)=D(V.4ASS) *cpvN,*rr( rVN)/DLLT+-,11*TW( Li)+112*TlA(L2) *A2*D(TA)

" +CIPi*D(TrST)-ClP1*(DT(TV1i)+460. )**4
A( 3,6)=-R3
A( 3,7)=-R4

A( 4, 4) )=FIiASS1*GPFN/DELT+A(4,4)+B3+B5
A( 4,6)=-33
A( 4,8)=-B5
3( 4 )=FvIASS I*CPFN*'DT(TFA1)/DELT+B(4)
A(5,5)=Fi~iASS2*CPFN/DELT+34+B36+A(5,5)
A( 5,7)=-B4
A( 5,8)=-B6
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6.101.7 (Continued)

3( 5)=F,iASS2*CPN*DT(TFA2)/DELT+3( 5)
%( 6, 3) =-R3
A( 6, 4)=-33
A( 6,6)=C.;IASS*CPCN/DELr+n3+B33+R5+31+n,9
A( 6, 7)=-R5
A( 6, 3)=-R9
i3(6))=CzIASS*CPCN*D'r(TCN)/DLLr+31*D(TA)+CIP2*D*D(rST)

+ -CIP2*Dl*(D'r('rCN)+460.)**4
A( ', 3)=-R4
.'( 7, 5)=-934
% ( 7, 0) =-R 5
A(7,7)=Dr..IASS*CPC1N/DELr+R5+34+R4+R12+32
A( 7, 8)=-(] 2
3( 7) =D,.IASS*CPCw4*DT('rDN)/DLL'r+32*D('rA) +CIP2*D2*D('rsr)

+ -CIP2*D2*(DT(TDN)44r60.)**4
A( 8,4 )=-B5
A\(8, 5)=-F36

A( (1, 8)=P.IASS*CPPN4/DELTr+R1Z2+R9+35+36
3( 8)=P.,iASS*CPPN*DT(TPN4)/DLLT
CALL 8I:j'JLr('\,13,9,ItRROR)
TF( L,2)=B( 2)
r)T(TrV11) =B ( 1)
DT(rVF2)=3( 2)
DT (rVN) = B( 3)
DT(TCN)=3( 6)
D'INI'DN) =!3( 7)
DT( 1Pf')=3( 8)
DT(TFA1)=3( 4)
DT('rF'A2) =B ( 5)
TC( L1)=B( 3)
TC( t2)=3( 3)
RE 'U R
LN D
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6.102 SUBROUTINE ACT102

ACTI02 simulates a basic utility actuator shown In Figure 6.102-1.

The subroutine allows the input of piston rod loads at zero aiid maximum

stroke. Straight line interpolation is used between these two loads.

The subroutine calculates the actuator and piston wall temperatures,

and actuator fluid temperatures in Volume I and Volume 2.

Connection No. 1 Connection No. 2

No. 1 Volume7

No. 2 Volume
GP74 0773 3

FIGURE 6.102-1

TYPE NO. 102 UTILITY ACTUATOR
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6.102.1 Math Model

Tihe thermal math model for the actuator Includes heat transfer to and

from two conne~cting line segments, one upstream and one downstream. Nine

nodes are considered: four fluid nodes, four wall nodes, and one piston

node (as shown in Figure 6. 102-2).

V T (L1) TW (L2)

DT (TCN) DT (TFAl) OT (TFA2)

FIGURE 6.102-2
ACTUATOR AND CONNECTOR NODE REPRESENTATION

0 P77.0065. 6

The temperatures of thle upstream line segment, wall and fluid nodes

are denotedi by TW(L1), TF(LI), thle temperatures of thle actuator wall and

fluid nodes are wT(crN), DT(TDN), i)T(TFlAI), iDT(TFA2), and the temperature

of the piston node Is~ denoted by DTC(I'M'N). Thle downstream line seg-ent wall
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and fluid node temperatures are TW(L2) and TF(L2). This identifies

piston travel from left I- right. Note that the piston can also

travel from right to left.

Then Li and L2 would be reversed and the discussion to follow would

require reversing nomenclature.

Five heat balance equations are written to solve for the five

actuator temperatures just stated, using the actuator and line material

properties and dimensions, the atmospheric and structure temperatures

external to the actuator, and the temperatures of the line segment nodes,

TW(LI), TF(Ll), and TW(L2). (Note: TF(L2) = DT(TFA2), see assumptions).

The first equation represents four modes of heat transfer relative to

the actuator fluid node in volume one (entrance volume).

1. HeOL transfer due to mass transfer into the actuator from the

upstream line segment

ihCp*(TF(Ll) - DT(IFAl))

where miCp is the volume flow rate coefficient and is equal to

Q(LI) * RHOlL * CPFN.

2. Conduction to and from the upstream line segment fluid node

RI * (TF(Ll) - DT(TFAl))

whore RI is the conduction coefficienL and is equal to CF/(DXF(Ll)/

ACF(LI) + DXAl/ACAI + ABS(Q(Ll) * RHOIL*DELT/(ACF(L2)**2*RHOIL).

3a. Convection to and from the actuator wall node

B3 * (DT(TCN) - DT(TFAI))

where B3 is a convection coefficient equal to UAIC * ASAIC.

3b. Convection to and from the piston node

B5 * (DT(TPN) - DT(TFAI))

where B5 is the convection coefficient and is equal to

D(UAIP) * ASAIP

6.102-3



4. Heat addition due to a pressure drop experienced by the fluid as it

flows thru the actuator orifice. If the flow is into volume one, the

heat added is

Al * DCAPTI

where Al is equal to Q(Ll)*RIIOIL*CPFN and DCAPT1 is equal to

I.O/RHOIL*(P (Ll)-DT(Pl))/(CJ*CPFN).

These heat transfer terms are then combined to produce the equation for

the heat balance for the actuator volume one fluid node.

MCP * (DT(TFAl) - DT(TFA1) ) = ICp * (TF(LI)-DT(TFAl)) + Rl*
DELI OLD

(TF(Ll)-DT(TFAl))+B3*(DT(TCN)-DT(TFAl) + B5*(DT(TPN)-DT(TFAl))

+ A1*DCAPT1

The second equation represents two modes of heat transfer relative to the

actuator fluid in volume two.

la. Convection to and from the actuator wall node

B4 * (DT(TDN) - DT(TFA2))

where B4 is the convection coefficient for the fluid equal to

UA2D * ASA2D.

lb. Convection to and from the piston node

B6 * (DT(TPN) - DT(TFA2))

where again, B6 is a convection coefficient and equal to UA2P * ASA2P.

2. Heat added directly to the fluid due to a pressure drop across an

actuator orifice, (the exit).

A2 * DCAPT2

where DCAPT2 is equal to 1.O/RJIOIL*(D(P2)-P(L2))/(CJ*CPFN) and A2 is

equal to RMF (Ll)*CPFN.
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These terms are then combined to produce the equation for the heat balance

for the actuator volume two fluid node.

ICP * (DT(TFA2) - DT(TFA2 )oLD) B4 * (DT(TDN) - DT(TFA2))
DELT

+ 115 * (DT(TPN) - DT(TFA2)) (2)

+ A2 * DCAPT2

The third equation represents three modes of heat transfer relative

to the actuator wall surrounding volume one.

la. Conduction to and from the upstream connecting line wall node

R2 * (TW(Ll) - DT(TCN))

where R2 is the conduction coefficient for the walls equal to

l.0/(DXF(Ll)/(ACW(Ll)*C(Ll))+DXC/(ACC*CC))

lb. Conduction to and from the actuator wall node surrounding volume two.

R8 * (DT(TDN) - DT(TCN))

where R8 is the conduction coefficient equal to CC/(DXD/ACD +

DXC/ACC).

1c. Conduction to and from the piston node.

R9 * (DT(TPN) - DT(TCN))

where R9 is the conduction coefficient between the two nodes

equal to I.O/(DXP/(CP*ACP) + DXC/(ACC * CC)), where the interface

conductance between the two nodes is infinite.

2a. Convection to and from the actuator fluid node in volume one.

B3 * (DT(TFAl) - DT(TCN))

and B3 is as defined previously.
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21h. Convection to and from tile external atmosphere

BI * (iD('rA) - I)TCICN))

where 11 is a convection coefficient for the actuator wall equal to

D(UAC) ' I)(ASAC) * DVOLI. DVOI is at coefficient to calculate tile

wall mnass -,roundI volume one equal to DT(VOLUI'Wl")/(DT(VOLUMI.l) +

D)T(VOLUME 2)) .

3. Radiation exchange with thle surrounding structure

D)3 * (D(TST) - (DTr(TCN) + 460.)4 )

where D3 is a radiation coefficient equal to SIGM * EPSION*

SHAPF * D(ASAC) * DVOLl

These terms combine to produce the equation for the heat balance

for the actuator wall node surrounding volume one.

MCa * (D'r(TCN) - I)T(TGN) OLD) R2* (TW (Ll) -DT (TCN) )+R8* (DT (TDN)
DELT -DTr(TGN))+R9*(DTr(TPN)-DT(TGN))+B3* (3)

(D (TA) -Dr (TCN) )+D3*D (TST) -D3*

(D'r(TCN)+460. )**4

where IMCp is equal to GMASS * CPCN and CMASS is equal to D(ANASS) * DVOLI.

The fourth equation represents three modes of heat transfer

thle actuator wall surrounding voluwa two.

Ia. Conduction to and from the downstream line segment wall node.

Rix3 * (TW'V(L24) - DTL(TDN))

where R3 is a conduction coefficient equal to 1.O/(DXF(L2)/

(G(L,2)*ACW(L,2)) + DXD/(ACD * CD)).

lb. Conduction to and f row the actuator wall node surrounding volume one.

R8 * (DT(TCN) - D'r(TDN,)

witsi R8 defined previously.
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Ic. Conduction to and from the piston node.

RI2 * (DT(TDN) - DT(TDN))

where R12 is a conduction coefficient equal to l.O/(DXP/(ACP"cCP) +

DXD/(ACD * CD)) with the interface conductance being infinite.

2a. Convection with the actuator fluid node in volume two.

14 * (DT(TFA2) - DT(TDN))

where B4 is the convection coefficient between the two nodes equal

to UA2D * ASA2D.

2b. Convection to and from the external atmosphere

B2 * (D(TA) - DT(TDN))

where B2 is the convection coefficient equal to Bi * DVOL2/DVOLl

with the terms defined previously and DVOL2 is a roefficient to

calculate the wall mass around volume two, equal to DT(VOLUME2)/

(DT(VOLUME1) + DT(VOLUME2)).

3. Radiation exchange with the surrounding structure.

D4 *(D(TST) - (DT(TDN) 4- 460.)
4)

where D4 is a radiation coefficient equal to D3*DVOL2/DVOLl, with

these terms defined previously.

These terms then combine to produce the equation for the heat balance

for the actuator wall node surrounding volLune 2.

DELT(DT(TDN)-DT(TDN) o)=R3*(TI(L2)-DT(TDN)' R8*(DT(TCN)-DT(TDN))

+B4*(DT(TFA2)-DT(TDN))+B2*(D(TA)
(4)

- DT(TDN)) +D4*D (TST)-D4* (DT (TDN) +460.)

**4

where MCp is equal to DMASS*CPDN and DMASS is equal to D(AMASS)* DVOL2.

The fifth equation represents two modes of heat transfer to and

from the piston node.
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I. ,nduction to and from che two actuator wall ncdes, one and two

respect ivel v.

a. R9 * (DT(TCN) - DT(TPN)) and

b RI12 *(TYr(TI)N) - I)T(! DN))

where R9 and !,!2 dre the same as defined previously.

2. Convsection to and from the two actuator fluid nodes, one and two

respectivelV.

a. B5 * (DT(TFAI) DT(TDN)) and

b. B6 * (DT(TFA2) - DT(TDN))

and 135 and B6 are the same as defined previously.

These terms then combine to ,roduce the Pquation for the iteat

balance for the actuator piston node
MCP * (DT(TDN)-DT(TDN)oLD) = R9 * (DT(TCN)-DT(TDN)+RI2*
DELTOL

(DT(TDN)-DT(TPN))+B5*(DT(TFA1) (5)

- DT(TDN))4,36*(DT(TFA2)-.DT(TDN))

where MCp is equal to PMASS * CPPN.

A thermal model of the above heat transfer terms for the Actuator is

shown in Figure 6.102-3. Equations (1) thru (5) are solved for the

appropriate temperatures.
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Al*DCAPTI A2*DCAPT2

INLET MCp
FLUID EX i'
TF(L1) DT(TFA1) DT(TFA2) FLUID

NlCP

11 M2CP----------DT(TFA2)

B 5 B6
/

DT (TPN)
MpCp

B3 B4

R9 R12

TW (L)-----R2 __ CP DT (TDN)

BI B2~ MNCP = STORAGE

RN = CONDUCTION
D(TA) .BN = CONVECTION

D3 DCp = FLOW
D (TST) DN = RADIATION

AN*DCAPTN = GENERATION

FTCURE 6.102-3

THERMAL MODEL
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In this hydraulic math mo:el , the external force due to atmospheric

pressure is

ATRESS* (1) (AREAl) .-D (AREA2))

This value is subsequently used as part of the actuator load for any

pi tO'1 position.

total actuator load

DT(LOADiX) = OT(LOADZ) + DT(LOADS)*DT(X) + (D(ARIEAI) - D(AREA2))

*ATPRESS

A sign convenlion is estal ished sur', that flow into the Volume I

chamber and resulting p ;con velocity are positive.

A system node, N, is -.iabllshed i.' the Volume 1 end of the actuator.

The simple unbalanced ictu, tor represents a flow and pressure discon-

tinuity. In this case, the f.iw out of th actuator is proportional to the

flow in, but dkes not equal it. The pseudo verboard flow is the difference

between the inie: and outlet flow.. This floM is added or subtracted to the

flow at the pressure node depending in the dire Lion of motion of the piston.

The associated pressure gradienL is apl,l'ed to tlh leg connected dowlnstream of

the actuator.

Overboard flow at tile actuator node ) aluldLd usinig th pistun area

ratio times the inlet actuator fiow

QN(N) = (- I.)*QA*QS*(D(AREAI)-D(AREA2))/D(AREAl)

The pressure gain or loss across the piston is calculated using the

force balance equation

DT(DELTP) = LS*(PN(N)*()(AREAl) - D(AREA2)) - DT(LOADE.1,) - QS*

D(DAMP))/D(AREA2)
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6.102.2 Assumptions

1. The temperature of the fluid leaving the actuator is equal

to the fluid node temperature calculated, DT(TFA2).

2. Each entire actuator wall is at the same temperature.

3. The interface conductance between the actuator walls and the

line walls is infinite.

4. The emissivity of tile wall materials is a constant.

5. The atmospheric and structure temperatures remain constant.

6. Complete fluid mixing occur in the fluid volume.

6.102.3 Computational Methods

SECTION 1000

The fluid and wall temperatures are initialized, the external structure

temperature is changed from degrees Fatenheit to Rankine and raised to the

fourth power, and the default values are assigned.

SECTION 2000 - The entry first determines whether connection No. 1 is attached

to an upstream or downstream line. This establishes the actuator steady state

mode of operation. If entry is made using connection No. 2, leg pressure

gaip (or loss) and leg laminar constant are updated. Pressure at connection

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.

If the piston is on a stop and the flow guess is such that motion would

be into the stop, tile node overboard flow is set to zerc and DT(DELTP)

is set to a vely large number.

If the piston is free to move, the overboard flow, piston velocity, AP

across piston and pressure at connection No. 2 are calculated.
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SECTION 3000

The position of the actuator piston is computed via a simple integralion

DT(X) = DI'(x) + (D1T(VEL) + wr(VFLO)) * DELT/2.

'1ihe cylinder volumes are easily calculated as

D'"(VOLl) = DT(VOLl) + (DT(X)-XO)*D(AREA)

IT(VOL2) I)'r(,OL.2)-(DT(X)-XO)*D(AREA2)

iropertv values are assigned. Dimensions and coefficients are

cal -lHated. The flow direction is determined. (The program is set up with

the flow entering connection line one (L1) and leaving thru connection line two

(1.2). During the calculation the flow direction is checked. If the flow

has reversed flow direction, the program reassigns connection numbers so

that tile flow still enters connection line one). Some Coutflicients are then

recalculated if tile flow is reassigned. A 5x5 matrix is loaded and tle

mathematical equations are solved for DT(TFA1), DT(TFA2), DT(rcN), DT(TDN)

and DT(TPN) and stored in the B computational array. The calculated values are

assigned ko their proper storage locations and the boundary conditions are

assigned to arra s (TC and TF) in common /TRANS/.

TC(LI) = B(3)

6.102.4 Approximations

(a) Emissivity of the actuator iF .3, which is the emissivity ol steel.

(b) Areas and distances are approxinated.

6.102.5 Limitations

Not applicable.
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6.102.6 Variable Listin,.

Variables Descript ion Dimenslons

A( ) Computational array

ACAI Cross sectional area of fluid 1 IN. 2

ACA2 Cross sectional area of fluid 2 IN.2

ACC Cross sectior,. aie,, -f caise 1 IN.2

ACD Cross sectional aia of cise 2 IN. 2

ACP Cross sectional a; a of tie piston IN.2

D(AMASS) Actuator mass LBm

D(AREAl) Volume 1 pi.-ton area IN. 2

D(AREA2) Volume 2 pistc are.a IN. 2

D(ASAC) Surface area cxternal t) actuator IN. 2

ASAIC Surface area fluio i t.) ,ase I IN. 2

ASAIP Surface area f±.ir I to piston IN. 2

ASA2D Surface area fluid 2 to case 2 IN. 2

ASA2P Surface area fluio 2 to pLston IN. 2

ASCD Contact area bc'.een two actuator wall nodes IN.2

ASCP Surface area ca-e, Volume I to piston IN. 2

ASDP Surface area case, Voluie 2 to piston IN. 2

D(ASFA) Tocai internal bui'frd-L% area, Fluid to actuator i.

ASIGN Dummy variable

D(ATHICK) Actuator wall thickness IN.

Al Dummy variable

A2 Dummy variable

B( ) Computational array

BUZ Dummy variable
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Var iables Descript ion Di mensions

B1,B2,113,B4,B5,B6 Dummy variables

CC Thermal conductivity of the actuator WATTS/IN-°F

wall surrounding volume one

CD Thermal conductivity of the actuator wall WATTS/TN=0F'

surrounding volume two

CJ Mechanical equivalent of heat IN-LBm/WATTS-SEC

CMASS Node C mass LBm

CP Thermal conductivity of the piston WATTS/IN.- 0 F

CPCN Specific heat of the wall mass around WATTS-SEC/LBm-°F
volume one

CPDN Specific heat of the wall mass around WATTS-SEC/LBm-OF
volume two

CPPN Specific heat of the piston WATTS-SEC/LBm- 0 F

D(DAMP) Dynamic friction LBf

DCAPT1 Temperature change due to pressure drop OF

DCAPT2 Temperature change due to rressure drop OF

D(DELTP) Actuator pressure drop PSI

9(DIA) Piston rod diameter IN.

DMASS Node D mass, around volume two LBm

DVOLI Dummy variable

DVOL2 Dummy variable

DXA1 Distance, node to interface, Volume 1 IN.

to Line 1

DXA2 Distance, node to Interface, Volume 2 to IN.

Line 2

DXC Distance, node to interface, node C to IN.

interface with D

DXD Distance, node to Wnterface, node D to N.

interface with C

DXP Distance, node to interface, piston to case IN.
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Var iables Description Dimens :ons

D3, D4 Dummy variables

EPSION Emissivity factor of the case

FAIM Fluid in Volume 1, mass LBm

FA2M Fluid in Volume 2, mass LBm

IR, IS Dummy variables

D(ITC) Initial temperature of the case OF

D(ITF) Initial temperature of the fluid OF

KTYPE Dummy variable

DT(LOADS) Load/stroke slope LB/IN

DT(LOAD7) External load at piston stroke LB.

D(MAXL) Load at full stroke LB.

D(MAXST) Maximum actuator stroke IN.

D(MINST) Minimum actuator stroke IN.

D(MINL) Load at minimum stroke LB.

D(MTYPE) Actuator material type --

NTYPE Dummy variable

D(PHEIGIIT) Piston height IN.

PMASS Piston mass LBm

D(P11lICK) Piston thickness IN.

D(PTYPE) Piston material type --

RHOC Actual metal density LB /IN 3

RBOIL Fluid density LBm/IN 3

PJIOP Piston metal density LBm/IN 3

RMS Fummy variable

RQ Dummy variable
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Var Iale)1 Descr jon l) imons ions

R1 ,2, R3,16,R12 Dummv variables

SHAPF Shape factor case to structure

SI GMA Stefan-Boltzmann radiation constant WATTS/IN 3- F

D(TA) Temperature of the surrounding ambient 0F

DT(TCN) Actuator wall temperature, Volume 1 0 1,

I)T(TI)N) Actuator wall temperature, Volume 2 OF

DT(TFAI) Fluid temperature, Volume 1 Op

Pr(TFA2) Fluid temperature, Volume 2 °F

DT(TPN) Piston temperature OF

D(TST) Temperature of the surrounding structure OF

D(UAC) Heat transfer coefficient external WArTS/IN2-o:
to '.dse C

UAD Hear transfer coefficient nod- D WATTS/tN2 -oF

to atmosphere

UAIC Heat transfer coefficient fluid I to WATTS/IN -F

case C

D(UAlP) Heat transfer coefficient fluid I to WATTS/IN2 -OF
piston

UA2D Heat transfer coefficient fluid 2 to WATTS/IN2-F
case D

UA2P Heat transfer coefficient fluid 2 to WATTS/IN 2-0F

piston

DT (VEL) Actuator velocity IN/SEC

DT(VELO) JId velocity IN/SEIC

DT(VOLIUMEI) Actuator Volume 1 IN 3

DT(VOLUME2) Actu'ator Volume 2 IN3

D(VOLI) Volume I (initially) IN3

D(VOL2) Volume 2 (initially) IN3

DT(X) Actuator position IN.

XO Old actuator position TN.

For variables in common refer to Paragraph 3.3.

6.!0i-i 6



6.102.7 Subroutine Listing

SU;3RolJTINL TIACT102 (0,;YP,rOD,L)
C REVISED AUG 197(4

r)L~iLNSIoN D( 1 ) , DT ( 1) , DO)( 1) , L( 1)
COmv,~ON /TRAN1S/P( 330) ,Q(300) C( 300),Tc( 300),Fw( 300),TrF( 300) ,

+ ACF( 300) ,AC,4( 300) ,DXF( 300) O'~L LL/r, PI,NL1>NE,NLL
C('i:iON /COiA.1/L'Yt( 99) NC( 99) KTLlP( 99) ,IN"), INTR. INEL
COAION /STErADY/PN(90),QN(90),PEX(90),PDLLG(90),O)L(90),
1 tOA,Q)S,Q],PUP, PDOb,;N,NiNODE,NLLEG,NCPN4,Tl-RlI,LEGJ,TICON, INV,
2 l~qX,I~IZ,NUP(90),NDWN(90),NELbidi(90),IL.EGAD(90),ILE-G(1000)
COAI10o4 /FLUID/rllPRL.S,CF,CPFN, FTL,.lP, PROP( 13, 3)
DILASION R..jF( 6) ,A( 5,5) ,3( 5)
IN-TEGER VOLI,VOL2,ASAC, UAC, DIx, PilIEIGHTr,TA,TSTP,TCN,TDN,

1 PPN ,'rFA1 ,TFA2, IrC, ITF, PriICK,Aa ASS, A'rHiICK,ASFA, VELO,
2 AREA] ARLA2,Pl,P2,iTYI)L,PTrYPL,UAlP,DAL'IP,X,
3 ZQ_,V!t.L,rELTP,VOLUiE1-1,VOLU.-IL2

C D ARRAY VARIABLES
DAI'A VOL1/1/,VOL2/2/,ARL;A\1/3/,ARLA2/4/,.AYPL/5/,PfYP./6/

I ,rIASS/7/,ATI]ICK/8/,ASFA/9/,PHll-I-:3T/I10/,PltIIICK/11/,DIA/12/
2 A,IsC/13/,UAC/14/,UAP/15/,r/16/,TA/17/,II'F/19/,I'fC/19/
3 .AI1STr/20/,!,XS'r/21/,Ai.P/22/,,,IIL/23/,,AAXL/24/, INPOS/25/

C DT ARRAY VARIABLIF-0
DATA TCN/1/ ,TDN4/2/ , 'rrrJ/3/ ,TF;A/4/ ,TFrA2/ 5/, P1/6/,

1 P2/7/,X/8/,VLL/9/,LOA DZ/10/,LOADS/11/,ZQ/13/
2 ,LOADLX/12/,INLNIT/14/,DELLTP-/15/,VOLUi,111/16/?VOLI'2/1 7 /
3 ,VbLO,18/

DATA SIG1 4-A/.349L-11/,SH;IAPF/.96/,EPSIONl/.3/,C.J/8.85/
IF(IFNTR) 1000,2000,3000

C ATHICK =)\CTUATOr(- WALI, 'rICKALS
C AiASS =ACTUATOR .-iASS, IrICLODI\IG PISTON
C ASFA =SURFACk AREA FLUID) TO ACTUATOP, INSIDE
C DELCS =DIA-'ENS1OIS OF THE RESTRICTOP
C PTHICK =TiIICKI&SS OF TilL PISTON
C D iA =DIAJ'T6R OF TrL Pi:3'ro N
C UAC =HLA'r TRANSFER COEFF. CASSE TO A.IBIENT
C VEL =VELOCITY OF Triu PISTrON
c * 1000 SELCTION
1000 CONT114UE~

Ll=L( 1)
L2=L( 2)

C i NITALI Z I G TLA PLRA i ui<w-
TC( L1)=D( ITC)
rC ( L 2) =D ( ITC)

TF( L1)=D( ITE)
TF( L2) =D( ITF)
DT (TC4) = D( I TC)
DTr(TD4) = D( ITC)
DT(rP.N) =D( ITF)
DT(TFAl )=D( ITF)
DT(TPA2)=D( ITF)
D(TrST)=( D(rS'r)+460.) **4
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6.102.7 (Continued)

'(TYP1L1=) ( ITY P1)+00 1
!4'YPL= D( PrYPL)±001.
CP=PROP( 'PrYPt-, 3)
CC=PRO13( XTYPL, 3)
CPl'r'=PROP( NTYPL, 1)
cpc,,=PROp( rv!rtL, 1)
RllOP=P1ROP( :'YPL, 2)
IUIOC=PROP( KTYP[-, 2)
CD=%-C
C PDN=C PCIN
1Y'P( 'IL L)=0. 0
IF(D(UA1P) .IQ. 0.0) D(UA1P)=. 0063

D(l\'ASS) =D V\.'IASS) DAREAl) *D( PTH ICK) *RHOP
D'(D(AC)(SA.0/.0(UC=05

L( 3)=1
DT (VOLUJA L1 ) = D( VOUl)
DT(VOLUA~E2)=D( VO.,2)

L( 4)=--l

D1 (DLLA"P)0.0
YPT X) = D( 1,4 POS)

DYr( L3AW)"Z ) = 1)( vdAXL) -,,T( LOA DS) *D iiAXS T)
DT( LUA!.,X) =Y( LOA D) DT (x) +YLOA DZ) +DARLA 11)DA RLA 2))

+ *ATPnsL
R LTAUIV R It

C 2000 SLCTION
2-100 CON'TI 'JUL,

LS=L( 2+ICOti)
N=lMNNJ( I.&L)
IF(LS.GT.o) 3o TO 2510
IF( IlX.rL. 1.ANT).ICOM. EQ. 1) GO TO 2900
N=14UP( IiNLL)

2511 IF(ICO'i.LQ .2) -0 TO 2850
TU'(DT(X).GT.D(.iINST)) GO TO 2600
IF(D'P(LO0ADLX).GE.0.0) GO TO 2550

2.50IFZ~.G. ).1)G~ O 2650

DT(LJADEX)=0.0~
DT(VLL)=0. 0
DT(r)LLTrP)=Q1* i0L6
GO PO 2700

2600 IP(D'r(X).LTP.D(vlAXST)) GO rO 2650
IF(DT(LO-\DLX).LL,.0.0) GO TO 2550
IE(0S.GjT.0.0) GO TO 2550

2650 C ONT I.m U 1
DT( VLLO) =DT( VLL.)
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6.102.7 (Continued)

DT( VLL)=O1/D( APLAl)
DTDLr)(ON*DAEl-(RA)-TLAE)

+ ,)S*D(DA,\IP) )/D(ARLA2)
2700 DT( P1)=PN(N)

DT( P2)=PN(N')+DT(DELTP)
R LPU RN

2 35 0 IF(IN'X.lFQ..AflD.LS.EQ.-1) GO TO 2900
IF(DT(X).GE.D(t'IAXSTL).OR.DT(X).L-.D(i4IINST))GO TO 2950
PDLEG( INLL) =DT( OLLITP) *LS~
PU P= PUP+DT ( DLLT P) *[,Ls
RLTIJRN

2950 PUP=+Q1*10L-6
TL R,,I= PDON
D'rtP2)=PN(N)
R L rjRN

2900 STOP
3000 CONTIN~UE

KTYPL=D(,-TYPlE4'+. 001
NTY PC = D( PTY PL )+. 00 1
CP=PROP( JTYPL, 3)
CC=PROP( KTYPL, 3)
C PPN.= PROP?(NTY PU, 1)
CPCN'=PROP( g'YPC, 1)
RIIOP= PROP (NTYPE, 2)
RIHOC=PROP( KTYPL, 2)
CD=CC
C P DrN=C PCN
DT(LOADEX)=DT(LOAD)S)*DT(X)+Dr(LOADZ)+(D(RA)-D(ARf.A2))

+ *ATPRLS
DT(X)=DT(X)+(DT(VLL)DT(VULO),*DELr/2.
CALL XLIi,,IT(DT( X) ,DT(VL L) ,ASI23N, D(AINST) ,D(MAXST))
IF(DT(VEL).JQ.0.0) co TO 3001
DT (VO LU.IE1) =DTr( VO LUM-El) +DT (X) *DARLAI)
DT(VOLUAL2)=DT( VOLU,'zL2)-DT( X) *D( AREA2)

3001 L2=L(2)
L1=L(1)
RI101L=386. 4*RIIO(TF( L1) , P( L1)
DXA1=D( PIIGHT) /1. 33
ONX 2--1X

DXP=D( PHEIGFIT)/4. 0
ASA2P=D( AREA2)
ASAIP=D( ARLI~A)
ASCP=D( PTLIICK) * D(ARLAI)/D( PH1EIGHT)
A SD)P=A SCIP

C ACIF(Ll)=CIIOSS SLCTIONAL AREA 3LTWEEN FLUID A1&Ll
C ACC&ACD=ESTIiIA'rs OF CROSS SECTIONAL AREAS, ALSO

C CONTACT AREA !3LTWEN C&D
3003 3Z((A,iASS)/PIIOC)/(D(ARLA1)/D(VOLU.1E1)+D(AREA2)/DT(VOLUL1IL2))

' CC=BU Z
AC' ;= 13rjZ
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6.102.7 (Continued)

(i\21P=D( UA1 P)
UA1\C=fl(UAlP)
(UA2))=D( tJAlP)
UAD=D( UAC)

r)VOL2 -D'VOL1I*y'( VOLJ.12)/DT( /VOL,UAEi)
3006 CA,'ASS=D(, A$S:)*DTI(VOLtJAIU-)/(DT(VOLjtli ,1)+DT(VOLrit~iI,2))

D, 1AS.'-=D( ,.'IASS) *DTF( V0LO1 'E-)/( D'r(voLtrJ.id)+i~r( V0LU11E2)
P:iASS=(D)(APRLA)*D,(P"iICK)+(D(ARLA2)-D(AR'Al) )*D(cDIA)

+ /4.0)*I!OP
FAl.'I=DT( V0LJ,'hi- ) *R[JOIL
FA2AkYr( VOL0EJMt2) * RtOI L
R)=Q( Li)
ACP=Pi8,.SS//( llP*1PD( PHLIGIIT)
A\SA 1C=D( ASF) *DT(VOLUNEIL)/( DT(VOLU.L 1) +Dr(VOLuJi,,Ia ) )

ASC DACC
OXC=IYP'( /C. ULI)/( 2. 0*D(ANREAi)
DXD=)(VOLU,-i2)/(2.O*D(ARLA2)

ACAl=D'r( VOLAJ.1l2)/D( 2HL1IGHT)

C LSTrltATrL OF jILAT 'PRA.NSLR COLFF.
, CLI,A;\= . 0
R..,F( Ll) =Q( Ll) *,-P.OI L
A 2=A 3.. RiF( L) 1) * C)F N

+ *RlIOIL) )
IF(C( ) .Lr. 0.0) RLiF( Ll)=0. 0

6=CF/( (DXF( L2)/ACIF( L2) ) +DXA2/,ACA2+A13S( RIP( L2) )*DLLP
+ /(ACF(L2)**2-*RuloII))

IF(Q (L2).U~r.0.0) R.-F(L2))=0.0
D3=SI(;,IA k1LPSl0ol.*3liAPF*D( AS\ C) *DVOLI
r)4=D3*DVGL2/DVOLl
A1 C PEN /TI.-l U

3033 ",1=1D((UC) *.r(ASAC)*vL
-32 = 'l *DVO L 2/-)VOL 1
13 3 = AiC*A SAi1C
3 34 = A 2 DA SA2 D
tl5=D( UAlD) kASAIP
3 ()= N2 P*ASA2 P
fl?=1. 0/( DXF( Li)/( C( Li) *.\C,( Li) )+DXC/(ACC*CC))
R 3=i.O1/(DXP(L2)/(C(L2)*ACw,(L2))+DXD/(AC*C)))
Pq=C-C/ ( DXD)/A-,Cl+DXC/ACC)
R9=i.0/(DXP/(CP''AC-P)+DXC/(ACC*CC))
R12=i./(DXP/(ACP*CP))+DXD)/(ACD*CD))
IF(I)(Li).LT.O.0) 111=0.0
ILP(Q(Li).GT.0.0) P6=0.0

C CALCIJLATIIJG TPLePURATURL DISTPI3UTION
IS=Ll
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6.102.7 (Continued)

DCAPT1=( I./ RI L) *Ai3S( P( Li )-DTr( P I) )/( C1*CPFJ)
DCAPr2=( I./ RIM IL) *A[3S( DT( P2)-P( 1,2) )/(CJ*CPF 4)
IF(Q'(L1).GL.0.0) GO TO 3100
L2=Ll
LI=L( 2l)
IS=L2
IR=L1
DC APT 2=( I./RHO I L) *A,3S( P( L I )-DTr( P2) )/(CJ*CPFN)
DCAP'rl=( 1./RHOIL) *Ar3S( DTr( Pl)-P( L2) )/(CJ*C4%J)

3100 CONTIAJLJ
C A1,A2,C,D,t' NODES 14 ORDkR

3200 A(1,1)=(FAI,*CPt.)/LL ++~,Zi'(s)*CPf'uI,+,35+33
AL( 1, 2) =0. .0
A( 1, 3)=-B3
A( 1,4 )=0. 0
A( 1, 5)=-35
3( 1)=FA1,./DLLT*DT,( T-A1) *CIF'+( R1+Ri\,iF( IS) *CPFN) *TF( Li)

+ +AN2*DCAPrl
A( -,1)=0.0
A( 2, 2)=( FA2.1) *CPF:4/DLL'r+p6+1L.1,F( IR) kCP'F+36+34
A( 2, 3)=0. 0
A( 2,4)=-34
A( 2, 5)=-B6
,3( 2)=CPFN4*FA2,,'*DTi(TFA2)/D LT+( R6O+i ,ii( IR) *CPIJ) *T?( Li)

+ +A2*,DCAPr2
A( 3,1i)=-33
M(3, 2)=0. 0
A( 3, 3)=( CASS) *(CPCrJ/DL.LTr)+ 9+-33+.31 F. ,+1R2
A( 3,4)=-R3
A( 3, 5)=-R9
r3(3)=(C-t.AS)*T(TC,)*CPC:4/D'L~r+31*r)(TA)+D)3

+ *t-(T3.P')-.D3*(D(rCr)+460)**4+p2*Tvv(IS)
( 4,1)=0.0

A( 4, 2)=-B4

A(4,4)=(D. 1AS3)'*(CPi)d,/DLLTr)+P3+i12+344.32+. 3
A( 4, 5)=-P12
B(4)=(D.iSS)*(CPDH,/DILr)*D~r(riu3 )+32*D('rA)+-D4*D(Tsr)

+ -,D4* ( D-f( rN) + 4 0.)*A+R3*1w ( IR)

A( 5, 2) =-,315
A( 5, 3)=-R9
A( 5, 4)=-R12
A( 5, 5) =PAASS*CPI)1l/DLLTF+Z9+35+ 1 2+36
,9(5) =P,,AASS*CPP!4*D0( rpi ) /iDE,
CALL SIAIuLr(A,3,5,ERROR)
IP(RQ.Li-;.r0.0) 50 TO 3250
rc(Ll)=B3(3)
TC(L2)=3( 4)
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6.102.7 (Continued)

TF(L2)=3( 2)
GO TO 33900

325,0 TP( L2)=:3( 1
I'C( L I )=3( 4)
TC( L2)=B( 3)

3 350 rD(TCP)=[3( 3)

DT(TPrI) =:3( 5)
DT( TF A1 =3( 1)
DT('r F.A2=3( 2)
R.F T'l R 1
FNNT)
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7.0 OUIPUT SUBROUTINES

The output subroutines comprising, TSTORE, TGRAPH 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

substituted for plot values in event these max or min values occurred

between plot intervals. This assures that the max or min values calculated

are reflected in the output plots. Another option allows tabulation of all

calculated values for each plot variable
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7.1 SUBROUTINE TSTORE

Subroutine TSTORE, which is called by THYTR, reads output requirements

and stores data required for output plots, and prints an index of all the

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 3000

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, TGRAPH 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. TG[AP|! is again called to plot these points. This

procedure 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 Listing

Variable Description Diminsion

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 Coded Input 1 = Pressure
2 = Flow

3 = Component Temperature
4 = Fluid Temperature
5 = Wall Temperature

M Counter

M"IXTREM Dummy Variable

N Counter

NABSQ Input Integer 0 = Normal Graphs

1 = Prints Magnitude

NISTEP Counter

NLPLTC Number of Line Plot Points

NOGRAF Not Used

NOMSC Not Used

NOSTOP Nor Used

NPT Dummy Variable
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7.1.6 (Continued)

Variable Description Dimension

NXTREM Input Integer Value 0 (Normal Plot),
+1 (Plot with Max Values) or -1 (Plot
with Min Values)

NI Counter

Y Dummy Variable

YY( ) Array Used to Store Line Positions of
Required Plots
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7.1.7 SubroutinLsig

SBJlP'JPI qL rSTORL
%[. RVI.SLD AUCUST 5, ]'175

('0.1,71 D!jr( 3 500) , V'TORI,( 1)
COmiAOM IT RAS/P( 300) ,Q( 300) C( 300) T((300) Tw( 300) 'rF(30C) ,

+ A%--"-(300) ,ACW( 300) , X(300)'IL, Dt:,LT, PINLINL, LL
CO.t.iON /LnI/~NIL ~ ~DS
Con.1 0O. /L I)h/PAR)( 150, 4) Tl'( 2000) ,TLF( 2000) ,LSTART( 150),

cai*im, /piLoT/TITLiI (20), PLTDf,,NPr.3, IPOI, ISTLP,T!;IWlAL,NLPLT'I( 1,3)
+ ,NAl3SQ,IqT0PL,WrTOLPL

1II PLL( 40) ,IClIIAi (12) , IC(40)
CO.:. 1 C'4/CO,i?D/D( 4500) ,L( 1500) , M199, 4)
L99'JVALt-'1Ct:( DD( 1 ) , D( 1 ))
D)AT'\ lCIlAP/41JLINL, 41,'UPz; 4HCC3rlP, 4dVA~R ,211 P, 2H 0, 21TC,

+21r , 211'24, 211 , 41IDNS 1 in1
IP(ILNTR) 10100, 1000,3000

1000 cO0'J TI1 111 t

''I ST P=
I I r L = 0

;qTOLPL=0'

IF(.,,LPLTC.L').0) G3O TO 142
DO 1 10 I=1,NLLTC(-

109) FCRILAT(1615)
DO 130 .=1,IPL'r
LPT=IY(,,i)
L/3C=2* 1ArOLX-1
IF(iPT.LL.)LC=*prLX
N'C'LP='TOLPL+1

C LoC - A)FE2OF VARIA3LL 1IJ P,Q,TC,Tv; OR TF' ARRAY
C IA1DLX - LI JL NU,'i3LP
C LRI' - CoILr) INPUT'

'.l~uLbT(NTJLPL,3) =LPT
4L.PLT(-4TOLPL,1)/ LOC

130 (:OrlirIUL
140 COPITI'UL
142 CONTI JUL

NTOPL=:,T'OL PT+NTtL 4PL
IF(N':'OLPL.GT..l\JPLOTr) NITOLPL=.INPLOT

C
IP(IqTFLPL.LQ.0) 0-0 TO 144
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7.1.7 (Continued)

RLA)( 5, 143) ((LPL-r( 1+'roLPL, 2),NLPLr( I+NTOLPL, 3)),I=1 ,NTLLPL)
143 FOR,,iAT(16I5)
144 CONTI .4Uk

IF ( P1'O0LPL+NTfELPL. GT.ei,'iNPLOT) NTELPL=L-iNPLOT-NJTOLPL
If-( N'TOLPL+,NTLLPL. NL1-.N'OPL) WRITL( 6,520)
NT P L= fl TO LP L+ NT lL P L
IF(,,TLLPL.LQ.O) GO TO 3000
LPT'rNOLPL+1
DO 1200 I=LPT,NTOPI4
NPT='lLPLT( 1, 2)
"I =MLPLT(1, 3)
TF(N) 1150,1190,1160

1150 N1-ENT3)+,q+1
;O TrO 1170)

1160 N1=L6(NPT, 2)+N-1
1170 'JLPLT( I, 1)=1

SO TO 1200
1130 IlLPLT(I,1)=1
1200 CONTI4UL

C
3000 C) NT " UINU

C
I'( I3TLP.LQ.NIST1,P) 0O TO 2010

I~'WXTL'iEQ..AJ~)LfS.LQO)RETURN
u'XTQ L A ='JXT R F-
GO TO 2020

29195 NISTLP=,JI3TIEP-lPOI 4T
2011) X T RL.-I= 0

I IT= I PT+ 1
', I ST LP =1I I,3TrL? L I PO I: T
VS'2ORI-,( I L'.) =T Iv 1

2020 "1 P'= IPT
'11=0
0O 2200 I=1,NJTOPL
M' PT=il PT+N PT'S
N=NfLPLT( 1, 1)
'4v=I3(.ALPLT( I, 3))
IF(I.GT.NroLPL) GO TO 2050
13O TO( 2901, 2c)02, 2903, 2904, 2905)NN

2-901 Y=P(14)
GO T0 2080

2902 Y=C)(N)
IF(WLPLT(I,3).GT.0.0) Y=-CQ(N)
GO TO 2080

2903 Y=TC(fl)
GJO TO 2080

2904 Y=TF(-N)
JO TO 2-010

2905 Y=T-P(N)
GO TO 2080
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7.1.7 (Continued)

2050 IF( I.) 2000, 215u, 2070
20630 \:DO(-,',)

GO i'O) 2'98 J
2070 Y=T)(14)
20q0 IF(.iXP ,.)20'90,2085,2100
2095 Tt.(ISTLP+IPOI0T.LQ.NITEP) GO TO 2110

GO TO 2130
2090 IF(V,31)IPL(0PT).GT.Y) GO TO 2110

GO TO 2120
2J00 1F(VS' ORL( NPT)., i.Y) 30 TO 2120
2110 VS'T)RL( 0 PT) =Y
2120 I(LIST.LQ.0) GO TO 2200

IF(!.LQ.1) wRITL(6,2211) TIM,
2130 I =N I+]

IF'(1.', L. 1) 30 TO 2200
, RITL(r,2210) YY
N] =0
0 TO 2200

2150 'QIrL(6,2220) I
Y= r I, ,E

30 T,) 2090
2200 CO,'TI',Uf

IF(IkLiS'T.. :.0) RITL( 6,2210) (YY(I) ,I=1,;v)
IF(I 0 T. 'IL .'PT) RLTJ,{N
!F(ITI'R.LQ.1)30 rTO 2550
,;PIT[L( (6,16r01)

.,RIL( 616,03)
IP( X RLI) 5,12,135 ,,RITI (6, 1606)

30 TO 1220
10i ji,,l rL( 6, 1507)

GO TO 1220
1? '1, R '['L( 6, 15.0 )

C0 TO 1223
1220 ,P.ITL (6, 1'03)

3J =0
II -,ITOPL

lI 3= 1 (

DO 1300 I=1,II
J=I
JJ=5J+l

15 N1=NLPLT( I, 1)
NPT=: LPL'T( I, 2)
N='LPLT( I, 3)
IF(I..;T.NTOLPL) GO TO 2500
ITITLE (J J) =ICHAR( 1)
1N( JJ ) =NPT
I ITITL.( JJ) =IC,1AR( 2)
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7.1.7 (Continued)

IF (N. LT. 0) 1 ITIT'Lli( 3.3) =ICllAR( 11)
LL=TIAB3( N )

IIC(JJ)=ICiAR( 10)
ICI(JJ)=ICi7iR( 12)
GO TO2 1700

2500 irLL,(JJ)=ICHAR( 3)
IIT1Tt~(J)=ICkf~(4)

IN(% J Nj= )'A'
IC1(JJ)=ICHAR( 12)
ITY( Jj)=-]
IC(JJ)=TCHAR( 10)
IIC(J.3)=ICHAR( 10)

1700 IF(5J. L'. 10.AiND. I. Lr.NTOPL) GO TO 1306
II 1=1 1+JJ
tIR'ft( 6, 1500) ( CI(.J~J) , (JJJ) ) J-JJ=JI";,111)

I!'(I.CG'r.\JTOLPL, G O rO 75

ivkI'rL( 6,16900) (I*I'truIJJJ) , I,"( jJJ) )IC ,J3= JJ3lJJ

GO TO0 16
75 '\'R I TL 6 , 16 0 4 i ( ILt(. JJ),I N( JJ), IC (JJJ)JJJ =I ,3)

'-R ITL(6, 16 0 4 (IT TPLh(),JJJ),n I ic(J3J)),JJJ=1 ,J)
16 ORITfL( (, 1605)

1300 C 0WTIA UE'

YRITLF( 6, 1'503)
ITLR=1

2550 CALL T;R.\PH
1F(IPTS-".p'rs) 2300,2350,2310

?300 1 PT = IPT S
IT=0
GO TO0 2005

23109" 'P 1 = 10 1
I ?Trs= I P'2.- 1 o0
I ?T=0
GO ro0 2 005

93 50 c OVP IN U I
fRE1'URN,

520 POk~i T( 5X, 42.Wr2'O .ANY7 PLOTS RLOIJLSTLD) .iAX NUilU)1R IS 60
2210 FORAAT( 5X,1I3L1L2. 5)
2211 !'OIIi'1T(//,5X,25irATA11 C',LCUJLATLD AT2 TI-ii' =,F'8.4)
220 FO'RiAT(5X,451VALTJL OFP N IN~ 2000 SLCTION OF CO.*P IS ZERO I= ,5
15 00 FRAT(4X,10( 1,6r~tAPII ,14, 1'-A)
1600 PF0RiAT( 5X, 10( 4, 21J T 14,A2))
1699 F0PORNAT(5X,10(A4,4H ,:2, 2i1
1601 IOIR iAT(lfll,42X,35IsjV'\PIA3LiI'S SLLECTLD F08X OUTPUT PLOTS)
1602 FO~i'4AT( 1.1,53X, 131FIYTRAN OUTPUT)
1603 1'OR~iAT( 1110)
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7.1.7 (Continued)

I1IS 4 FOP AT( 5X,)( 4,16, 1\2))

1616 FORv'.%r( 29X, 71lIVALOLS PLOPrt.D RLPR[;SLNTA AINl 'T~U* WI\Lr]Lb CALCULATLD f
1M THL ri.ii, I,'\Yi.RVAL)

1,307 F0R,-,Ar( 7x 9, 7 1IALrJLS PLOTTLD REPRL"LNT ;-AXI. tUA VALOJLS C'\LC!LA rLi i
2.N' TJL VtikL INTERVAL)

160A FOPR.Ai( 21X, 7 5iIVALrJS PLO'Prt.D RLPRLSLAT Iffi ACTOAL VNLULS3 Ci\LCULAiL
31) AT LI.Cll PLOT I'JThRVU)



7.2 SUBROUTINE TGRAP11

Subroutine TGRAPH produces print plots of the output data stored in

VSTORE ( ).

Most computers will have their own version of this 3ubroutine which

could be used if necessaLy." However, gince the plotted output is such an

integral part of HYTTHA, this subroutine has been added to avoid the problems

involved in changing from one computer to another.

7.2.1 Theor- - Not Lpplicable.

7.2.2 Assumptions - Not applicable.

7.2.3 Limitations

The program is executed one for each plot, up to the total number of

plots NTOPL. The DO 901 J = 1, NTOPL controls this loop.

The first section which sets the X scale, is only executed on the first

pass, when J = 1.

[he program currently uses VSTORE (1) as XMIN and VSTORE (NPTS) as XMAX.

In the second section a DO loop is used to find the maximum and minimum

values of the Y data to be plotted, using the functions AMAXI (YMAY, VSTORE,

(I+IADD)) and AMINl (YMIN, VSTORE (I+IADD)).

With the maximum and minimum values established, 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 obtain a preferred scale for the

Y axis, and returns with values for YMAX and YMIN.

The next s,:ction finds the type of plot and sets the plot character,

P, Q, T or C anO the data to be ,.ritten at the bottom of the output plot.
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The routine then starts the output plot section by going to the top of

a new page, and proceeds to plot the output data, line by line until the plot

is complete.

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 number 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, a listing of the titles is

provided on the final page of the program output.
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7.2.4 Approximations

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 De over come by use of the

MAX/MIN and LIST options noted in Section 8.0 of Volume I of this report.

7.2.6 Variable Listing

Variable Description Dimensions

AVS Absolute Value of Vs

DIST Distance of Plot Point Down a Line IN

I Counter

IADD Address J*NPTS

ICHAR Plot Character

ICHAR( ) X and Y Axis Write Characters

ISP Counter

ISPACE( ) Temporary Variable for Writing X and Y Axis

Scales

ITEST Counter

J Counter Indicating Plot Number

L Dummy Variable

LINE Integer Counter for Plot Line Number

N.ABSQ Ineger Value 1 or 0

Used as Indicator

NCHAR Dummy Variable Representing Plot Character

NVAR Dummy Variable Representing Point at which

Line Plot is Taken or Component Number

SP Column Number Nearest to the Ith Value of

X- Variable
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/.2.6 (Continued)

Variable Description Dimensions

VS Dummy Variable

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 -

YIASI Last Y Axis Scale Value

YLO Lowest Value in Search Range

YMAX Maximum Value to be Plotted

YMIN Minimum Value to be Plotted

YUP Highest Value in Search Range

I
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7.2.7 Subroutine Listing

S03ROUIY21 L TflRAPIJ
C**** ILVI1V) AUGUST 5, 1975 **

co.1;10i /'Pp.\S/P( 30)0,( 30)C( 300)TC( 300) T4( 300) TF( 300) ,
+ ACF'(300),ACW,(300),X(300),I.i.,D2LT,PI,NLIDJL,NLL

CO. .il / L 1A IT/JANLI lL, ,4 LL,,i LNLILG ,'INODL,, L'IPLOT, e4N'L PT-S,, ijDS
CO.,iOi, /LI L/PAib,( 150,4) ,Trol( 2000) ,TLF( 20001) , STAPTL( 150),

+ - 5 " X( 15 0)

CO.~O\ /PILOT/TITPL(20), PLPDlL,L,NPTS~o, ipoiIT, fS.TkP,TPINqAL,NLPLr( 61,3)
+ ,N.3 ),;i roPL, NTOLPL

DrI:rA ICHART/1IqO, 1IIIt, lrlC, 1:11, l1i-, li1+, 1H ,PT

DATA ITr-:3T,XSCALL/0,0..O/
DATA.' ISTR/1911 UP'3TRLA:i 1111FDOWNTRE~A.-l/

C --- BGIN OUTbR LOOP. FIND X PARA..ILTEbRS ON 17I. ST PASS ON'LY
1 DO 901 J=l, NTOPL

IADr)=J*NPTS
IF(J.UJL.1)GO TO 2
X. IAX=VSTORL(N PTS)
X.*1N=VSTO'RL( 1)
IT LST =I Pr+ 1

i~ IL.3. L;.1)X 1iAX=XAIN+XSCALF;
X SC ALL=X AAX -X A IN

C CALF, SCALETD( XAX, ViIl)
XrDLLPA=( XvAAX- ,l!)10

C ----- FIND Y PARA.-ILTLIS
2 Y.iAx=vsToFL;( 1+IADD)

DO 902 !=2, '4PT.,.
YIAX=A.IAXl( Y.-.AX, VF,3TORf.( I+IADD))

902YIN\.I1(YmvrOL +A)
NA 3S 0=0
IF(J.GT. N'PLPL.OR.NLPLr( j, 1)Go.) GO TO 905
IF(NA3S').LQ.0) GO TO 9305
IrYiiji.rT. 0) GSo To 905

905 1!-(YAAX.N'L.Yiv.IA)GO0 TO 9)020
Y..iAX=Y,?AAX + 25.
Y:IIw4=Y.iAX - 50.
GO ro 9025

9020 Avlj'X = (Y;iAX+YI)*.001
IF((YA!AX-Y.*II I).GT'.A.iAX) so TO 9025
Y/xAX = YAAX+A.iAX
YclIA = Y.-Il'-AIAX

9025 CALL SCALL)(Y.-iAX,YJIl,)
YDLLTA=( Yv!AX-Y.-iI' )/50.

C ------FIND LINJL/COelPONENT 'J2LR, TYPL OF PLOT, OUTPUT DATA
L=:'LPLT(J, 2)
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7.2.7 (Continued)

IF (C0'.'TLP)0 TO 5

"VA8='LPLr(Jc, 3)
-00 *O( 4, 3,730,73J0,73Q)Il6J

3 ICiiAP=1CHAR'TlI
T, IO G

4 ICl1AR=ICHiAT( 2)
00 , r,) 6

3ICII\P=ICllARnr'( 3)
0------O T OP OF 4LXTr PAoI-

r) VL ,41
- -- -- -tLOOT) FOR LAC',] PLOT LI'lL.

Y=YLiAX + Yr)tL'P
7 Do 907 LTIL=I, 51

YTASTl=Y
Y=Y-Y~t LTM
YIJP=Y+Y')LL/2.

C-- -- - -FIPSP + LA\ST CI]'R. ON" LI-Iu =*

I.SPACL( 1)=ICHM T( 4)
I:3PACL( jl) =ICilARTP( )

C----F~ST+ LA\ST 1.I&L ALL *-* UXCEPT *+ ll)l,13,4,.,8,9
IF( LI 4t'iL .1.l A'43. LI "IL. "IL. 51) G'O TO 11
; G 1199 I.;P=2,110

1.3'((ISP1)V=IoARP(1)1*0~ O1

GO '"0 q99

00 T1" 14
C----IIPII7LCOL. 2-100 ON' LINLS 2-50 TO * ,OR --- IF A I5

11 IF( ?.Ll-.. A(-lD.YlASl.GT.0. )G0 TO 13
12 DO ')12 ISP=2), 100O

11 2 13 PWI,( 13 P) =IC!'\K 7)
Ilk) 1

13 DO 91 3 i.;P=,110
I sPt\C!L( I SPI-) = I C H AWI 5)

913 IF( ( 13 P- 1) .L n. ( I3SP-1I/I I*10) 1IS PAC L( 13 ?) I C HART ( 6)
C--- SEARCH Y-VALIft; ARRA\Y roR THOSE, IN' RA.17L YLO.LT.VALUh.GL.YUP

I .' DO 9)1 4 I= 1, I PTS
VS = VS(()R L, ( I + 1AOD')
N C I A1=I CI IA,?
IF(VS.G-T.YLO .A[Jr. VS.L[!.YIJP),7O TO 145

IF~lA'S~Nt.1)GO TO 914
\VS=A3S ( VS)
IF-(AVS.LTr.YLO.OR.'\VS.r'i'.YIJP) GO TO 914
>NCHAR=ICHAiRT( R)

C------FI1'JD COL(Ji'1 N\ NiBLIR N1 EAREST TO I-T VALUE OF X-VAtlIAtAL[. WriE-4 3CALLO
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7.2.7 (Continued)

IF( SP-AINT(SP) .- '. 0.,)0) sp=zP +F 0.g0
13 P=S P

C ----- CII[,C< ISP. IP~ LT 0 0O, 'IT' 102, LRROR; 1t' 9, ADD 1; IF 1.12, 3UTPr. 1
I'( ISP) 914, 15, 15

15 13 P= 1
30 TrO 13

16 f'( ISP-1,12) 18, 17, 914
17 ISP=1 11
1R T ;PACIi (ISP)=NCHIAR

91l4 COc'TIAUE
C----INES 1,11,21,31,41,-51 9AVL Y-VALUL3S; 'ruiL LIMLs, PLUS LINIL:L 6,
C 16, 26, .. . 7'USO llAVL *+ 1A COL. 1+101 IF L.-PTY

Im'( ISPACL(1) .NL. ICuiAfR)IPC( )cH ()
IF( 1:3PNCI;( 111) l NL. IC-fAR) IS PX-'L( 101) =ICIAilT( 6)
IF( ( LINL -i).L( IE,1/r*)O TO 19

C ----- "NRITE O0i' PLOT UINIL, COW."LIUL
VpIPrL( 6 ,(-0 2 )Y, ISPACE

199 i~T(,03IP

()07 CO Jr"IIUL
C---CALCMJATL, + PRI'V:" X-A\XIS VALULES
20 D)O 920 I=1, 6

1129 X\X(I)=XAI.i I1*2.XLP
,,PIT! (A, 604) '(AX

C----~I'L LR TITULS + VALMJL:, RLINTER OUTLix LOOP
IF' (J.-T.4LPL) GO -O 23

I'.' V k. r. )1II.3T( '
N1 = I A 3:,( I VA R)
GO0 TO( 711,712,713,714, 715)\N

711 'iRriTL(6,606) J,II,L
GO TO 909

712 v,iRITL( 6,605)1l,II,L

713 slRITL( '5,612) J,II, L

GO TO 9-00
71 " WPTTL( r) , 14 I) .I, IIT,

Go TO0 900

2 3 4'RIE( 6, 6 07) J I.NLPLT( , 3) ,L
900 CONTIN 11UL

wPiTL( 6, 608) Ti'LL
901 CONTIAUE

1001 /I~RTH(6, 601
4RITL( 6,610)
tflITL( 6,611)
IF( TI.AU. LT.'rFIlAL-DLLTr) nvjt JR
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7.2.7 (Continued) Lh

') 1250 J=1,NTOPL
L=',NPL'P(J, 3)
TF-(l.3 .AT'.'J'LPL) 3'() TO 50

IP( L.L[T. 9)1 1=T.;Th(2)
NN=TC3cS( L)
(10 TO(701,702,703,704,705)N

701 I'L(,6),1,NP(J,2
Go ro 1250

702 1r(,0),1rLL(,2
00 TOU 1250

703 "wPITL( 4,612)3,11, W'LPLT( 3,2)
30 TO0 1250

794 QP1TiL(6,A13)J,II,NLPLT(J, 2)
-70 Pf) 1250

705 vv! I'TL(6,614)J,II,N'LPLTr(J, 2)
,.o rP0 1250

50 tv TL( 4, 607)CT,'ILPLT( 3,3) ,?ILPEJT(J, 2)
1250 C'):,.TI:NtJ

692 FOR~iAlT( I X, 1 5X , F12. 4, IX, lI A1
r-0 3 Pr~fiX.A( IX,28X , 1 91AI )
6N FO P1A P ( 1lx, 2 3x, 5 ( FP9.3, 1 1X) , r9. 3
05 FOP 'ir(lX,2RX,6HGRA?! ,13,lX,33H PLOw (C'J.I/SEC) VS;. TloLI (SLC.)

+' ] 9), 148i OP LI 4JL J4U.'a.3IP , 15)
606 POP',iAT(1X,28X,6IGRAVi ,13,1X,33J PRESSURE. (PSIA) VS. M1E (SEC.)

612 rOR.iAT ( I X, 2 9X , 6fI G RA PH , T3 , lX , 4 7 l COHPONVJT n,-iPLPRATrum ( OLG.FU) VS
+. 71.'fl (SLC. ),A1), 12N! OP LIN, 10. ,15)

613 1P0lRL 1AT( ly, 2X, 6IGRAPH 4,10i,4311 FLUTD TxPLFPATURL O EGM) vs. ri
+,A (SEC.) ,A10,121 OP LM~i NO. ,T)

614 P0R.!AT(1X,?9X,6!GRAPI ,13,IX,42H1 WALL Tbw'PLRATfURb (OLG.F) VS. TI*i
+ , (SLC.),All,1fH OF LI'l.L NO.,I5)

607 P-O1PiAT(lX,2 ,4I1(PAP1 ,13,0X,19Hi VARIABLE NM:iER ,13,21H OP COJ'PO
+MET 4U01'LP ,13, 38H VS. TIM~ (SEC.) . THE. VARIAM IS--

609 POR,,Yr(lX,239X,20A4)
610 r'ORlAAP( 1d0, 65X,27HflYTPAN PROGRA.-i OUTPUT PLOTS)
6 11 1 -',T ( 11 )

MUM,'I~
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7.3 SUBROUTINE SCALED

The subroutine SCALED is used by TGRAPH to obtain a preferred scale for

the X and Y axis of the print plot graphs.

The number of divisions on 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 1.0*l0**N, 2.0*10**N or 5.0*l0**N

where N can be +ve or -ve.

The graph data MAX and MIN is centered between RMAX and RMIN unless

either RMAX and RMIN can be set to zero.

An overriding requirement is that the scales should be at some reasonable

number for easy reading hence with a range of 5000, the MIN can be set at

intervals of 500, or range/10. This sometimes leads to a larger scale being

used than would expected from the actual range.

The goal hcwever was graphical readability and scalability without the

need to resort to a calculator to find the value of a point, and in meeting

this goal we have payed some penalty in the size of the actual graph.

7.3.1 Theor

Not applicable.

7.3.2 Assumptions

NuL applicable.

7.3.3 Computation

See subroutine listing.

7.3.4 Approximation

Not ap!p.icable.
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7.3.5 Limitations

In its present form SCALED gives inconsistent answers for small values

of RMAX and RMIN, and is not currently used to scale the X axis.

7.3.6 Variable Listing

Name Description Dimension

AMAX Maximutm value to be plotted

AMIN Minimum vAlue to ,e plotted

IBOT Variable used to calculate Y axis

scale values.

IEMAX Variable used to ca.culate Y axis

scale values

IEXP Variable used to calculate Y axis

scale values

ITOP Variable used to calculate Y axis

scale values

J Integer couinter

MANT Variable ,sed to calculate Y axis

scale values

RANGE Range of values to be plotted

RMAX Maximum Y axis scale value

RMIN Minimum Y axis scale value

SCALE(-) Scale factors for Y axis
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7.3.7 Subtoutine Listing

SU',3iOtJI NL '3CL1LD( Re1A*,, R-1I \lJ

DI.IN O SCAL.L( 6)
DATA SCALi',..5,1. ,2., ,. ,10. ,20./

C------FtIW THL RAN'GL OF VALIILS *RAJG[-* , AND PLACh ACTUAL '-IAX AAD -i~
C ------ POINTS Pq *A~i\X* AND[ *AJ 1q*

1RAL4G=R'AX-RJII
A. IAXR.IA X
A..I 4=P'IIN

C----FA4D] IVtLGLR LXPO,\LN'P * ILXP* 'VND 13AS1' *LIA'T* SU~CHl TH'~AT TH~L
C ----- VALUL OF !ATr**11 Tj GEi. RAiNGE,

Tj.XP=ArL0G1)( PANGEL)

I~vrRAG.T. 4N* 1.* LX)4AT.PN

C -- US, *G AANYL, A.LCT ONL op Tdii- P'REFIRRLD SCALLS
I!'(,AAT. GT. 1 (),O TO '70

IF(.'AN'r.LT.1) 30 TO 70
'10 10( 30,9n,110,190,190,111,1 I), 110, 110, 70), rIANYt

70 A NT=1I
II.XP=ILXP+l

80 J=2
GO TO 120

90 1=3
GO eO 120

100 3=4
GO To 121)

110 J=5
c ----- SET *i.,,,\x* LOUAL rO Till- LXPOHI'l2 )F 1.1. COiMLSP0WhDI1G 'P) k~iAX

120 IF(P:IAX.iLC'.O.) GO TO 121
IL.AX=-LG0(AL3S ( iIAX))

---- US[, V.;AX V'DW ILo'iAX TO FIIJD A PO.3SI3Lh .iAXI,.U:1 VALOL FOV Tffl-
C ------ SCALL. PLACL Tri. VALUE 1 tI RAX, AND COmiPARL WITH I' hb ACTUIAL
C------IAXI,-U(.i PO)I'T.

121 TF(R~iAX.-Th.AJiAX)GO TO 130
C ------ IF RAAX IS.-. LT. ACTUAL ,AX POT IT, TICRI-ASL IT! 3Y 5
C------P A<CLNT AND I~CLK-~PA'AS NLCLSS'.'ARY

R1AX='RMAX+.05*3CALI, ( 7) * 11.k*1XP
3O TC 12 1

C ------ IF T.HL fC'.,U/L m~IJI,-IhI *A 1'* LIES orITUI TH-L RAIO1L' N64 ')LFINL3
C ------ BY kXX AND kI~,CO;.T1NUL.

130 I':,X CL()10*IX
IF(RJ;i~. LL.A.I IG0 TO 150

C ------ GO TO) TA, 'JLXvT LARGEST SCALE, RL.CALCULATt RoiI~q, AN4D FRLCF1CX
J =J -i
IIFcJ.bLT.5-.5)G.O TO 130
J=1
I LXP=TLXP+1
GO TO 130

C------IF THL S3CAflE' S 11A ID LT. ZLPO, 13UT Td4E AcTJAL .41i.1 IS P'0S1*1'IVL,
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7. 3. 7 (Coll Linued)

C--- ~ Tll -- ; ~?h C :'xA U P 50,( YI1AT Til SCALL BGI1S AT ZERO
lr50 IrF;T.. l 1GT.0.)0qO TO 170

160 ReiAX=SC'-A' WJ lLI. 11 P
c -- nt, u Tr:ii IT AY 'i P03SI3LE TO [Ui.CRLASL: 'fl.iL 'SCALE TO)
C- - I'll *4 XYP S iULlr P i:1

I~'(.\;~c~'* . 0099*2CLL(1-i * )***l:.X IL~TUR'4
3 - I -I

v(J.G'r. , -.5 rc T 160
J =4
1L-X?=ILX P-i
1'r TO 16 0

C ----- IF R,ili lI pnoSI'IVL VIS 11LAR Zl-RO, 2fir" rcji SCALL )OV4:q TO0 0. J%\
170)IIP1~.U.0 G TO 175

4.4AYX.CALr ( 1) * 11. IXP
C-----I':' Pril. Ol'I TV -)()X CAfJSLS RiAX TO LIIE 3ELO',i TiE \CVUAL IAX,

C----IIC[ A1 T3t. SC,-Mh PAd'2E TO THQ NLXT LAR2--:*i
IF( R. iA X. LT' A-A X) R:IA X = C A LL ,3J+1) *1. Q k ILX P

----IF R.IAX IS 1'EGAT'IVL, Alrh '1L\R ZLRO, Sh1IFT 2'il SCl\.Jh' UP '.L0 0. 'iA;'
17 5 i F X G . l, r) GC, -P 13 3(

I F (-AA X. G-T.. -0. .1* R, iI11 GO TO 130
R -.AX 0 .

p:1,~=SC~L()*i.*I X P
C --- '~ 2IME S~ii'T JP CAUSLS 7,iIq' T Lir A.3OVL TVIE ACTUAL .JI 1,

C ------ I4CAtASL T,21. 'SCALL RAO'2L TO TAIL NLXT LAIRGL.3T

180 VOPAXA~)/(05*~CAL(3)13. **ILP)

1 IMP0=( A.1'- -)(05*SCALI( J) *13.)**IILXP)
I lj'=( Iy.)p..il ,*CA -, ) )/1 * t:

flAI=.'~I.,I)I* fl*3.Lj(3) *131.*A ILXP
P ".X=4Ki.~ 'lI ( 3) 10.)

L A1
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8.0 UTILITY SUBROUTINES

The utility subroutines have been added to avoid some of the annoying

problemr encountered when a program is transferred to another system which

may have similar but incompatiblre library routines.

INTERP and DISERI both of which started as library routines, have been

modified to cut running -osts wherever possible.

A skilled user can probably replace INTERP, DISERI, SIMULT, XLIMIT, and

TGAUSS with local library routines and operate efficiently.

LAGRAN, UIW and FRIC are specialized subprograms developed for use in

IIYTTHA. The LACRAN subroutin2 not only interpolates data points but

compu es viscosity aid a viscosity pressure correction factor. Functicn

UFW provides a heat transfer coefficient, and FRIC give laminar and turbulent

flow coefficients.
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8.1 INTERP SUBROUTINE

The INTERP subroutine provides interpolation for continuous or discon-

tinuous functions of the form Y = f(X). INTERP is a shortened version of a

MCUTO library functional subroutine named DISCOT.

INTERP uses two other subroutines, DISERl and LAGRAN, to derive the depen-

dent variable from tabulated data input by the programmer or already existing in

the program subroutine. Subroutine DISERl gives the data points around the X vari-

able. Lagrange's interpolation formula is used in the subroutine LAGRAN to

obtain a Y value. For 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 (Reference 9.5).

8.1.1 Solution Method. The INTERP subroutine provides the necessary control

parameters to DISERI and LAGRAN to yield a dependent variable. The sub-

routine arguments are:

Subroutine INTERP (X, TABX, TABY, NC, NY, Y, IND)

where:

X - Argument of function Y = f(X)

TABX - X array of independent variables in ascending order

TABY - Y array of dependent variables in ascending orderINC - Control word

Tens Digit - Degree of interpolation

Units Digit - 1 Walther equation

- 0 LAGRAN interpolation

NY - Number of data points in the Y array

Y - Dependent variable
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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 INTERP subroutine argument and passed to DISER1. The

error indicator IND is set to zero. On finding the data point closest to the X

value from DISER it is entered into the LAGRAN subroutine argament. If the

modified Walther equation is to be used for a viscosity calculation, IDX 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 ascending

order. When tabulating a discontinuous function the independent variable (X)

at the point of discontinuity is repeated, i.e.,

XI , X 2 P X 3 , X3 , X4 , X 5

Y Y2' Y3' Y4 ° Y5) Y6

Thus for discontinuous functions there must be K + 1 points above and below

the discontinuity, where K is the degree of int3rpolation.
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8.1.6 !NTERP 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

NPXl 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

S5U31OUTINIL I ATERP(X,TAlX,TA3Y,NC,N'Y,Y,IND)
n-I cdAS ION TA3X( 1) ,TA3Y( 1) NPX( 8)

I ilD= 0
XA=X
CALL D)ISbkRi(XA',TA3X,1,v/,IDX,NPX,I'D)

CALL LAGIAi(NA,TABX(IPX1),TABY(d4PX]4,IDX+1,Y)
N L 'rRN-4
L IN 1)
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8.2 DISERI SUBROUTINE

The subroutine DISERI will return the array location of the lower bound

value of the interval in which the independent variable lies. DISERI is a

modification of a MCAUTO library subroutine named DISSER,

The arguments for the DISER1 subroutine are as follows:

Subroutine DISERI (XA, TAB, I, NX, ID, NPX, TND)

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, XA, and the tabu-

lated data form the TABX array, DISERI 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, DISER1 would return 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
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8.2.6 DISM~ Var~lable Names

Variable Descition Dimensions

IND Solution indicator

I, ID, IT, J, NLOC,
NLOW, NPB, NPT, NPU, Integer counters
NPX, NU1PP, NX, NXX

TAB Array of independent variables

XA Independent variable
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8.2.7 Subroutine Listing

TL(i, -,. (I) 7

71 +1

I.

7I I, ,1 -I

:1 7 7 " , i 7,

= '

77 . = ,.( )

,, T _1~ ~ ,17,= -17

• •17, 17

,' . - ,.)'I, "

In * i, ' I *"-'

- 4..-
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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, LA-RAN 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 array

N - Degree of interpolation

ANS - Dependent varaible

8.3.1 Math Model. LAGRANGES interpolation equation is used in this subroutine

to calculate the dependent variable. The LAGRANGE formula is:
m

(x) - L L i (x) Yl (1)

i=O

Where:

Li (x) is the Lagrange multiplier function.

(x-x 0 (X-Xl1)'''(x-x il) (x-x i+l )'"(X-X n)

Li (x) = (xi-x0 ) (xixl) .. . (xx) (xi-xi+l)... (xix) (2)

The LAGRANGE equation will generate a polynomial between two data points.

The degree of 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 taken from Reference 9.6 is used

in the calculation of viscosity. The ASTM charts are based on this equation.

LOG [LOG (v+c) ] = A LOG OR + B (3)

Where:

c - a constant
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OR = remperature, ORANKINE

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 centistokes or more.

8.3.3 Computation. The procedure LAGRAN will perform whether it be inter-

polation or the viscosity calculation, will always be recognized by testing

the N argument in the subroutine statement. If N is equal to zero, then the

viscosity will be calculated using the modified Walther equation. Otherwise

N will specify the degree of interpolation to be used by the Lagrange formula.

Both results wilL be returned to the calling program tirough the variable

named ANS. The LAGRAN interpolation is a direct applicaLion of equation (1)

to the given data.

Before evaluating the viscosity equation (3) for the viscosity value at

XA temperature, the constants A and B must be calculated. They ore solved

using the data points that surround the dependent variable, ol the first or

last set of two data ooints if the 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 daa points to

interpolate it can become inaccurate for remotely spaced tabulated data

points. Any degree of interpolation greater than two can lead to erroneous

results.

For the viscosity equation, any computed value of viscosity less than

2 centistokes cannot be considered accurate, and should be weighed

in the final results.

8.3.6 LAGRAN Subroutine Variable Names

Variable Descriptiou Dimensions

A Constant for viscosity

ANS Dependent variable

B Constant for viscosity

I,J Integer counters

N Method of solution

N = 0 Viscosity calculation

N > 0 Degree of interpolation

PROD Lagrange partial product

PI LOG LOG of (Y (l) + C) cSt

P2 LOG LOG of (Y (2) + C) cSt

T1 LOG of T (1) OR

T2 LOG of T (2) OR

X X-array

XA Independent variable

Y Y-array
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8.3.7 Subroutine Listing

SUBROUTI14E LAGRAN(XA,X,Y,N,ANS)
DI:lLNS ION X (1) ,Y (1)
IF(N.LQ.-1) GO TO 20
IF(N.EQ.0)GO TO 10
sULI=o. 0
DO 3 I=1,N
PROD=Y( I)
DO 2 J=1,N
A=X( I)-X(.J)
IF(A) 1,2,1

1 !3=(XA-X(J))/A
PPOD= PROD* 3

2 C0ON4TINUi
3 SUA=SUM+PROrJ

R L '1LU R f'J
C VISCOSITY CALCULATION

10 C0OWTINUL
A >m0.

1F~) . LI. 2. )AI=EXP( -1. 47-1. 84*Y( 1)-. 51*Y( 1) **2)

Ily2) LP. 2. )A2=rLXP.-1. 47-1. 84*Yz( 2)-. 51*Y( 2) **2)
Pl=AIOG10(ALOC1O(Y( 1)+.7+A1))
P2=ALOG 0 ( %L")G1(Y (2) +.7+A2))
T1=AL0OGI 0( X(1) +460.)
T2=ALOG1O(X( 2)+460.)
3= ( Pl-P2) /(T2--T1)
A= P11t3*[hl
Z=10**U0O**(A-'3'*ALOG10(XA+460.)))

Ark=Z-. I.7**3

RLTLP 4
C 3I'[AjIDL 'CALCUJLATVION

20 CONITINUL
Pl=AL0Gl0(ALG0(Y(1)+.6))

Ti=ALC)G1O( X( 1)+460.)
T2=ALOG10j(X( 2)+460.)
i3=( P1-P2)/(T2-T1)
A = P+3 *Ti
VO=1**(10**(A-~3*ALG1(XA+460.)))-.6
TL5=1fl**( (. 125989+A)/3)
TIOOIW1O(**( (-. 4771 -9+A)/3)
S=ALzXU-1((5)/100.+1.)-ALOG10((TI003)/100.+l)
DrLX65. 10979*bS
S=6. 65/DELrX
ALPIIA=3. 23523-11. 3886*34.13. 1735*3S4. 8881*'S*S
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8.3.7 (Contiixued)

t~ 21,*',  I.+ 1 ' -23.q I .* ] . 5- , *
r'"1:3. 353I 2-11 . 1.73* +1 7. 17 12* ko7.,l*,* *
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8.4 SIMULT SUBROUTINE

SIMULT is a Fortran library subroutine (Riftrcncr- 9.7) 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:

allxI + al2x 2 + . + aln xm - b,

a2 1xI + a2 2x2 +. .+ a2n xm  b2

*. . . (1)

amlx 1 + am2x2 + . .+ammx n  = bm

Rewriting in matrix form:

all a12 . am xl bI

a2 22 . a 2m x 2  b 2  (2)

aml am2 atom xm  bm

Equation (2) may be further simplified by writing:

AX = B (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 "sing pivoting. Each stage of elimination conbists

of interchanging rows when necessary to avoid division by zero or small

elements. The forward solution to obtain variable M is done in M stages.

The back solution for the other variables is calculated by successive substi-

tutions. Final solution values are developed in matrix B, with variable 1

in B(l), variable 2 in B(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:

CALCI = A

CALC2 = B

M = number of equations

J = solution indicator

J = I when no solution can be found - equations are
singular

J = 0 for a normal 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 equations as in (1) 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 II) for a more thorough discussion

of this method.

8.4.4 Approximations - The approximations are inherent in the use of the

Gaussian elimination procedure as described in Appendix D of the SSFAN Tech-

nical Manual.

8.4.5 Limitations - If no equation in 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 if each bi in B (EQN 2) is equal to zero. The Gaussian

elimination method will provide a unique solution to equation (3) when

the corresponding homogenous system has only the solution X = 0. Both

systems AX = B and AX = 0 as well as the coefficient matrix A are then

termed non-singular. When AX = 0 has solutions other than zero, the two

systems and matrix A are termed singular. This results in AX - B either

having no solution or an infinite number of solutions.
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8.4.6 SIMULT Subroutine Variable Names

Variables Description Dimensions

A N*N Matrix of Coefficients --

B N matrix of constants

BIGA Largest element

IA,IB,IC,IJ
IMAX,IQS,IT
IX,IXJ,IXJX, Integer counters
I,12,J,JJ,JJX,
JX,JY,K,NY

N Number of unknowns

SAVE Temporary storage location

TOL Tolerance
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8.4.7 Subroutine Listing

1 1 P 7, 1

? '1 =T L"IT)
T Y ,I + 1'/,

TT

3 ' T N,;

,[ \ . ...

I '=I ]- *

Tk

T " I + I
1:1',=, T )II *] =i':

T '=T I+T1

Y!Y

I=I (

( = J 4:- 1.
TC T ," (- I
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8.5 TGAUSS SUBROUTINE

TGAUSS is a subroutine for in-core solution of large, sparse systems

of linear equations (Reference 9.8). The subprogram employs minimum row

minimum column elimination. A limited number of zeros is stored and trivial

arithmetic is used to preserve computer storage and to reduce the time required

for solution. TGAUSS is used in conjunction with TCALC to obtain the system

flows and pressures.

8.5.1 Solution Method

Excellent discussions on the Gauss-Jordan elimination technique can be found

in many numerical analysis textbooks. Briefly the method is based on the three

elementary row operations:

1. Interchange of any two rows.

2. Multiplication of a row by a scalar.

3. Addition of a multiple of one row to another row.

For example by applying a sequence of row transformations to a system of

simultaneous equations

a X+ a 2 x2 + ...+ a x b

a21xl + a2 2x2 +... + a2mxm  b2

. . . . . . . . . . . . . . . . .

am 1x + a m2X2+...+ a x = b
1 2 mm m m

Expressed in augmented form

all a1 2  a b

a 21 a2 2  a2m b2

Lamnl a m2 a mm b i
Yields
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whe2e I is the identlity Matrix and X is the solution. The (4alss

elimination technique used in TGAF"S requires elimination of only the elements

in the upper or lower triangular partition of the array which is followed by

a back substitution to obtain the solution.

Two arrays are generated that contain the number of non-zero elements

in each row (IRENT()) and the number of non-zero elements in each column

(ICENT()) of an N x N array. These arrays are updated each time an element

is eliminated or generated, so that the current row and column count art-

available for pivot selection.

In TGAUSS the IRENT array is searched to find the row with the least

num)er of non-zero coefficients that has not been previously selected as

the pivotal row. Should two or more rows satisfy this criteria, the row

with the smallest row index is selected. Next the ICENT array is searched

to select the column with least number of entries. Ir. the event that two

or more columns contain the same numbe- of elements, the column with the

s:"allest index is selected as the pvotal column.

Each row-column selection is th,'s used in the i-ack Substitution to obtain

the solution.

8.5.2 Assumt ions - Not applicable.

8. . o ~(,n.t'i - .' ntry int-o T( AUTS the wimrlipr (if non-7e rso omen t )

each column and row of the M x M solution matrix is stored in ICENT( ) and IRFNT().

At this ,)oint the rum]ainder of the program is contained within thre, nc;td

loops. The outer loop selects a new pivotal element on each pass. The JiVOt

element is stored in the order array for future use during subsequent iterations

in the TCALL program. This is a im! saving device to eliminate the necessity

of selecting the same sequence of pivot elements on each iteration. Once the

pivotal element has been selected, the pivotal row is normalized by dividing
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the row by tile pivotal element. Since tile pivotal element is normalized,

it is set to one as a precaut tion against round-off errors.

The second loop is entered, which Involves a row-by-row search for rows

containing elements in the pivotal column. If the number of enties in

the pivotal column has been reduced to one entry, there is no need to

continue and the program selects a new pivotal element. Also if the pivotal

row is selected all further tests are bypassed and the next row is

selected since operations on the pivotal row are not permitted.

Finally, the inner loop is a column-by-column search of each row to

determine if the row contains the pivotal element. At this point, there

are three alternatives available:

1. If the column index in the row being searched Ls less than the
pivotal column, it is necessary to continue searching the row.

2. If the Column index is greater than the pivotal column, the row
does not contain the pivotal column and a new row must be selected.

3. If the column index is equal to the pivotal column, the row
contains the pivotal element and the row can be operated on by the
pivotal row.

If the conditions in 3 are met, the pivotal row is multiplied by the

negative of the element in the pivotal column of the row being operated on.

rhen the two rows are added. The element being eliminated is simply dropped

from, consdc rat ion, by moving all cntrics to Ifts right -,rie pace Lo, lit- lzfl.

All elements remaining in the row are compared to ZTEST to see if any elements

other han the element in the pivotal column werc eliminated. If so, the row

was further compressed to eliminate the zero entry from the row. Finally, the

row is test l to see if tie row count is zero which indicates a singularity.

If a singul *'itv is encountered an error message is printed:

* S'NGULAR MATRX-NO SOLUTION*
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If a singularity is not encountered, the progi-am cont-inues looping until

a pivotal element has been selected from each row and column, at this point,

the solution vector is stored in the CALC2 array in a scrambled order. The

solution is then unscrambled and stored in numerical order in tile first

column of the A( ) array.

8.5.4 A proximatlons - In situations where it is known that an operation

will result in a zero or a one, the arithmetic operation is bypassed and

the element simplv set to zero or one.

8.5.5 Limitations - TGAUSS is set up to solve only sparse symmetric systems

of linear equations.

8.5.6 rGAUSS Variable Listing

Variable Description Dimension

A( ) Matrix of coefficients

ATEST Dummy variable

CALC2( ) NU matrix of constants

IC,II,IK Dummy variables

ICENT( ) Array containing number of non-zero elements --

in each column of A( )

IORDER( ) Arriy giving pivot selection based on min-row --

rin column criteria

IRENT( ) Array containing number of non-zero elements --

in each row of A( )

ITER Iteration count

IX,IY,J,,JKL, Dummy variables
JKOP,.JKP I ,LKJ,
NAA, NK

NU Number of equations

OPROW Dummy variable
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Vaial Der i p ion Dimension

PIVCOLI Pivot column

PTVRO14 Pivot row

X,ZTEsTr Dummy variables
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8.5.7 Subroutine Listing

SUBROUTINE TGAUSS(NU,ITER)
DOUBLEI PRECISION C,X,A,CALC2
INTEGER PIVROW,PIVCOLI,OPROW
CO;MIMON G(90),CALC2(55),JPCOL(55,20),A(55,20)
COM-liION/ICC/ICOL(55, 20) ,JRENT( 55) ,JCENT( 55)
DIMENSION ICELNTI',100),IRENT(100),IORDER(100,3)
ZTESI=0. 0
NAA=20

C ?3UILD IRENT AND ICENT
DO 99 I=1,NU
IRLNT( I) =JRLNT( If,
ICbNT( I) =JCENT( I)

99 C014TIIIUL
C vd~i'rL(6,9010) (I RLNT (I) ,I=1,100)
c WPRITL(6,9010)(ICIENT(I),I=1,100)
9010 FOR;IATr(lX,2OI6)

C IF(ITER.CT.1)WVRITLE(6,9020)((IORDER(I,J),J=1,3),I=1,NU)
9020 FORi1AT(1X,610)

DO 66 LKJ=1,MU
IF(1T4"ER.NL.1) GO TO 432
IK=190000
DO 103 T

=1,NU

IF(IRLNT(E).GE.IN.OR.IRENT(I).LE.0)GO TO 103
?IVPOV;=I
IK=IRLNT( I)

103 CON'TINUE
I ORDLR( LT(3, 1)=PIVROYI
il(=1 000p%
IC=TRLNT( PIVROJ)
DO 104 I=1,IC
I I=ICOL( PIVROW, I)
IF( ICENT(II) .GE.IK.OR.ICENT(II) .LE.0)GO TO 104
?IVCOr,=I I
IK=ICLMT( I I)
IY=I

13)4 CO!NTIIUE
I OR 1)L R( LKJ, 2=P I VCO0L
IOR.R 1., R % =IY
G 0 TO 4 50

432 PIVR0 '/=I0RDE'R( LKJ, 1)
PIVCOL=IOPRDER( LKEJ, 2)
IY=IORDEP( LNJ,3)

450 X= (P I VOJ, IY)
IC=IE1JT( PIVROWv)
Do 5 J=1,IC

5 A( PIVRO',3,) =A( PIVROv4,J)/X
A( PIVROiv,IY)=1.0
CALC-2(PIVROV4)=CALC2( PIVRO~J)/X
D00 196 I=1,NU
IP(ICLWT(PIVCOL).EQ.1)GO TO 107
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8.5.7 (Continued)

IF(I.EQ.PIVROW) GO TO 106
IC=IAI3S(IRENT(I))
DO 105 J=1,IC
IF(ICOL(I,J)-PIVCOL) 105,77,106

77 OPROW=I
JROP=1
JKPI=1
C=-A( OPRO4 , )
X=CALC2( PIVROW) *C+CALC2(OPROW)
CALC2(OPRO48=X

79 CONTINUE
IF(ICOL(PIVROW,JKPI).EQ.0) GO TO 106
IF(ICOL(OPROVl,JKOP).EQ.0) GO TO 80
IF(IC0L(PIVIROVi,JKP)-ICOL(OPROW,JKOP)) 80,81,82

80 IRENT(I)=IRLNT(I)+l
IF(IRENT(l).LE.0) IRENT(I)=IRENT(I)-2

IF(II.GT.NAA)WRrTE(6,9000)II
9000 FORilAT(10X,*ILXCLEDED AiAX COLUMN NUMBER*,I10)

IF( IT.GT.NAA)STOP
JKL--.JKOP+1

90 CONTP'NUL
IX=II.-1
A(OPROl, II)=A(O1,iROW, IX)
ICOL(OPRO%4,II)=ICOL(OPROI,,,IX)
II:-I X
IF(II.GE.JKL) GO TO 90
X=A( PIVRWa,JKPI) *C
A( OPRO4,JKOP) =X
ICOL(OPROvq,JK3\P) =ICOL( PIVROY1,JKPI)
IX=ICOL( OPRO , JKOP)
ICENT( IX)=IClNT( IX)+1
GO TO P3

'31 IX=ICOL(OPROW,JKOP)
IP(IX.EQ.PIVCOL) GO TO 11
X=A( PIVRO ,J'\PI) *C+A( OPROW,JKOP)
A( OPROi~i,JTi\0P) -=X

ATL5T=DA3S( X)-ZTEGT
IF(ATEST.GT.0.0)GO TO 83

11 ICLkNT(IX)=lCENT(IX)-1
IRLNT(OPROY)) =IRENT (OPRO1) -1
IF( IRENr(OPROW) )140, 141, 142

141 CONTINUE
4RITE( 6,9030)

9020 FORi-iAT(1OX,*SI-'GULAR !AATRIX-NO SOLUTION*)
STOP

140 CONTINUL
IRL'NT( OPROv ) =IRENT( OPROW) +2

142 IX=IABS( IRL.NT(OPROW))
DO 181 N1\="KOP,I%
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8.5.7 (Continued)

A( I,NK)=A( I,NK+1)
181 ICOL(I,NK)=ICOL(I,NK+.)

IX=Ix+1
ICOL( I, IX)=0
JKPI=JKPI+1
GO TO 79

83 JIKPI=JKPI+1
R2 JKOP=JI('OP+1

GO TO 79
105 CONTINUE
106 CONTINUE
107 CONTINUE

IR129T( PIVROvI) =-IRENT( PIVROW~)
ICENT( PIVCOL) =-ICENT( PIVCOL)

66 CONTINUE
DO 350 I=1,NU
II=ICOL( ,1)

350l A( I1, 1) =CALC2( I)
C WRITE(6,9040)(CALC2(I),I=l,NU)
9040 FORvIAT(lX,10E12.5)

RETURN
END
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8.6 FUNCTION UFW

Function UFW is a heat transfer coefficient calculation subroutine.

The heat transfer coefficient between a wall and a fluid is calculated

based ol the volume flow rate, pressure, trmperature, cross sectional area

of the fluid and the distance over which the fluid flows.

8.6.1 Math Model - Tile function r, dtine UFW is called by several of

the subroutines listed previously. Tile function is called from each subroutine

in the form

UFWIL = UFW(AAA,DDD,Q(LI),TF(LI),P(LI))

AAA is equal to the cross sectional area of the fluid at the location where

the heit transfer coefficient is of interest. DDD is the diameter of the

orifice at the previous cross section. Q(LI) is the volume flow rate also

at that section; TF(LI) is the temperature of the fluid and P(LI) is the

pressure in the fluid at that point.

Once UFW is called from a subroutine the function UFW is executed

and calculates the heat transfer coefficient as follows:

The feynolds number is calculated

REN = DDD*ABS (FLOW)/(VISCIL*AAA)

where flow is equal to QOLI), the volume flow rate, and VISCIL is the

fluid viscosity.

The Prandtt number is calculated

PRN = VISCIL*386.4*RHOIL(TEM-,P r SS)*CPFN/CF

where 386.4 is just a conversion factor for the density from Hydraulic

3
units to thermal units of lb./in..

A check on the Reynolds number is made to see if turbulent or laminar

flow exists.

IF(REN.LT. 1200.) go to 1000
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If laminar or less than 1200 the heat transfer coef I ic lent is

ca uL t ed

UFW = 4.364*CF/I)I)I

But if turbulent then the heat transfer coefficient is calculated as

IUFW-- =0.0118*(PRN**.3)*(REN**.9)*CF / DI)l)

Tiw heat. transfer coefficient is then returned to the subroutine

which made the call.

8.6.2 Variable LisLtu,

Variable Description Dimension

AAA Fluid cross sectional area IN. 2

DI)) Diameter of the cross sectional area IN.

FLOW Volume fl(,w rate in the considered section CIS

PRIESS Fluid pressure PS I

PRN Prandtl number

REN Reynolds number

UFW Hleat transfer coefficient, fluid to wall WA'IrTS/IN 2 -OF

VISCIL Fluid viscosity IN2 /S'.C.
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8.6.3 Subroutine Listing

FUNC'TION fUF'.( AA, DD, FLDW,TLIP PRESS)
C ******CACULATE HLAT 'R/\NSFLR COEFFICI--NT

cO.io~i /TrRAS/P( 10) f)( 300) C( 300) 'rC( 300)TW( 300),TF( 300) ,
+ ACI'( 300) ,AC I( 300), T)Xf( 300) TT1II, nurL, Pi NULTNL, NLL,

C0, lO.N/LIL/PAR.I( 151), 4) ,TL,.( 2000) 'rLF( 2000) , LSTART( 150) ,?LV(150)
CO.;~iOO:4/FLIrlI o/AJ'p )L-, -,CI-, CPF'N, Fltr!'P, PROP( 13, 3)
VI3C I L=VI SC( rl,.P, P~R F,3)
REN= )T)D* MIBS FLO0W)/ (V VSC IL*AAA)
PRNJ=VI SC I L* 3,36. 4* Riio (,r'rLAP, PRESS) *C PE.N/C F
IF( Rl.LT. 1200.) CO TO 1000
UF't=0.011q1*(PRN!**.3)*(Rt N**.q)*CEF/DD,
R Ul' J R~'l

1000 U~lq=i.3r64*CF/DDO'
RL TU W4
L N
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8.7 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.

8.7.1 MATH MODEL

Not applicable.

8.7.2 ASSUMPTIONS

Not applicable.

8.7.3 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 co the calling program.

If POS is less than POSMAX it is checked against POSMIN. When POS is

less than or equal to POSMIN, POS is set to POSMIN, ASIGN equals -1 and the

velocity is zeroed if it is less than zero.

Should POS be greater than POSMIN a return is made to rhe calling

program without any position or velocity chenges.

8.7.4 APPROXIMATIONS

Not applicable.

8.7.5 LIMITATIONS

Not applicable.
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8.7.6 VARIABLE NAMIES

Variable Description

ASIGN Sign (-1, 0, 1)

P05 Position

POSMIN Minimum Position

POSMAX Maximum Position

VEL Velocity
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8.7.7 Subroutine Listing

SUJROUTMJ XI1.'iI'1'( P05, VLL, A.3Ik'J, POSUiIN, POSt,1AX)
ASIGN=0. 0
IF(POS-POSIAX) 20,10,10

1') POS=POSAAX
ASIGN= 1.0
IF(VLL.GT.0.0) GO TO 40
CIO TO 5 0

20) IF(POS-PO.-IIN) 30,30,50
30 POS=POSIIA

ASICG3=-1. 0
IF(VLL.GL.O.0) GO TO 50

40 VLL=0.0
50 IRLTURN

LND
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8.8 FUNCTION ERIC

ERIC is a function subroutine that is used to calculate steady

state flow-pressure drop coefficients for laminar and turbulent flows.

8.8.1 Math Model - Steady state pressure drops are computed using the

Darcy-Weisbach equation. For laminar flow

FRIC = 128./PI*VISC( )*RHO( )/(PARM(KNEL,2)**4)

*(PARM(KNEL,l) + PARM(KNEL,3))

For turbulent flow

ERIC = .213*RHO( )*(VISC( )**.25)/(PARM(KNEL,2)**4.75)

*(PAf tI(KNEL, 1 )+PARM(KNEL, 3))

where

PARM(KNEL,1) = Line length (IN)

PARM(KNEL,2) = inside line diameter (IN)

PARM(KNEL,3) = equivalent line length (IN)

8.8.2 Assumptions -

1. Transicion from laminar to turbulent flow is assumed to occur

at a Reynolds number of 1200. Flows having a Reynolds number greater

than 1200 are considered turbulent while flows having a Reynolds of 1200

ot less are assumed lamLnai.

2. The friction factors used are based on circular cross-section,

smooth f.D., drawn tubing.

8.8.3 Computation Methods - Function EPIC arguments are

KNEL - Line number

TEMP - Line temperature (*F)

PRESS - Line pressure (PSI)
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The funct [on returns either a laminar or turbulent coeffIclent for

use in a flow-pressure drop equation.

8.8.4 Appr o ximations - Pressure drops calculated for flows in the Reynolds

number range uf 1200 to 3000 are approximate since a transition flow equation

was not developed. The turbulent equation is used in this range.

8.8.5 Limitations - FRIC should not be used to calculate pressure drops

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

FUNCTION FRIC( KN%,,, L, 1 P, PRss)
C **PLVI:3ED AUGUST 15, 1976

COJ.*.ION /TiRANS/P(300),Q(300),C(300),TIC(300),TW)(300),TF(300),
+ \Ci-( 300) ,ACq( 300) ,DXI:( 300) ,TIi,rLL'P,PI,'IJL,I,\',WLL
CO6,iONJ /LI.'L/PARi( 150,4) ,Tl~J( 2000) ,TL,F( 2000) ,LSTARTf(150),

+ N'LSLG(150)
LNTRY 'RICL
F1-,IC=12S./PI*VIOC(Lip,p~iss)*fo(E&.1p,PI LSS)/(PARA,(vNLL,2)** 4.)

+ * (PARA( KNLL, 1)+PAi .i( K:'ILL, 3))
R LT UR~N
,IT Rt Y F RI CT
FpIC=.213*PIIO(T:.1P,PRILSS)*(VISC(riiP,PRLSS)**.25)/(PAR.i(K!tJL,2)

+ **4.75)*(PAR,,l(4IJiL,1)+P~ji,(KNILL,3))
r-LTIJRN
E A D
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